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Abstract   
This study details the occurrence and concentrations of organic micropollutants (OMPs) in stormwater collected from a 
highway bridge catchment in Sweden. The prioritized OMPs were bisphenol-A (BPA), eight alkylphenols, sixteen polycyclic 
aromatic hydrocarbons (PAHs), and four fractions of petroleum hydrocarbons (PHCs), along with other global parameters, 
namely, total organic carbon (TOC), total suspended solids (TSS), turbidity, and conductivity (EC). A Monte Carlo (MC) 
simulation was applied to estimate the event mean concentrations (EMC) of OMPs based on intra-event subsamples during 
eight rain events, and analyze the associated uncertainties. Assessing the occurrence of all OMPs in the catchment and com-
paring the EMC values with corresponding environmental quality standards (EQSs) revealed that BPA, octylphenol (OP), 
nonylphenol (NP), five carcinogenic and four non-carcinogenic PAHs, and  C16-C40 fractions of PHCs can be problematic for 
freshwater. On the other hand, alkylphenol ethoxylates (OPnEO and NPnEO), six low molecule weight PAHs, and lighter 
fractions of PHCs  (C10-C16) do not occur at levels that are expected to pose an environmental risk. Our data analysis revealed 
that turbidity has a strong correlation with PAHs, PHCs, and TSS; and TOC and EC highly associated with BPA concentra-
tions. Furthermore, the EMC error analysis showed that high uncertainty in OMP data can influence the final interpretation 
of EMC values. As such, some of the challenges that were experienced in the presented research yielded suggestions for 
future monitoring programs to obtain more reliable data acquisition and analysis.

Keywords Road runoff · Quality monitoring · Monte-Carlo simulation · Uncertainty analysis · Censored data · Correlated 
parameters

Introduction 

Stormwater runoff is a primary source of toxic organic sub-
stances in urban surface waters and near-shore sediments 
(Barbosa et al. 2012; Launay et al. 2016; Luo et al. 2014). 
Among different types of urban catchments, roads represent 
one of the most important sources of certain carcinogenic 
trace organic compounds, such as polycyclic aromatic hydro-
carbons (PAHs) (Diblasi et al. 2009; Wicke et al. 2021). 
However, traffic-related activities can also release many 
other types of organic pollutants which may be resistant to 
environmental degradation, demonstrate bioaccumulation 
tendencies, and potentially cause long-term detrimental 
effects on aquatic life (Diblasi et al. 2009; Markiewicz et al. 
2017). Recent studies by Wicke et al. (2021) and Gasperi 
et al. (2022) showed that five and seven organic micropol-
lutants (OMPs), respectively, including phthalates, alkylphe-
nols, and PAHs, can be found in stormwater road runoff at 
levels that exceed European environmental quality standards 
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(EQS) for surface waters. Mutzner et al. (2022) also revealed 
that seven traffic-related organic substances (all PAHs) are 
among the top ten top micropollutants that pose an envi-
ronmental risk in urban wet-weather flows, which occurred 
in > 92% of stormwater sampling sites around the world. 
Although OMP concentrations in receiving bodies are often 
expected to be lower than acute toxic levels of concern (due 
to dilution), OMPs can nevertheless cause long-term chronic 
negative effects, either directly or after interacting with 
other substances (Gerbersdorf et al. 2015; Rehrl 2019). For 
instance, a recent eco-toxicological field study confirmed 
that hydrophilic trace organic substances found in stormwa-
ter runoff exert adverse acute and chronic effects on some 
aquatic species in the receiving surface water (Spahr et al. 
2020).

Nevertheless, there are some clear differences in how 
certain runoff pollutants are represented in the highway 
stormwater quality database. Previous studies have exten-
sively characterized contamination arising from trace met-
als, nutrients, oil and grease, COD, and TSS, among others. 
However, despite the importance of the OMPs described 
above, there is still limited information about the levels at 
which these compounds are found in road runoff (Gasperi 
et al. 2022; Mutzner et al. 2022). Research into this area has 
increased on a global level in recent years, but prior studies 
have mainly focused on polycyclic aromatic hydrocarbons 
(PAHs) while largely ignoring emerging substances, such as 
phenolic substances, despite their potential environmental 
risks. Given the importance of OMPs in road runoff, the pre-
sent work aims to investigate the occurrence of poorly stud-
ied organic substances (bisphenol-A (BPA), 4-t-octylphenol 
(OP), nonylphenol (NP), and OP- and NP-ethoxylates) as 
well as common OMPs (sixteen PAHs and four fractions 
of petroleum hydrocarbons (PHCs)). More in-depth knowl-
edge of OMP sources and concentrations can signal the risk 
that these compounds pose for receiving waters and, subse-
quently, contribute to the development of road runoff quality 
management strategies both in the forms of source control 
and treatment in specific catchments.

Another important aspect to study is the associations 
between different stormwater organic contaminants (espe-
cially new emerging OMPs), as well as how the levels 
of OMPs are associated with conventional water quality 
parameters (e.g., suspended solids, organic carbons, turbid-
ity, and conductivity). The associations may reveal novel 
information about identifying potential conventional indica-
tor parameters that can be used to follow the trends of the 
studied OMPs with similar environmental fates and trans-
port behaviors (Mutzner et al. 2020), although establish-
ing such parameters using correlations requires extensive 
investigations and would be site-specific. For example, one 
application can be that the concentrations of specific OMPs 
are continuously evaluated at high time-resolution using 

a relatively small set of constituent parameters in certain 
stormwater monitoring programs on this site. This com-
plementary information can eventually be useful for runoff 
pollutant prioritization, source identification, reducing ana-
lytical costs, improving economic water quality monitoring 
programs, monitoring the effectiveness of best management 
practices (BMPs), as well as determining further treatment 
possibilities.

The first objective of this study was to monitor the occur-
rence and concentration levels of target OMPs in road runoff 
from a highway bridge catchment in Sweden. Regarding this 
objective, the event mean concentrations (EMCs) were com-
pared with highway/road runoff characteristics reported in 
the literature and surface water quality objectives (WQO) to 
determine the possible risks of the detected OMPs. The sec-
ond objective was to identify the association of conventional 
water quality parameters with the selected OMPs for future 
monitoring purposes at this specific site.

Methodology

Study site

The field study was carried out in Sundsvall, Sweden, which 
has a continental subarctic climate (Dfc) and cool summers. 
The impervious catchment area comprises 4.7 ha, of which 
1.9 ha are included in a highway bridge (E4) with an average 
traffic load of 13,000 vehicles/day (Fig. S1). The rest of the 
area consists of a highway exit, an acceleration ramp enter-
ing the highway, main roads associated with two roundabout, 
and sidewalk paths.

Sundsvall E4 bridge was built and opened to public in 
2014. The pavement surface asphalt was constructed using 
a polymer-modified bitumen (PMB20) product (Endura F2), 
especially designed for bridge applications, for which the 
wearing course of the pavement is made of polymer modi-
fied stone mastic asphalt (ABS 11) (Lu et al. 2016; Nynas.
com 2018). The PMB product has excellent aging resistance 
and high elasticity and exceptional flexibility, resulting in 
sustaining large strains/stresses at a wide range of tempera-
tures (Lu et al. 2016). The pavement surface was in a good 
condition. According to the Swedish Pavement Management 
System (PMSv3), some rutting tests on another part of E4 
highway pavement under the similar conditions (i.e., same 
asphalt mixture, climate region, and traffic load as for this 
study) showed that the rutting development for the PMB20 
is very insignificant over 8 years (Lu et al. 2016), meaning 
that the damage to the asphalt concrete is expected to be very 
low at the time of experiment, but the residual pavement 
wear particles might still be a source of organic pollutants 
in the runoff.
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Sampling procedure and strategies

The number of events needed to reliably estimate mean 
OMP concentrations in the stormwater outlets of a study 
site depends on local conditions, along with the characteris-
tics and variability of each micropollutant. A metastudy on 
stormwater outlets across 55 sites found the median number 
of selected events to be six (with Q10 and Q90 quantiles of 1 
and 25 events) (Mutzner et al. 2022). Also, studies on micro-
pollutants typically sample between 1 and 12 events (Spahr 
et al., 2020). In the present study, we investigated storm-
water quality for eight rain events (referred to as rains A to 
H) between September 2020 and September 2021 (Table 1). 
As shown in Table 1, the sampling events only covered the 
warmer seasons, and none of them was performed during 
winter conditions or snow-melting periods, so the effect of 
de-icing salt and pollution accumulation in snow deposits 
were not investigated in this study.

All of the samples were collected from the end of a storm 
sewer pipe (length: ~ 100 m; diameter: 800 mm; slope: 0.5%) 
which was downstream of the highway catchment. Rainfall 
data were recorded using a tipping bucket rain gauge (ISCO 
674; Teledyne ISCO, Lincoln, NE) that was situated directly 
beside the highway. An ISCO-6712 automatic sampler (Tel-
edyne ISCO) was used to collect volume proportional sam-
ples during the rain events.

Flow volume at the sampling point was measured by 
counting the signals sent by discharge valves of a gross pol-
lutant trap chamber (GPT chamber) located downstream of 
the pipe outlet to the sampler. Every 23.3  m3, a balloon-type 

floating switch in the GPT chamber sent a signal to the GPT 
discharge valves to open/close and, at the same time, trig-
gered the automatic sampler to take a subsample. Based on 
forecasted precipitation, the sampler was programmed to 
collect a maximum of eight volume-proportional subsam-
ples. Table 1 summarizes the precipitation characteristics 
and flow information at the sampling point for all events. For 
some rain events, we could not cover the entire runoff vol-
ume due to practical limitations such as rain depth, duration 
uncertainties, and time constraints in delivering the samples.

The sampler was equipped with 24 Teflon bags (lay flat 
PFA bag, Welch Fluorocarbon, Dover, NH), with every 
three bags represented one subsample. The Teflon bags were 
washed thoroughly with tap water before sampling. After 
the sampling procedure, the samples were delivered to the 
laboratory within 1 day. In case of delivery time lag (e.g., 
weekends), all OMP samples were stored in a dark and cool 
place (1–4 °C), except for TOC samples, which were stored 
in a freezer (< − 15 °C).

Water quality analysis

All of the samples are analyzed for the OMPs listed in 
Table 2 and global parameters, including total organic car-
bon (TOC), total suspended solids (TSS), turbidity, con-
ductivity, pH, DO, and temperature. OMPs and TOC were 
analyzed by the ALS Czech Republic Laboratory (Prague, 
Czechia; accredited by the Czech Accreditation Institute) 
and TSS by ALS Scandinavia AB (Luleå, Sweden; hold-
ing Swedac accreditation). Gas chromatography with MS or 

Table 1  Rain event characteristics, sampling, and flow volume information 

¥ Antecedent dry period (events with total precipitation < 1 mm were excluded)
* Estimated by the number and volume of pulses (~ 23.3 m3/pulse) received from the GPT discharge valve
$ The first portion of the inflow was not sampled
§ Reported by the nearest station to the catchment (1500 m away from the rain gauge at the facility)
# 21% of inflow was not sampled during the last quarter because of at least one of the following reasons: bypassed overflow (16%); GPT dis-
charge valve stayed open due to a very high inflow (no new signal to the SW and GPT sampler was sent in this mode); or the sampling program 
had ended (final 5%)

Rain event characteristics Total volume conveyed and 
the percentage sampled

Rain event Sampling date 
(2020 − 21)

Depth (mm) Duration (h) ADP¥ (day) Mean intensity 
or Imean (mm/h)

Peak intensity 
or Ipeak (mm/h)

Tot. volume 
passed*  (m3)

Tot. volume 
sampled (%)

A 15 Sept 7.3 14.3 3 1.5  5.5  257 100%
B 21 Oct 4.6 13.8 0.8 0.7  2.4  195 100%
C 17 May 7.8§ 3.25§ 1.7§ 2.6 § 12.0 § 373 100%
D 30 Jun 3.8 18.6 6.7 2.3  8.6  128 83%$

E 11 Jul 8.3 13.7 10.5 9.4  32.7  280 100%
F 20 Aug 32.4 40.9 1 3.7  21.2  2353 79%#

G 25 Aug 7.9 46.7 6.3 1.4  4.2  303 96%
H 24 Sep 17.8 24.4 10.4 1.7  4.8  932 59%
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MS/MS detection was used for analyzing the OMPs present 
in samples. According to the lab reports, the chemical analy-
ses included matrix interference between alkylphenol sub-
stances, which occasionally affected the limits of quantifica-
tion (LoQ) (Table 2). In addition, other global parameters, 
including turbidity, conductivity, pH, and temperature, were 
measured for each subsample. Further information about the 
analytical methods and equipment are provided in Table S1.

Batch leaching tests were conducted to investigate 
whether OMPs could have leached from the sampling equip-
ment (the Teflon bags and sampler suction line). The suc-
tion line has two parts: a 1.3-m silicon rubber hose at the 
sampler’s pumping head and a 13.5-m Teflon-lined LDPE 
tube attached to a stainless-steel strainer at the other end. 
First, tap water was pumped through the sampler (through 
the tubes described above) and poured into both a new and 
a used Teflon bag. The water was then kept in the Teflon 
bags for 24 h. Next, the water was analyzed for OMPs of 
concern. Comparisons of the concentrations of certain ana-
lytes in the reference batch water and water that had been 
kept in the Teflon bags for 24 h revealed that the sampling 
equipment did not leach phenolic substances. However, 
TOC concentrations increased from below LoQ (0.5 mg/L) 
to 0.52–1.36 mg/L (less than 10% of the mean TOC value 
measured in this study). Field pretests on grab samples also 
showed that the sampling equipment did not become con-
taminated by either PAHs or TPHs. Nevertheless, the Teflon 
bags were replaced after the first 6 to 7 events. Moreover, 
each bag was assigned to the same position in an identi-
cal sampler to avoid cross-contamination throughout the 
experiment.

Data analysis

EMC

The event mean concentration (EMC) for each OMP was 
calculated based on subsample concentrations and flow data. 
The EMC represents the total pollutant mass (MT) conveyed 
by the total runoff volume (VT) during the entire sampling 
period of each rain event (Eq. (1)). However, for events in 
which the subsamples do not cover the whole stormwater 
volume, the EMC represents a partial mean concentration 
for the sampled portion of the rain event. A majority of the 
instances in which the subsamples do not cover the entire 
rain event were missing the end of the event (Table 1), with 
the exception of rain event D, for which the first 17% of 
stormwater was not sampled. Therefore, a decision was 
made to use suggestions from Furuta et al. (2022) to more 
accurately estimate total EMC by attributing the missing vol-
ume to the volume of the last subsample under the assump-
tion that the concentrations between the missing volume and 
final subsample are equivalent. Similarly, the missing period 
of rain event D was attributed to the first subsample in the 
total EMC calculation.

where EMC is the stormwater event mean concentration; 
n is the number of subsamples; mi is the mass of pollutant 
conveyed in the period during which the ith subsample was 
taken; ci and vi represent the concentration measured in the 

(1)EMC =
MT

VT

=

∑
mi∑
vi

=

∑n

i=1
civi∑n

i=1
vi

Table 2  List of organic micropollutants (OMPs) analyzed in the stormwater samples

*The upper limit of the range includes a shift in the limit of quantification (LoQ) due to matrix interferences during chemical analysis

Organic substances, abbreviations, and limits of quantification (LoQs in µg/L)

Phenolic substances Bisphenol-A: BPA (0.05); Nonylphenol, mixture of isomers: NP (0.1–1.35*); Nonylphenol 
monoethoxylate: NP1EO (0.1–0.3*); Nonylphenol diethoxylate: NP2EO (0.1–2.54*); 
Nonylphenol triethoxylate: NP3EO (0.1–3.12*); 4-tert-Octylphenol: OP (0.01–0.25*); 
Octylphenol monoethoxylate: OP1EO (0.01–0.03*); Octylphenol diethoxylate: OP2EO 
(0.01–0.02*); Octylphenol triethoxylate: NP3EO (0.01–0.033*)

Polycyclic aromatic hydrocarbons (PAHs) Substances:
Naphthalene: Nap (0.03); Acenaphthylene: Acyl (0.01); Acenaphthene: Acen (0.01); Flu-

orene: Flu (0.01); Phenanthrene: Phen (0.02); Anthracene: Anth (0.01); Fluoranthene: 
Flth (0.01); Pyrene: Pyr (0.01); Benz(a)anthracene: BaA (0.01); Chrysene: Chry (0.01); 
Benzo(b)fluoranthene: BbF (0.01); Benzo(k)fluoranthene: BkF (0.01); Benzo(a)pyrene: 
BaP (0.01); Dibenz(a.h)anthracene: DahA (0.01); Benzo(g.h.i)perylene: Bper (0.01); 
Indeno(1.2.3-cd)pyrene: InP (0.01)

Fractions:
Sum of all: ∑16 PAH; carcinogenics: ∑Car PAH (Nap, BaA, Chry, BbF, BkF, BaP, BahA, 

and Bper); Non-carcinogenic: ∑nonCar PAH (Acyl, Acen, Flu, Phen, Anth, Flth, Pyr, 
and InP); low-weight molecules: ∑LMW PAH (Nap, Acyl, Acen, Flu, Phen, and Anth); 
medium-weight molecules: ∑MMW PAH (Flth and Pyr); and high-weight molecules: 
∑HMW PAH (BaA, Chry, BbF, BkF, BaP, DahA, Bper, and InP)

Petroleum hydrocarbons (PHCs) Fractions: Total PHCs or C10-C40 (50); C10-C12 (5); C12-C16 (5); C16-C35 (30); C35-C40 (10)
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ith subsample, and the corresponding volume of stormwater, 
respectively.

The calculated EMC values were briefly compared with 
the lowest predicted no-effect concentrations (PNEC) 
reported in the NORMAN Ecotoxicology Database and/or 
with annual average Environmental Quality Standards (AA-
EQS) prioritized by the European Union Water Framework 
Directive (2013/39/EU); both serve as water quality refer-
ence points for freshwater.

EMC estimation and uncertainty propagation using 
a Monte‑Carlo method

A Monte-Carlo (MC) method was applied to estimate the 
EMC, along with the uncertainty associated with each EMC 
value (Bertrand-Krajewski et al. 2021). MC uncertainty 
propagation is easy to interpret and can be used to assign 
various uncertainty distributions to different data types 
(Albert 2020). One source of uncertainty in input variables 
is the analytical measurement uncertainties (± δi) of sub-
sample concentrations (ci). The laboratory reported the δi 
values as extended uncertainties (JCGM 100 2008) with a 
coverage factor of two (covering a ~ 95% confidence level) 
only for quantified substances with concentrations above the 
LoQ. In this case, the uncertainty distribution for each ci 
was assumed to be normal for detected substances. When a 
substance was not quantified in a subsample (i.e., the con-
centration was left-censored), the uncertainty distribution 
was assumed to be a uniform distribution between zero and 
the LoQ, as shown in Eq. (2). The volume that passed in the 
first subsamples (v1) was also assumed to have a uniform 
distribution due to the possible presence of runoff in the 
GPT chamber before the start of the event. We expected a 
negative uncertainty in the 21  m3 of water (90% of the GPT 
chamber’s discharging volume) that passed during the first 
subsample period (v1). For the subsequent subsamples, we 
assumed that the uncertainty of vi values calculated by the 
number of valve opening pulses and the known GPT cham-
ber’s discharging volume (23.3  m3) would be insignificant.

In the MC method, Eq. (1) was used to obtain the EMC. 
The first EMC value was calculated via random sampling 
from the specified uncertainty distributions of all n input 
values in Eq. (2) under the assumption that the uncertain-
ties are independent. Then, this calculation procedure was 
repeated  105 times with new drawings at each iteration. 
According to the rules of the MC method, the distribution 
generated by many random trials can directly indicate the 

(2)

⎧⎪⎨⎪⎩

Ci ∼ N (� = ci, � = �i∕2) if Ci detected

Ci ∼ U (min = 0,max = LoQ) if Ci censored

V1 ∼ U
�
min = v1 − 21(m

3), max = v1
�

best estimation for EMC and the associated distribution 
parameters (mean, standard deviation or SD, and confidence 
intervals or CI). The median of the trial EMC values was 
referred to as EMCbest, while the 2.5 and 97.5% quantiles 
represent the lower (Δl) and upper (Δu) uncertainty levels, 
respectively, for EMC (Δl ≤ EMC ≤ Δu with CI 95%). The SD 
of the randomly-generated EMC values was also reported 
as a statistical parameter of the resulting distribution (with 
µ = EMCbest). In the case that all of the subsample concen-
trations were censored, the EMC was reported as occurring 
between zero and the maximum LoQ observed.

The described MC method was applied twice to estimate 
the EMC values and analyze the uncertainties for six differ-
ent fraction groups of PAHs (PAH-16Sum, PAH-Car, PAH-
nonCar, PAH-LMW, PAH-MMW, and PAH-HMW). In the 
first step, concentration distributions for the fraction groups 
in each subsample were generated using single PAH sub-
stance data. Next, these distributions were used to estimate 
the EMCbest and uncertainty levels of the fraction groups.

Statistical and censored data analysis

All of the EMC value estimations, including uncertainty 
analysis and statistical tests, were carried out in R software 
(V4.1.3). In addition, the NADA (non-detects and data analy-
sis for environmental data) package in R was used for the 
statistical analysis of EMC datasets which contained non-
detects. After MC calculations, a non-exceedance probabil-
ity (NEP) plot of the EMCs for all rain events was generated 
to evaluate EMC estimation error and statistical distribu-
tion among all events. In NEP plots, the y-axis represents 
the cumulative probability of the calculated EMCs (shown 
on the x-axis) using the Kaplan–Meier method, which is 
commonly applied for censored data analysis (Helsel 2010). 
EnvStats (V2.3.0), a comprehensive R package for environ-
mental statistics, was used to calculate the cumulative prob-
abilities through the Kaplan–Meier method. The calculated 
EMCs were briefly compared with the lowest predicted no-
effect concentrations (PNEC) reported in the NORMAN 
Ecotoxicology Database and/or annual average Environmen-
tal Quality Standards (AA-EQS) prioritized by the European 
Union Water Framework Directive (2013/39/EU); both serve 
as water quality reference points for freshwater.

The correlations between all parameters, including the 
EMC of OMPs and global parameters and rain character-
istics (rain depth, mean intensity or Imean, peak intensity 
or Ipeak, and antecedent dry period), were evaluated using 
non-parametric pairwise Spearman’s rank correlation or 
Kendall’s tau test with N = 8 (number of events). Given that 
most parameters over the rain events did not follow a normal 
distribution (according to a Shapiro–Wilk normality test), 
the first test (Spearman’s rank correlation) was used for the 
detected data sets. Therefore, the latter test was applied to 
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determine correlations between two data sets of which at 
least one included left-censored data. The resulting correla-
tion coefficients were then classified as very strong, strong, 
moderate, weak, and very weak (> 0.9, > 0.7, > 0.3, > 0.1, 
and < 0.1, respectively, for Spearman’s rank correla-
tion; > 0.7, > 0.5, > 0.2, > 0.1, and < 0.1, respectively, for 
Kendall’s tau test). The statistical significance of association 
was accepted if the p-value ≤ 0.05 in both tests  (H0: There is 
no true correlation between the two parameters).

Results and discussion

The occurrence and concentrations of OMPs

A statistical summary (min, mean, max, SD, number of 
detects, and non-detects) of the best EMCs of various OMPs 
in stormwater is presented in Table 3 for all rain events. 
Also, the distributions of EMCs are depicted in Fig.  1 
(a) − (e).

According to the results of stormwater quality analysis 
for eight rain events, BPA, OP, and NP were detected in the 
runoff from 100, 75, and 66% of all rain events (Table 3), 
respectively. In rain events C, F, G, and H, these three phe-
nolic substances were detected simultaneously. Among the 
phenolic substances, the EMCs of BPA and NP were higher 
than what was measured for OP (Fig. 1 (a)). The EMC of 
BPA varied from 0.247 and 1.179 µg/L, with a median 
concentration of 0.39 µg/L. The EMC values of NP were 
in a similar range (< 0.166–1.19 µg/L, with a median con-
centration of 0.34 µg/L). The corresponding values for OP 
were < 0.041–0.338 µg/L (median: 0.08 µg/L). Unlike phe-
nolic substances, nonylphenol and octylphenol ethoxylates 
(NPnEO and OPnEOs; n = 1,2,3) were never quantified in 
the road stormwater samples analyzed in this study (always 
∑NPnEO < 2.54 and ∑OPnEO < 0.45 µg/L; see Table 3 for 
more details).

PAHs were frequently quantified in the highway storm-
water samples. Some PAH substances, including Flth, Pyr, 
BbF, BaP, and Bper, were detected across all rain events, 
while Chry and InP were detected in 87%, BaA and BkF in 
75%, DahA in 62%, and Phen in 50% of events (Table 3). 
On the other hand, Nap, Acy, Ace, Anth, and Flu (all among 
LMW PAHs) were never quantified in the assessed storm-
water samples (Table 3). The ∑16 PAH concentrations var-
ied between 0.165 and 1.052 μg/L, with a median EMC of 
0.37 μg/L. Carcinogenic PAHs contributed to 41% of the 
total PAHs. BaP, considered as the most potent carcino-
genic PAH, was detected across all events at concentrations 
between 0.006 and 0.064 µg/L, with a median concentration 
of 0.019 (SD = 0.024) µg/L. Of the 59% of total PAHs that 
were non-carcinogens, about 38% was attributed to Flth and 
Pyr (equivalent to ∑MMW PAHs).

C16-C35 and  C35-C40 were the dominant fractions of 
PHCs observed in the highway stormwater (Fig. 1 (b)). The 
concentrations of all PHCs  (C10-C40) ranged from 175 and 
1539 µg/L, with a median EMC of 385 µg/L. The fractions 
 C10-C12 and  C12-C16 (i.e., lighter PHC molecules) were 
rarely found in the stormwater samples, with relatively low 
maximum concentrations of 5 and 13 µg/L, respectively.

Finally, the analysis of global parameters in the sam-
pled stormwater revealed that TSS ranged from 22.4 to 
206 mg/L (median: 54 mg/L), while TOC ranged from 
2.3 to 23.0 mg/L (median: 7.1 mg/L). The pH value of the 
stormwater remained in the neutral range of 6.7–7.3, as was 
expected. Onsite measurements also showed that the turbid-
ity of samples ranged from 40.4 to 201.1 NTU for all rain 
events.

The following section will describe the observed storm-
water quality by comparing our results with the measured 
levels of OMP reported in other similar studies as well as 
water quality objectives.

Phenolic substances

Phenolic substances were often quantified in the highway 
stormwater, with BPA being the most frequently observed 
substance, followed by OP and NP. Although the vari-
able LoQs for OP and NP caused some uncertainties in 
the results (discussed in “Uncertainty analysis of EMC 
calculations using a MC method”), both of these com-
pounds were detected in more than two-thirds of the rain 
events. Similarly, a recent metastudy on micropollutants 
also demonstrated that BPA and OP are often detected 
in > 75% of stormwater flows, whereas NP is observed 
less frequently, but demonstrates a higher risk according 
to Mutzner et al. (2022). The median EMC estimated for 
BPA was either similar or approximately half of what has 
previously been measured by other researchers in runoff 
from major roads (see Table 4). The EMC values of NP 
and OP were often similar to, or slightly lower than, what 
has been observed in other road catchments, but distinctly 
lower than what was reported by Gasperi et al. (2022) 
(see Table 4). The primary sources of BPA, NP, and OP 
in roadways are traffic-related materials (brake fluids, car 
bodies, and tires) and infrastructural chemicals (asphalt 
modifiers and road paints (Lamprea et al. 2018; Markie-
wicz et al. 2017). Accordingly, the observed concentration 
differences between our study and two prior studies can 
be explained by a higher traffic load (1.7–3 times), which 
would cause a higher pollutant load than what was expe-
rienced in the two other studies; the noticeable differences 
in TSS levels (see Table 4) also support this hypothesis. 
Secondly, additional sources of NPs (e.g., varnishes, lac-
quers, water paints, floor coatings, coated metal surfaces, 
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polymeric compounds) might exist in one of the catch-
ments with mixed urban runoff studied by Gasperi et al. 
(2022) relative to a mere roadway catchment.

The observed EMC values of NP and OP were also 
lower than what was previously reported for Swedish and 
German highways. The larger daily traffic load (five times 
larger than the present study) in the prior Swedish study 
(Kalmykova et al. 2013) was probably the primary reason 
for the discrepancy. In the case of the German study, which 
investigated a road with a similar traffic load (Stachel et al. 
2010), the discrepancy may be explained by the decreased 
use of phenolic compounds after these substances were 
identified as priority pollutants by the EU WFD (2013). 
In contrast, the OP concentrations measured in the present 
study were higher than what has previously been reported 
for diverse urban catchments (Bressy et al. 2012; Gasperi 
et al. 2014). This may be explained by the fact that tire 
wear is the primary source of OP (Flanagan et al. 2019b; 
Hannouche et al. 2017). The high observed OP levels may 
also raise the question of additional sources at the study 
site, such as collection pipes made of high density poly-
ethylene (HDPE), which may release phenolic substances, 
including OP, into the stormwater. Further investigation is 
needed to clarify this discrepancy in OP concentrations. 
Concerning the surface WQOs based on European guide-
lines, the AA EQS and PNEC defined for BPA, NP, and 
OP (0.24, 0.3, and 0.1 µg/L, respectively) were exceeded 
eight, four, and three times across the eight studied rain 
events.

In contrast to previous studies (including those conducted 
in Sweden; Table 4), NPnEOs and OPnEOs (n = 1,2,3) were 
not detected in the runoff. A potential explanation could 
be matrix interference during chemical analysis, which 
adversely affected the LoQs; subsequently, we could not 
compare the actual concentrations with those reported by 
other researchers (Table 4). The reported LoQs of NPnOEs 
(up to ~ 20 times greater than the initial report limit in the 
analysis package) were affected more than the LoQs of 
OPnOEs (up to ~ 3 times larger). Another possible expla-
nation is that these compounds are far more rare in road-
ways than in mixed urban catchments. This hypothesis is 
supported by the levels reported in Table 4 for these two 
distinct catchment types. In roads, NP- and OP-ethoxylates 
are mainly emitted by fuel and lubricant oils, car bodies, 
modified bitumen membranes, and concrete sidewalks, while 
in urban areas these compounds could also be released from 
PVC materials and polymeric resins used as lacquers, var-
nishes, and paints for roofing, building facade, and corro-
sion protection (Lamprea et al. 2018). From the perspective 
of freshwater quality objectives, all of the maximum levels 
reported for OPnEOs and NPnEOs were sufficiently below 
the lowest PNEC, except for NP2EO and NP3EO, with the 
NP2EO concentrations more of a concern (Table 3).*T
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PAHs

All MMW polycyclic aromatic hydrocarbons (PAHs) and 
most HMW PAHs were detected in at least 50% of the rain 
events, while most LMW PAHs were not detected. Similarly, 
Mutzner et al. (2022) concluded that the PAHs observed in 
the present study are not only the most common and risky 
substances among all PAHs, but also present at noticeable 
levels among a wider range of micropollutants in various 

stormwater flows. Our results agreed with other studies in 
that LMW PAHs are less likely to be detected in storm-
water (Järlskog et al. 2021). The LMW PAHs that were 
not detected may have degraded after being released into 
the environment due to their natural characteristics. These 
compounds have much greater volatility at warmer tem-
peratures  (10−3 < vapor pressure < 10 Pa at 25 °C) and rela-
tively smaller sediment adsorption coefficients (2.5 < Log 
KOC < 3.7) than other PAH fractions (Hawthorne et al. 2006; 

Fig. 1  Stormwater quality parameters during all rain events (Box-
plots show the 2.5, 25, 50, 75, and 97.5 percentiles of all calculated 
EMCs); red lines represent the water quality objectives (WQOs), 

while green dot-dashed lines illustrate the maximum censored level 
(if any) for the OMPs. TOC and TSS in mg/L; conductivity (Cond) in 
µS/cm; and turbidity (Turb) in NTU 
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Khodadoust et al. 2005) (see Table S2 for more info). There-
fore, they are less likely to exist in runoff water after being 
released. The ∑16 PAH concentrations fell within the range 
expected for major roads (0.03 − 6 μg/L) that was previously 
presented by Lundy et al. (2012). Järlskog et al. (2021) also 
found that LMW PAHs in stormwater are temperature-
dependent, which means that they readily evaporate into 
the atmosphere during warmer sessions (i.e., the sampling 
period in this study).

However, the range of ∑16 PAHs was less than what has 
been reported in other studies of road catchments, either with 
high or lower traffic loads (see Table 4). Since most PAHs 
are predominantly found in the solid phase or absorbed by 
sediments (Markiewicz et al. 2017; Nielsen et al. 2015), it 
could be that the relatively low TSS levels observed in this 
study are an explanation for the result. This may be partly 
explained by the partial deposition of stormwater sediments 
along the transport pipe (low slope of 0.5%) from the catch-
ment to the facility downstream. Among the detected PAHs, 
only Nap and InP were measured at levels that consistently 
fell below the lowest PNEC (AA EQS). The other PAHs 
were always detected at concentrations that exceeded the 
guideline quality objectives for freshwaters; exceptions were 
BaA, BbF, and BkF, which exceeded quality objectives in 
50, 20, and 40% of rain events, respectively.

In the studied catchment, the PAHs most likely originated 
from vehicular traffic (brake lines, tire wear, exhaust gases/
particles, and engine oil (Burant et al. 2018; Kose et al. 
2008; Markiewicz et al. 2017)) and the abrasion of pavement 
material by tires and runoff water on the old asphalt road 
and sidewalks (Crane 2014; Müller et al. 2020). However, 
regarding the pavement surface wear, it should be noted that 
the usage of tar coal asphalt (containing PAHs) has been 
legally forbidden in Sweden since 1973. So, the worn asphalt 
concrete material of the E4 highway bride (built in 2014) 
should not be a source of PAHs itself. Besides, assuming 
the maximum EMC for Phen (the only LMW PAH detected) 
and the minimum and maximum concentration values for 
∑HMW PAHs, the results revealed a PAH diagnostic ratio 
Σ(LMW)/Σ(HMW) between 0.04 and 0.1, which is much 
lower than one. This means that PAHs in the road storm-
water are more likely to originate from pyrogenic (vehicu-
lar emissions from exhaust after petroleum or liquid fossil 
fuel combustion) rather than petrogenic (e.g., brakes, vehi-
cle tire debris, and spilled engine oil) sources. This finding 
agrees with previous literature on road runoff quality (Li 
& Kamens 1993; Markiewicz et al. 2017; Szopińska et al. 
2019; J. Zhang et al. 2017).

Moreover, rain events B, C, E, and H demonstrated the 
highest load of PAH pollution, both in terms of diversity 
and concentration of PAHs. No particular rain characteristics 
(given in Table 1) could explain the PAH concentrations 
observed during these rain events. Rain events B and C with 

the highest observed PAH levels occurred in the time peri-
ods before and after winter conditions at which vehicles hav-
ing winter tires (with more grip) may hypothetically cause 
greater tire wear particles on the roads with no ice/snow 
cover. However, further evidence and research are needed 
to demonstrate this.

PHCs

The EMC range for total petroleum hydrocarbons PHCs 
 (C10-C40) was similar as what was reported by Gasperi 
et al. (2022) and Leroy et al. (2016), yet half to one order 
of magnitude lower than what was observed in runoff from 
roads with low and high traffic loads, respectively (Järlskog 
et al. 2021; Kayhanian et al. 2007; K. Zhang et al. 2014) 
(see Table 4). Heavier PHC fractions, namely,  C16-C35 and 
 C35-C40, dominated the measured PHCs. The low-weight 
PHC molecules were most likely found at lower levels rela-
tive to heavier PHC molecules because aromatic/aliphatic 
 C10-C16 have higher volatility and much lower Koc than 
heavier counterparts (>  C16). On the other hand, aromatic/
aliphatic compounds above C20 are neither volatile nor solu-
ble in the aquatic phase and are thus likely to be absorbed by 
suspended solids (Reed & Stemer 2002). However, higher-
weight PHC molecules are usually considered to be less 
toxic for organisms, which means that >  C20 compounds 
in the runoff represent a lower health risk. The observed 
EMCs for total PHCs often fell below 1000 μg/L, which is 
the city of Gothenburg’s local guideline recommendation 
for releasing waters polluted with aliphatic and aromatic 
 C10-C40 (Järlskog et al. 2021; Miljöförvaltningen 2013); 
this threshold was exceeded in 25% of rain events. However, 
the levels are still a matter of concern given WHO drinking 
water standards (WHO 2008) (Table 3).

The two most frequently PHC fractions  (C16-C35 and 
 C35-C40) were detected across all rain events, but the high-
est concentrations occurred during events B, C, E, and 
H; these rain events also demonstrated the highest levels 
of PAHs. Similarly, the highest PHC concentrations were 
recorded at rain events B and C. Again, this might be related 
to the presence of more winter tire (with/without stud) and 
asphalt wear particles at those times of the year when no ice/
snow has covered the road surfaces. Though, this hypothesis 
requires further investigations.

Global parameters

Although the EMCs of TSS were near the low end of glob-
ally-observed mean values on major roads (110–5700 mg/L 
according to Lundy et  al. (2012)), they still surpassed 
the European quality objective of 25 mg/L (the protec-
tive threshold against chronic effects in freshwater (EC, 
2006)) across 80% of the rain events. When compared to 
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the scientific literature (Table 4), the TSS and TOC values 
were comparable with what has been observed in runoff 
from Swedish/European/North-American motorways, but 
noticeably lower than what has been reported for some roads 
with higher traffic loads (Flanagan et al. 2018; Gasperi et al. 
2014; Kayhanian et al. 2012). The notable difference may 
be explained by site-specific conditions (e.g., an extended 
acceleration zone, a higher proportion of heavy trucks, and 
lower precipitation over the study period), which would 
cause high wear particle production and more concentrated 
runoff (Flanagan et al. 2018). Meanwhile, we must also 
assume that the 50-m-long transportation pipe in our site 
may have attenuated stormwater TSS load to a certain degree 
before the runoff reached the SW sampling point; this would 
be especially relevant during less intense rainfall.

Uncertainty analysis of EMC calculations using a MC 
method

The recalculation of EMC values through MC simula-
tion involved uncertainty analysis to get a reliable picture 
of OMP levels. As previously mentioned, each calculated 
EMC is associated with uncertainties due to analytical and 
sampling constraints; these uncertainties may influence data 
accuracy and interpretation. Analytical errors are a signifi-
cant source of uncertainty for research into micropollutants 
because these compounds usually exist at low concentrations 
(Flanagan et al. 2018). Before the start of a rain event, the 
stormwater present in the downstream GPT chamber (which 
was used to calculate flow volume at the study site) was 
another source of uncertainty, as it affected the first sampled 
volume (i.e., the first 23.3  m3 or v1). However, the relatively 
large total number of subsamples or sub-subsamples (smaller 
portions of a single subsample taken by a number of serial 
pulses) collected during the whole event decreased the influ-
ence of v1 on EMC errors. In the case of rain events A, B, C, 
and D (which comprised fewer total number of subsamples 
than the other four rain events), at least five pulses were 
received from the discharging valve during the first sample 
collection (5 sub-subsamples for c1; total no. pulses > 10). 
The total number of received pulses during rain events E, 
F, G, and H exceeded 12. Therefore, EMC errors due to 
v1 were negligible, compared with those due to analytical 
uncertainty, which was the primary source of uncertainty in 
the present study.

To assess EMC errors and their impact on data interpreta-
tion, non-exceedance probability (NEP) plots were generated 
for the EMC values of each OMP. A NEP plot does not only 
indicate the distribution of best-estimated EMCs across all 
rain events, but also visualizes the EMC ranges (EMC–Δl, 
EMC + Δu) resulting from uncertainty propagation in the MC 
method. The NEP plots for selected OMPs are presented 
in Fig. 2 (a) to (i) (the rest shown in Fig. S2 (a) to (t)). The 

NEP plots also revealed which EMCs might have reached 
the corresponding PNEC levels (WQOs) due to uncertain-
ties (the number of rain events during which the threshold 
was exceeded due to uncertainty is shown for each OMP in 
Table 3). This was the case for BPA, NP, Flth, BbF, BkF, 
and TSS at one or two events (Fig. 3). There were also a 
few events during which the censored concentrations of NP, 
Chry, and DahA (censoring as the only uncertainty factor) 
might have exceeded PNECs (see Fig. 3).

To further assess uncertainty levels, a statistical sum-
mary of relative EMC errors among all of the rain events is 
shown in Fig. 3 for OMPs, TSS, and TOC. An evaluation of 
the lower and upper uncertainties of the calculated EMCs 
revealed that all EMCs possessed approximately symmetric 
distribution (< 1% difference between left and right EMC 
errors), which predominantly followed the symmetric behav-
ior of the normal distribution of analytical uncertainties. 
Therefore, the reported errors in Fig. 3 represent the EMC 
errors for both sides (|± Δ| (%)).

The MC method-facilitated analysis of errors generally 
showed that the EMC errors for OMPs can vary between 
5 and 45% (median errors between 10 and 25%, with the 
exception of 35% for  C10-C12). Comparing different groups 
of OMPs (Fig. 3) also revealed that phenolic substances had 
the highest EMC error range (23 − 25%), which means that 
the reported levels of these compounds in the studied storm-
water are associated with less reliability. The median EMC 
errors for PAH substances, and PHCs were in between the 
range of 17 − 23% (except for  C10-C12 due to censored data). 
We also observed that the EMCs of TOC and TSS were asso-
ciated with the smallest errors (10% and 12%, respectively). 
The observed differences in errors can be linked to differ-
ences in the corresponding analytical uncertainties (δi); in 
this way, higher δi values resulted in larger EMC errors. To 
compare the levels of such uncertainties among the investi-
gated OMPs, all-events-mean relative analytical uncertainty 
(EMAU or (δi/ci)mean, i = subsample number) was calculated 
and defined as an analytical uncertainty index for each OMP 
(orange bars in Fig. 3). So, as implied in Fig. 3, EMC error 
boxplots can change proportionally to EMAU variations. 
Furthermore, the median EMC errors were considerably 
less than the calculated EMAU values; this indicates how 
the original measurement uncertainties (δi) affected the cal-
culations, i.e., in the EMCbest estimation using MC, the EMC 
error (or the standard error of the mean, which is a function 
of subsample standard deviations (~ δi/2)) declines based on 
the square root of the number of subsamples (Feiguin 2009). 
It should also be noted that the errors of the PAH-H and 
PAH-M fractions (median: 12 − 15%, except PAHL) were 
lower than those for PAH substances (median: 17 − 23%), 
although both showed similar EMAU. This was expected, as 
the EMCs for PAH fractions were estimated from the sub-
stance concentrations after applying the MC method twice 
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(see “EMC estimation and uncertainty propagation using a 
Monte-Carlo method”).

Thus, our error analysis revealed a considerable degree 
of uncertainty in the organic pollutant data; this is important 
to keep in mind when interpreting the data of other studies. 
We also found that, as expected, increasing the amount of 
censored data among subsamples increased the EMC error 
(see e.g., BkF, DahA, PAHL,  C10-C12, OP, and NP in Fig. 3), 
which makes it hard to draw an appropriate conclusion 
regarding the EMC levels in those cases. Besides, it should 
be noted that although the applied MC simulation approach 
attenuated uncertainty in the actual measurements by about 
10 to 15% (towards more optimistic results), this approach 
can be used as a simple and reliable method for estimating 
the EMCs of OMPs.

Correlated water quality parameters

Using statistical correlation analyses, we attempted to under-
stand the mathematical relationships between the studied 
parameters with the objective of possibly identifying cor-
related conventional water quality parameters and rain 
characteristics that alongside monitoring campaigns can 
help predict various highway runoff OMPs in this specific 
site. So, continuously measuring those conventional param-
eters could potentially complement data from monitoring 
programs in which long-term, high-resolution time series 
are of interest. The results of correlation analyses for all 
parameters are summarized in Table 5. Only the correla-
tion coefficients (rho or tau) that demonstrated statistical 
significance (p-value ≤ 0.05) are included in this table. The 
entire correlation matrix, including confidence levels, can 
be found in Table S4.

The results did not reveal any correlations between TOC 
and TSS concentrations, which suggest that organic carbon 
in road runoff is mainly dissolved. Other DOC and TOC 
measurements at the same site before our sampling period 
(Lange et al. 2022) support this hypothesis. This result also 
agrees with what was reported in previous studies from 
Swedish and North-American highways (Björklund et al. 
2009; Kayhanian et al. 2012), but disagrees with findings 
reported for major roads in France (Bressy et al. 2012; Fla-
nagan et al. 2018; Gasperi et al. 2014). An abundance of 
suspended particles, which readily absorb organic carbon, 
might be responsible for the contradictory partitioning in 
these studies (Flanagan et al. 2018). Furthermore, TOC was 
strongly correlated with conductivity, which may support 
the assumption that organic carbon mainly exists in the dis-
solved phase. TOC was also associated with rain depth and 
Ipeak.

Among phenolic pollutants, BPA was highly associ-
ated with TOC. Considering the previous hypothesis about 
TOC, this association suggests that BPA is more likely to 

exist in dissolved or colloidal forms in stormwater, i.e., 
less likely to be absorbed by suspended particles, which 
agrees with what was stated by Flanagan et al. (2019a) 
and Gasperi et al. (2022). However, Shehab et al. (2020) 
and Markiewicz et  al. (2017) proposed contradictory 
dynamics. OP was strongly correlated with most PAHs, 
 C16-C35, and Total PHCs, but not with turbidity or TSS. 
This may suggest that OP is released from similar sources 
as PAHs and heavier PHCs (e.g., tire particles), but then 
undergoes a different partitioning pathway (leaching in 
dissolved form) and/or does not attach to suspended solids, 
especially larger particles, as some other studies suggest 
(Gasperi et al. 2014; Kalmykova et al. 2013; Shehab et al. 
2020). On the other hand, NP did not show any association 
with other parameters, which can be, in our study, related 
to the number of non-detected values (three out of eight 
events) with different levels of censoring. The lack of an 
association between OP and NP also supports the idea that 
the sources of these two compounds differ.

Within PAHs, the EMC values of all regularly detected 
substances and fractions (excluding Nap, Acy, Ace, Anth, 
and Flu, which were rarely detected) were highly associ-
ated with each other and turbidity and somewhat asso-
ciated with TSS. As discussed before, this finding may 
support that many PAH fractions have similar sources and 
transport pathways in stormwater (Järlskog et al. 2021). 
Similarly, regarding PHC fractions, heavier fractions 
(including  C16-C35 and  C35-C40, total PHCs  (C10-C40), 
TSS, and turbidity) were strongly correlated with each 
other. These fractions also demonstrated strong associa-
tions with PAH substances/fractions, which may suggest 
similar sources and/or environmental fates in stormwater. 
In contrast, no meaningful correlations were observed 
between the EMCs of lighter PHCs  (C10-C12 and  C12-C16) 
and the investigated parameters or other PHC fractions. 
This could be explained by either a high proportion of 
censored data (less precise statistical relationship) or 
lower concentrations for lighter fractions relative to 
heavier C fractions, which may adversely influence the 
peak response during analysis. The investigated PAHs and 
PHCs showed a higher degree of correlation with turbid-
ity than with TSS, which means that turbidity could be a 
better indicator for particulate/particle-bound OMP pol-
lution loads in stormwater than TSS. This finding may 
explain that the particulate PAHs and PHCs tend to stay 
suspended longer (finer/lighter/more stabilized particles), 
whereas TSS contains dense, inorganic particles which 
rapidly sediment from stormwater. Another reason for this 
result may be that PAHs and PHCs have high affiliation for 
finer suspended soil particles due to higher surface charge 
and/or higher surface area.

Although other studies have found that rain charac-
teristics can influence the event mean concentrations 
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of common pollutants such as metals (Kayhanian et al. 
2007), our results did not show any significant correla-
tions between rain characteristics (depth, ADP, Imean, and 

Ipeak) and OMP levels. While it was expected that turbidity 
and TSS, and possibly OMP loads, are dependent upon 
event runoff volume or intensity (Murphy et al. 2015), we 

Fig. 2  Non-exceedance probability (NEP) plots of the estimated 
EMCs for each OMP (black points are detects and red points censored 
data (non-detects); error bars show EMC errors (uncertainties); red 

lines represent the lowest PNEC levels for freshwater, based on water 
quality objectives (WQOs))

Fig. 3  Statistical analysis of 
EMC estimation errors (box-
plots: min, Q25%, Q50%, Q75%, 
and max of relative EMC errors 
over N = 8 events) (orange 
bars: mean of relative analyti-
cal uncertainty observed for all 
events (EMAU or (δi/ci)mean))
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did not observe any significant correlations between TSS 
and rain depth, Imean, and Ipeak; a plausible explanation 
for the lack of significant correlations could be the lim-
ited number of rain events included in this study (Lange 
et al. 2021). Thus, the impact of rain characteristics on the 
EMC values of organic micropollutants remains unclear 
and requires further investigation.

The relationships among all studied parameters have 
been depicted in Fig. 4. What these correlations suggest is 
that turbidity has the potential to be used as a conventional 
indicator parameter for estimating the contamination levels 

of PAHs, total PHCs, and heavier fractions of PHCs at this 
specific site. However, further studies are needed to establish 
a surrogate parameter based on these correlations. In the 
same way, TOC and EC could also serve as complemen-
tary quality parameters for indicating BPA levels at this site. 
Within the PAH category, Pyr, and BaP can also be decent 
indicators for non-carcinogenic and carcinogenic PAHs, 
respectively. Moreover, our results did not identify any cor-
related conventional parameters to lighter PHCs, OP, NP, 
and OP- and NP-ethoxylates (due to their low concentrations 
around LoQs).

Table 5  Summary of 
significantly correlated 
parameters

* Pyr, BaA, Chry, BbF, BaP, and InP
₹ Flth, Pyr, BbF, BaP, Bper, and Inp
¥ Phen, BaA, and BkF
€ Flth, Pyr, and BbF
$ Phen, BaA, Chry, BkF, DahA, and InP
# Flth, Pyr, BbF, BaP, and Bper
£ Predominantly  C16-C35 and  C35-C40 fractions

OMP categories Correlated parameters Correlation coefficient Statistical test

Phenolic substances BPA and TOC  + 0.88 Spearman
OP and some  PAHs*  + (0.61–0.68) Kendall’s tau
OP and 16PAHs  + 0.86 Kendall’s tau
OP and Tot. PHCs  + 0.68 Kendall’s tau
OP and  C16-C35  + 0.68 Kendall’s tau
NP and  IP  + 0.5 Kendall’s tau

PAHs Pairs of PAHs  + (0.74–0.98) Spearman
 + (0.57–0.74) Kendall’s tau

PAHL and PAHM  + 0.86 Spearman
PAHL and PAHH  + 0.81 Spearman
PAHM and PAHH  + 0.98 Spearman
PAHCar and PAHNon-car  + 0.95 Spearman
Some  PAHs₹ and turbidity  + (0.83 − 0.94) Spearman
Some  PAHs¥ and turbidity  + (0.73 − 0.8) Kendall’s tau
Some  PAHs€ and TSS  + (0.76–0.88) Spearman
Phen and TSS  + 0.57 Kendall’s tau
PAHCar and turbidity  + 0.89 Spearman
16PAHs and turbidity  + 0.94 Spearman
16PAHs and TSS  + 0.74 Spearman

PHCs Tot. PHCs and  C16-C35  + 1 Spearman
Tot. PHCs and  C35-C40  + 0.91 Spearman
C16-C35 and  C35-C40  + 0.91 Spearman
Tot.  PHCs£ and some  PAHs$  + (0.68–0.82) Kendall’s tau
Tot.  PHCs£ and some PAHs #  + (0.79–0.98) Spearman
Tot. PHCs and turbidity  + 0.94 Spearman
C16-C35 and turbidity  + 0.94 Spearman
C35-C40 and turbidity  + 0.84 Spearman
C35-C40 and TSS  + 0.74 Spearman

Global TSS and turbidity  + 0.9 Spearman
TOC and EC  + 0.78 Spearman
TOC and ADP  + 0.65 Spearman
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Conclusion

This field monitoring study demonstrated that organic micro-
pollutants are a concern in highway stormwater runoff. The 
reported EMC values revealed that the runoff contained con-
siderable amounts of phenolic substances, including BPA, 
OP, and NP (but not alkylphenol ethoxylates; OPnEO and 
NPnEO), with concentrations above or around correspond-
ing EQSs for freshwater. For example, BPA was found in 
all of the samples within the same concentration range that 
was reported by other researchers. At the same time, OP and 
NP were detected in > 65% of samples, but often at levels 
lower than what have been reported in other studies around 
Europe. The analysis and interpretation of data concerning 
OP and NP were slightly affected by different censoring lev-
els and high measurement uncertainties caused by matrix 
interference during laboratory analysis. The data analysis 
revealed that BPA was correlated with TOC (predominantly 
dissolved and associated with EC), while OP was found to 
be associated with PAH levels and the concentration of total 
PHCs. This finding suggests that phenolic substances may 
have different sources or fractionation pathways and, thus, 
different environmental fates and transport in road runoff.

Regarding the more common OMPs, PAHs, and PHCs 
were also identified in the runoff (mainly in the form of 
heavier weight fractions), although the observed concen-
trations often fell below the ranges reported in other stud-
ies performed under similar conditions. Nevertheless, the 
mean concentrations of MMW- and HMW-PAHs still sig-
nificantly exceeded the corresponding freshwater quality 
objectives across most rain events. Five PAH substances 
(BaP, BaA, Chry, BbF, and DahA), classified as extremely 
or possibly carcinogenic, were observed among the risky 
PAHs (EMC > EQS). A diagnostic ratio analysis showed 
that PAHs at the studied catchment probably originate 
from pyrogenic sources (vehicular emissions after com-
bustion). Statistical correlation analyses supported the fact 
that PAHs and PHCs (heavier fractions), which are char-
acterized by low solubility and high stability in different 

phases, are associated with the levels of suspended solids 
(especially finer particles) in stormwater runoff.

Further statistical analyses suggested that three conven-
tional water quality parameters, including turbidity, TOC, 
and EC, are strongly associated with OMPs: turbidity with 
PAHs, PHC, and TSS and TOC and EC with BPA. This 
indicates that these parameters have the potential to be 
used as surrogates, though such a relationship requires 
further work to establish and would be also site-specific.

The presented research, which provides an approach for 
calculating reliable EMC values and analyzing data to face 
future monitoring challenges, yielded several additional 
lessons for researchers:

• In the case that a certain OMP has a high proportion 
of censored data, a greater number of events shall be 
monitored, especially when the EQS is below the LoQ.

• Highly accurate chemical analysis is needed to detect 
analytically-sensitive OMPs, e.g., phenolic substances 
with variable LoQs.

• Understanding the fractionation of OMPs (particulate, 
colloidal, and dissolved) is beneficial, especially when 
choosing proper quality treatment practices.

• More in-depth research on the current sources of the 
OMPs in the study catchment would benefit future 
source management.

• Although collecting a composite sample for an entire 
rain event would be a better approach in such studies, 
MC simulation can be used to reliably estimate EMC 
values and the associated uncertainty from subsamples’ 
concentration and volume datasets.

Supplementary Information The online version contains supplemen-
tary material available at https:// doi. org/ 10. 1007/ s11356- 023- 27623-9.

Acknowledgements We thank the personnel of MSVA (Mid-Sweden 
Water and Waste Management), at research cluster Stormwater & Sew-
ers, and colleagues at Luleå University of Technology (LTU) for their 
invaluable support. We are especially grateful to Katharina Lange, who 
supported us in the installation of the sampling equipment.

Author contribution Ali Beryani: conceptualization, methodology, 
field investigation, validation, formal analysis, visualization, and 
writing — original draft and review and editing. Kelsey Flanagan: 
conceptualization, validation, formal analysis, and writing — review 
and editing. Maria Viklander: supervision, writing — review and edit-
ing, project administration, and funding acquisition. Godecke-Tobias 
Blecken: conceptualization, methodology, validation, writing — 
review and editing, supervision, project administration, and funding 
acquisition.

Funding Open access funding provided by Lulea University of Tech-
nology. The Swedish Research Council Formas provided funding 
for this study (grant number 2016–20074). The study was conducted 
for the research center DRIZZLE (Vinnova: Swedish Governmental 
Agency for Innovation Systems, grant number 2016–05176).

Fig. 4  Highly correlated parameters with OMPs in the studied catchment

https://doi.org/10.1007/s11356-023-27623-9


77315Environmental Science and Pollution Research (2023) 30:77299–77317 

1 3

Data availability All the data generated/analyzed in this study are 
included in the manuscript, supplementary information. The processed 
dataset and the code used to generate the dataset is available at https://
doi.org/10.5878/nny1-2045 .

Declarations 

Ethics approval Ethical approval and consent to participate are not 
applicable in this study.

Competing interests The authors declare no competing interests.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References   

Albert DR (2020) Monte Carlo uncertainty propagation with the NIST 
uncertainty machine. J Chem Educ 97(5):1491–1494. https:// doi. 
org/ 10. 1021/ acs. jchem ed. 0c000 96

Barbosa AE, Fernandes JN, David LM (2012) Key issues for sustaina-
ble urban stormwater management. Water Res 46(20):6787–6798. 
https:// doi. org/ 10. 1016/j. watres. 2012. 05. 029

Bertrand-Krajewski J-L, Clemens-Meyer F, Lepot M (2021) Metrology 
in urban drainage and stormwater management: plug and pray. 
London, IWA Publishing (eBook). https:// doi. org/ 10. 2166/ 97817 
89060 119

Björklund K, Cousins AP, Strömvall A-M, Malmqvist P-A (2009) 
Phthalates and nonylphenols in urban runoff: occurrence, distri-
bution and area emission factors. Sci Total Environ 407(16):4665–
4672. https:// doi. org/ 10. 1016/j. scito tenv. 2009. 04. 040

Bressy A, Gromaire M-C, Lorgeoux C, Saad M, Leroy F, Chebbo G 
(2012) Towards the determination of an optimal scale for storm-
water quality management: micropollutants in a small residen-
tial catchment. Water Res 46(20):6799–6810. https:// doi. org/ 10. 
1016/j. watres. 2011. 12. 017

Burant A, Selbig W, Furlong ET, Higgins CP (2018) Trace organic 
contaminants in urban runoff: associations with urban land-use. 
Environ Pollut 242:2068–2077. https:// doi. org/ 10. 1016/j. envpol. 
2018. 06. 066

Crane JL (2014) Source apportionment and distribution of polycyclic 
aromatic hydrocarbons, risk considerations, and management 
implications for urban stormwater pond sediments in Minnesota, 
USA. Arch Environ Contam Toxicol 66(2):176–200. https:// doi. 
org/ 10. 1007/ s00244- 013- 9963-8

David N, Leatherbarrow JE, Yee D, McKee LJ (2015) Removal efficien-
cies of a bioretention system for trace metals, PCBs, PAHs, and 
Dioxins in a Semiarid Environment. J Environ Eng 141(6):04014092. 
https:// doi. org/ 10. 1061/ (asce) ee. 1943- 7870. 00009 21

Diblasi CJ, Li H, Davis AP, Ghosh U (2009) Removal and fate of poly-
cyclic aromatic hydrocarbon pollutants in an urban stormwater 

bioretention facility. Environ Sci Technol 43(2):494–502. https:// 
doi. org/ 10. 1021/ es802 090g

EC (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 improvement in order to support fish life 
(Codified version) (Text with EEA relevance). https:// eur- lex. 
europa. eu/ eli/ dir/ 2006/ 44/ oj

EU WFD (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 text with EEA relevance. Official Journal of the 
European Union. https:// data. europa. eu/ eli/ dir/ 2013/ 39/ oj/ eng. 
Accsessed 18 Jan 2022

Feiguin AE (2009) Phys 5870: modern computational methods in sol-
ids. University of Wyoming. https:// web. north easte rn. edu/ afeig 
uin/ phys5 870/ phys5 870/ phys5 870. html. Accessed 24 Oct 2022

Flanagan K, Branchu P, Boudahmane L, Caupos E, Demare D, Desh-
ayes S, Dubois P, Meffray L, Partibane C, Saad M, Gromaire M-C 
(2018) Field performance of two biofiltration systems treating 
micropollutants from road runoff. Water Res 145:562–578. https:// 
doi. org/ 10. 1016/j. watres. 2018. 08. 064

Flanagan K, Branchu P, Boudahmane L, Caupos E, Demare D, Desh-
ayes S, Dubois P, Meffray L, Partibane C, Saad M, Gromaire MC 
(2019) Retention and transport processes of particulate and dis-
solved micropollutants in stormwater biofilters treating road run-
off. Sci Total Environ 656:1178–1190. https:// doi. org/ 10. 1016/j. 
scito tenv. 2018. 11. 304

Flanagan K, Branchu P, Boudahmane L, Caupos E, Demare D, Desh-
ayes S, Dubois P, Kajeiou M, Meffray L, Partibane C, Saad M, 
Vitart de Abreu Lima M, Gromaire M-C (2019a) Stochastic 
method for evaluating removal, fate and associated uncertainties 
of micropollutants in a stormwater biofilter at an annual scale. 
Water 11(3):487. https:// doi. org/ 10. 3390/ w1103 0487

Furuta D, Wilson B, Chapman J (2022) Final report and simula-
tion program for ‘Monitoring methods for prioritization and 
assessment of stormwater practices’. University of Minnesota 
Water Resources Center. https:// hdl. handle. net/ 11299/ 227895. 
Accessed 18 Jul 2022

Gasperi J, Sebastian C, Ruban V, Delamain M, Percot S, Wiest L, 
Mirande C, Caupos E, Demare D, Kessoo MDK, Saad M, 
Schwartz JJ, Dubois P, Fratta C, Wolff H, Moilleron R, Chebbo G, 
Cren C, Millet M, Barraud S, Gromaire MC (2014) Micropollut-
ants in urban stormwater: occurrence, concentrations, and atmos-
pheric contributions for a wide range of contaminants in three 
French catchments. Environ Sci Pollut Res 21(8):5267–5281. 
https:// doi. org/ 10. 1007/ s11356- 013- 2396-0

Gasperi J, Le Roux J, Deshayes S, Ayrault S, Bordier L, Boudahmane 
L, Budzinski H, Caupos E, Caubrière N, Flanagan K, Guillon M, 
Huynh N, Labadie P, Meffray L, Neveu P, Partibane C, Paupardin 
J, Saad M, Varnede L, Gromaire M-C (2022) Micropollutants in 
urban runoff from traffic areas: target and non-target screening on 
four contrasted sites. Water 14(3):394. https:// doi. org/ 10. 3390/ 
w1403 0394

Gerbersdorf SU, Cimatoribus C, Class H, Engesser K-H, Helbich S, 
Hollert H, Lange C, Kranert M, Metzger J, Nowak W, Seiler 
T-B, Steger K, Steinmetz H, Wieprecht S (2015) Anthropogenic 
trace compounds (ATCs) in aquatic habitats—research needs on 
sources, fate, detection and toxicity to ensure timely elimination 
strategies and risk management. Environ Int 79:85–105. https:// 
doi. org/ 10. 1016/j. envint. 2015. 03. 011

Hannouche A, Chebbo G, Joannis C, Gasperi J, Gromaire M-C, 
Moilleron R, Barraud S, Ruban V (2017) Stochastic evaluation 
of annual micropollutant loads and their uncertainties in sepa-
rate storm sewers. Environ Sci Pollut Res 24(36):28205–28219. 
https:// doi. org/ 10. 1007/ s11356- 017- 0384-5

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1021/acs.jchemed.0c00096
https://doi.org/10.1021/acs.jchemed.0c00096
https://doi.org/10.1016/j.watres.2012.05.029
https://doi.org/10.2166/9781789060119
https://doi.org/10.2166/9781789060119
https://doi.org/10.1016/j.scitotenv.2009.04.040
https://doi.org/10.1016/j.watres.2011.12.017
https://doi.org/10.1016/j.watres.2011.12.017
https://doi.org/10.1016/j.envpol.2018.06.066
https://doi.org/10.1016/j.envpol.2018.06.066
https://doi.org/10.1007/s00244-013-9963-8
https://doi.org/10.1007/s00244-013-9963-8
https://doi.org/10.1061/(asce)ee.1943-7870.0000921
https://doi.org/10.1021/es802090g
https://doi.org/10.1021/es802090g
https://eur-lex.europa.eu/eli/dir/2006/44/oj
https://eur-lex.europa.eu/eli/dir/2006/44/oj
https://data.europa.eu/eli/dir/2013/39/oj/eng
https://web.northeastern.edu/afeiguin/phys5870/phys5870/phys5870.html
https://web.northeastern.edu/afeiguin/phys5870/phys5870/phys5870.html
https://doi.org/10.1016/j.watres.2018.08.064
https://doi.org/10.1016/j.watres.2018.08.064
https://doi.org/10.1016/j.scitotenv.2018.11.304
https://doi.org/10.1016/j.scitotenv.2018.11.304
https://doi.org/10.3390/w11030487
https://hdl.handle.net/11299/227895
https://doi.org/10.1007/s11356-013-2396-0
https://doi.org/10.3390/w14030394
https://doi.org/10.3390/w14030394
https://doi.org/10.1016/j.envint.2015.03.011
https://doi.org/10.1016/j.envint.2015.03.011
https://doi.org/10.1007/s11356-017-0384-5


77316 Environmental Science and Pollution Research (2023) 30:77299–77317

1 3

Hawthorne SB, Grabanski CB, Miller DJ (2006) Measured partitioning 
coefficients for parent and alkyl polycyclic aromatic hydrocarbons 
in 114 historically contaminated sediments: part 1. KOC Values 
Environ Toxicol Chem 25(11):2901–2911. https:// doi. org/ 10. 
1897/ 06- 115R.1

Helsel DR (2010) Summing nondetects: incorporating low-level 
contaminants in risk assessment. Integr Environ Assess Manag 
6(3):361–366. https:// doi. org/ 10. 1002/ ieam. 31

Järlskog I, Strömvall A-M, Magnusson K, Galfi H, Björklund K, Polu-
karova M, Garção R, Markiewicz A, Aronsson M, Gustafsson 
M, Norin M, Blom L, Andersson-Sköld Y (2021) Traffic-related 
microplastic particles, metals, and organic pollutants in an urban 
area under reconstruction. Sci Total Environ 774:145503. https:// 
doi. org/ 10. 1016/j. scito tenv. 2021. 145503

JCGM 100. (2008). Guide to the expression of measurement , JCGM 
100:2008 Corrected version 2010. JCGM member organizations 
(BIPM, IEC, IFCC, ILAC, ISO, IUPAC, IUPAP and OIML). 
https:// www. bipm. org/ docum ents/ 20126/ 20712 04/ JCGM_ 100_ 
2008_E. pdf/ cb0ef 43f- baa5- 11cf- 3f85- 4dcd8 6f77b d6. Accessed 
20 Jun 2022

Kalmykova Y, Björklund K, Strömvall A-M, Blom L (2013) Parti-
tioning of polycyclic aromatic hydrocarbons, alkylphenols, bis-
phenol A and phthalates in landfill leachates and stormwater. 
Water Res 47(3):1317–1328. https:// doi. org/ 10. 1016/j. watres. 
2012. 11. 054

Kayhanian M, Suverkropp C, Ruby A, Tsay K (2007) Characteriza-
tion and prediction of highway runoff constituent event mean 
concentration. J Environ Manage 85(2):279–295. https:// doi. 
org/ 10. 1016/j. jenvm an. 2006. 09. 024

Kayhanian M, Fruchtman BD, Gulliver JS, Montanaro C, Ranieri 
E, Wuertz S (2012) Review of highway runoff characteristics: 
comparative analysis and universal implications. Water Res 
46(20):6609–6624. https:// doi. org/ 10. 1016/j. watres. 2012. 07. 
026

Khodadoust AP, Lei L, Antia JE, Bagchi R, Suidan MT, Tabak HH 
(2005) Adsorption of polycyclic aromatic hydrocarbons in aged 
harbor sediments. J Environ Eng 131(3):403–409. https:// doi. org/ 
10. 1061/ (ASCE) 0733- 9372(2005) 131: 3(403)

Kose T, Yamamoto T, Anegawa A, Mohri S, Ono Y (2008) Source 
analysis for polycyclic aromatic hydrocarbon in road dust and 
urban runoff using marker compounds. Desalination 226(1):151–
159. https:// doi. org/ 10. 1016/j. desal. 2007. 01. 239

Lamprea K, Bressy A, Mirande-Bret C, Caupos E, Gromaire M-C 
(2018) Alkylphenol and bisphenol A contamination of urban run-
off: an evaluation of the emission potentials of various construc-
tion materials and automotive supplies. Environ Sci Pollut Res 
25(22):21887–21900. https:// doi. org/ 10. 1007/ s11356- 018- 2272-z

Lange K, Magnusson K, Viklander M, Blecken G-T (2021) Removal 
of rubber, bitumen and other microplastic particles from storm-
water by a gross pollutant trap—bioretention treatment train. 
Water Research 202:117457. https:// doi. org/ 10. 1016/j. watres. 
2021. 117457

Lange K, Viklander M, Blecken G-T (2022) Investigation of intra-event 
variations of total, dissolved and truly dissolved metal concentra-
tions in highway runoff and a gross pollutant trap – bioretention 
stormwater treatment train. Water Research 216: 118284. https:// 
doi. org/ 10. 1016/j. watres. 2022. 118284

Launay MA, Dittmer U, Steinmetz H (2016) Organic micropollutants 
discharged by combined sewer overflows – characterisation of 
pollutant sources and stormwater-related processes. Water Res 
104:82–92. https:// doi. org/ 10. 1016/j. watres. 2016. 07. 068

Leroy MC, 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 moderate traffic urban area. Sci 
Total Environ 566–567:113–121. https:// doi. org/ 10. 1016/j. scito 
tenv. 2016. 05. 027

Li CK, Kamens RM (1993) The use of polycyclic aromatic hydrocar-
bons as source signatures in receptor modeling. Atmos Environ A 
Gen Top 27(4):523–532. https:// doi. org/ 10. 1016/ 0960- 1686(93) 
90209-H

Lu, X., Sandman, B., Arnerdal, H., & Odelius, H. (2016, June 30). 
Long-term durability of polymer modified bitumen in bridge deck 
pavements. Proceedings of 6th Eurasphalt & Eurobitume Con-
gress. 6th Eurasphalt & Eurobitume Congress,  Prague, Czech 
Republic. https:// doi. org/ 10. 14311/ EE. 2016. 044

Lundy L, Ellis JB, Revitt DM (2012) Risk prioritisation of stormwater 
pollutant sources. Water Res 46(20):6589–6600. https:// doi. org/ 
10. 1016/j. watres. 2011. 10. 039

Luo Y, Guo W, Ngo HH, Nghiem LD, Hai FI, Zhang J, Liang S, Wang 
XC (2014) A review on the occurrence of micropollutants in the 
aquatic environment and their fate and removal during wastewater 
treatment. Sci Total Environ 473–474:619–641. https:// doi. org/ 10. 
1016/j. scito tenv. 2013. 12. 065

Markiewicz A, Björklund K, Eriksson E, Kalmykova Y, Strömvall AM, 
Siopi A (2017) Emissions of organic pollutants from traffic and 
roads: priority pollutants selection and substance flow analysis. 
Sci Total Environ 580:1162–1174. https:// doi. org/ 10. 1016/j. scito 
tenv. 2016. 12. 074

Masoner JR, Kolpin DW, Cozzarelli IM, Barber LB, Burden DS, Fore-
man WT, Forshay KJ, Furlong ET, Groves JF, Hladik ML, Hop-
ton ME, Jaeschke JB, Keefe SH, Krabbenhoft DP, Lowrance R, 
Romanok KM, Rus DL, Selbig WR, Williams BH, Bradley PM 
(2019) Urban stormwater: an overlooked pathway of extensive 
mixed contaminants to surface and groundwaters in the United 
States. Environ Sci Technol 53(17):10070–10081. https:// doi. org/ 
10. 1021/ acs. est. 9b028 67

Miljöförvaltningen. (2013). The Environment Department’s guide-
lines and guideline values for discharge of polluted water into 
the receiving waters and stormwater (In Swedish). The city of 
Gothenburg’s environmental administration, Sweden. https:// tekni 
skhan dbok. goteb org. se/ wp- conte nt/ uploa ds/ Miljo forva ltnin gens- 
riktl injer- och- riktv arden- for- utsla pp- av- foror enat- vatten- till- dagva 
ttenn at- och- recip ient_ 2021- 04. pdf. Accessed 20 Jun 2022

Müller A, Österlund H, Marsalek J, Viklander M (2020) The pollution 
conveyed by urban runoff: a review of sources. Sci Total Environ 
709:136125. https:// doi. org/ 10. 1016/J. SCITO TENV. 2019. 136125

Murphy LU, Cochrane TA, O’Sullivan A (2015) Build-up and wash-
off dynamics of atmospherically derived Cu, Pb, Zn and TSS in 
stormwater runoff as a function of meteorological characteristics. 
Sci Total Environ 508:206–213. https:// doi. org/ 10. 1016/j. scito 
tenv. 2014. 11. 094

Mutzner L, Bohren C, Mangold S, Bloem S, Ort C (2020) Spatial 
differences among micropollutants in sewer overflows: a mul-
tisite analysis using passive samplers. Environ Sci Technol 
54(11):6584–6593. https:// doi. org/ 10. 1021/ acs. est. 9b051 48

Mutzner L, Furrer V, Castebrunet H, Dittmer U, Fuchs S, Gernjak W, 
Gromaire M-C, Matzinger A, Mikkelsen PS, Selbig WR, Vezzaro 
L (2022) A decade of monitoring micropollutants in urban wet-
weather flows: what did we learn? Water Research 223:118968. 
https:// doi. org/ 10. 1016/j. watres. 2022. 118968

Nielsen K, Kalmykova Y, Strömvall A-M, Baun A, Eriksson E (2015) 
Particle phase distribution of polycyclic aromatic hydrocarbons 
in stormwater—using humic acid and iron nano-sized colloids as 
test particles. Sci Total Environ 532:103–111. https:// doi. org/ 10. 
1016/j. scito tenv. 2015. 05. 093

Nynas.com (2018) The bridge builder: bitumen matters. https:// www. 
nynas. com/ en/ bitum enmat ters/ proje cts/ the- bridge- build er/. 
Accsessed 11 Mar 2023

Pettersson TJR, Strömvall AM, Ahlman S (2005) Underground sedi-
mentation systems for treatments of highway runoff in dense 
city areas. In: 10th International Conference on Urban Drainage. 
Copenhagen/Denmark, pp 21–26

https://doi.org/10.1897/06-115R.1
https://doi.org/10.1897/06-115R.1
https://doi.org/10.1002/ieam.31
https://doi.org/10.1016/j.scitotenv.2021.145503
https://doi.org/10.1016/j.scitotenv.2021.145503
https://www.bipm.org/documents/20126/2071204/JCGM_100_2008_E.pdf/cb0ef43f-baa5-11cf-3f85-4dcd86f77bd6
https://www.bipm.org/documents/20126/2071204/JCGM_100_2008_E.pdf/cb0ef43f-baa5-11cf-3f85-4dcd86f77bd6
https://doi.org/10.1016/j.watres.2012.11.054
https://doi.org/10.1016/j.watres.2012.11.054
https://doi.org/10.1016/j.jenvman.2006.09.024
https://doi.org/10.1016/j.jenvman.2006.09.024
https://doi.org/10.1016/j.watres.2012.07.026
https://doi.org/10.1016/j.watres.2012.07.026
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:3(403)
https://doi.org/10.1061/(ASCE)0733-9372(2005)131:3(403)
https://doi.org/10.1016/j.desal.2007.01.239
https://doi.org/10.1007/s11356-018-2272-z
https://doi.org/10.1016/j.watres.2021.117457
https://doi.org/10.1016/j.watres.2021.117457
https://doi.org/10.1016/j.watres.2022.118284
https://doi.org/10.1016/j.watres.2022.118284
https://doi.org/10.1016/j.watres.2016.07.068
https://doi.org/10.1016/j.scitotenv.2016.05.027
https://doi.org/10.1016/j.scitotenv.2016.05.027
https://doi.org/10.1016/0960-1686(93)90209-H
https://doi.org/10.1016/0960-1686(93)90209-H
https://doi.org/10.14311/EE.2016.044
https://doi.org/10.1016/j.watres.2011.10.039
https://doi.org/10.1016/j.watres.2011.10.039
https://doi.org/10.1016/j.scitotenv.2013.12.065
https://doi.org/10.1016/j.scitotenv.2013.12.065
https://doi.org/10.1016/j.scitotenv.2016.12.074
https://doi.org/10.1016/j.scitotenv.2016.12.074
https://doi.org/10.1021/acs.est.9b02867
https://doi.org/10.1021/acs.est.9b02867
https://tekniskhandbok.goteborg.se/wp-content/uploads/Miljoforvaltningens-riktlinjer-och-riktvarden-for-utslapp-av-fororenat-vatten-till-dagvattennat-och-recipient_2021-04.pdf
https://tekniskhandbok.goteborg.se/wp-content/uploads/Miljoforvaltningens-riktlinjer-och-riktvarden-for-utslapp-av-fororenat-vatten-till-dagvattennat-och-recipient_2021-04.pdf
https://tekniskhandbok.goteborg.se/wp-content/uploads/Miljoforvaltningens-riktlinjer-och-riktvarden-for-utslapp-av-fororenat-vatten-till-dagvattennat-och-recipient_2021-04.pdf
https://tekniskhandbok.goteborg.se/wp-content/uploads/Miljoforvaltningens-riktlinjer-och-riktvarden-for-utslapp-av-fororenat-vatten-till-dagvattennat-och-recipient_2021-04.pdf
https://doi.org/10.1016/J.SCITOTENV.2019.136125
https://doi.org/10.1016/j.scitotenv.2014.11.094
https://doi.org/10.1016/j.scitotenv.2014.11.094
https://doi.org/10.1021/acs.est.9b05148
https://doi.org/10.1016/j.watres.2022.118968
https://doi.org/10.1016/j.scitotenv.2015.05.093
https://doi.org/10.1016/j.scitotenv.2015.05.093
https://www.nynas.com/en/bitumenmatters/projects/the-bridge-builder/
https://www.nynas.com/en/bitumenmatters/projects/the-bridge-builder/


77317Environmental Science and Pollution Research (2023) 30:77299–77317 

1 3

Reed DA, Stemer TR (2002) Total Petroleum Hydrocarbon Criteria Work-
ing Group (TPHCWG) field demonstration report: air force number 
6 fuel farm, Dobbins AFB, GA (AFRL-HE-WP-TR-2002–0158; p. 
84). OPERATIONAL TECHNOLOGIES. https:// apps. dtic. mil/ sti/ 
pdfs/ ADA42 5422. pdf. Accsessed 08 Jul 2022

Rehrl A-L (2019) Occurrence and fate of organic micropollutants 
(OMPs). In: Lake Mälaren. Master thesis, Faculty of Natural 
Resources and Agricultural Sciences, Swedish University of 
Agricultural Sciences, Uppsala, Sweden. https:// stud. epsil on. slu. 
se/ 14185/

Shehab ZN, Jamil NR, Aris AZ (2020) Occurrence, environmental 
implications and risk assessment of bisphenol A in association 
with colloidal particles in an urban tropical river in Malaysia. Sci 
Rep 10(1):20360. https:// doi. org/ 10. 1038/ s41598- 020- 77454-8

Spahr S, Teixidó M, Sedlak DL, Luthy RG (2020) Hydrophilic trace 
organic contaminants in urban stormwater: occurrence, toxicologi-
cal relevance, and the need to enhance green stormwater infra-
structure. Environ Sci: Water Res Technol 6(1):15–44. https:// 
doi. org/ 10. 1039/ C9EW0 0674E

Stachel B, Holthuis J-U, Schulz W, Seitz W, Weber WH, Tegge K-T, 
Dobner I (2010) Treatment techniques and analysis of stormwater 
run-off from roads in Hamburg, Germany. In: D Fatta-Kassinos, K 
Bester,  K Kümmerer (eds) Xenobiotics in the urban water cycle: 
mass flows, environmental processes, mitigation and treatment 
strategies. Environmental Pollution, vol 16. Springer, Dordrecht, 
pp 445–461. https:// doi. org/ 10. 1007/ 978- 90- 481- 3509-7_ 24

Szopińska M, Szumińska D, Bialik RJ, Dymerski T, Rosenberg E, 
Polkowska Ż (2019) Determination of polycyclic aromatic 

hydrocarbons (PAHs) and other organic pollutants in freshwa-
ters on the western shore of Admiralty Bay (King George Island, 
Maritime Antarctica). Environ Sci Pollut Res Int 26(18):18143–
18161. https:// doi. org/ 10. 1007/ s11356- 019- 05045-w

WHO (2008) Petroleum products in drinking-water background docu-
ment for development of WHO guidelines for drinking-water 
quality. WHO/SDE/WSH/05.08/123. https:// cdn. who. int/ media/ 
docs/ defau lt- source/ wash- docum ents/ wash- chemi cals/ petro leump 
roduc ts- 2add- june2 008. pdf? sfvrsn= 9f397 b0c_4. Accessed 08 Jul 
2022

Wicke D, Matzinger A, Sonnenberg H, Caradot N, Schubert R-L, Dick 
R, Heinzmann B, Dünnbier U, von Seggern D, Rouault P (2021) 
Micropollutants in urban stormwater runoff of different land uses. 
Water 13(9):1312. https:// doi. org/ 10. 3390/ w1309 1312

Zgheib S, Moilleron R, Chebbo G (2012) Priority pollutants in urban 
stormwater: part 1 – case of separate storm sewers. Water Res 
46(20):6683–6692. https:// doi. org/ 10. 1016/j. watres. 2011. 12. 012

Zhang K, Randelovic A, Page D, McCarthy DT, Deletic A (2014) The 
validation of stormwater biofilters for micropollutant removal 
using in situ challenge tests. Ecol Eng 67:1–10. https:// doi. org/ 
10. 1016/j. ecole ng. 2014. 03. 004

Zhang J, Hua P, Krebs P (2017) The influence of surface pavement on 
the distribution of polycyclic aromatic hydrocarbons (PAHs) in 
urban watershed. Water Air Soil Pollut 228(9):318. https:// doi. 
org/ 10. 1007/ s11270- 017- 3501-7

Publisher's note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://apps.dtic.mil/sti/pdfs/ADA425422.pdf
https://apps.dtic.mil/sti/pdfs/ADA425422.pdf
https://stud.epsilon.slu.se/14185/
https://stud.epsilon.slu.se/14185/
https://doi.org/10.1038/s41598-020-77454-8
https://doi.org/10.1039/C9EW00674E
https://doi.org/10.1039/C9EW00674E
https://doi.org/10.1007/978-90-481-3509-7_24
https://doi.org/10.1007/s11356-019-05045-w
https://cdn.who.int/media/docs/default-source/wash-documents/wash-chemicals/petroleumproducts-2add-june2008.pdf?sfvrsn=9f397b0c_4
https://cdn.who.int/media/docs/default-source/wash-documents/wash-chemicals/petroleumproducts-2add-june2008.pdf?sfvrsn=9f397b0c_4
https://cdn.who.int/media/docs/default-source/wash-documents/wash-chemicals/petroleumproducts-2add-june2008.pdf?sfvrsn=9f397b0c_4
https://doi.org/10.3390/w13091312
https://doi.org/10.1016/j.watres.2011.12.012
https://doi.org/10.1016/j.ecoleng.2014.03.004
https://doi.org/10.1016/j.ecoleng.2014.03.004
https://doi.org/10.1007/s11270-017-3501-7
https://doi.org/10.1007/s11270-017-3501-7

	Occurrence and concentrations of organic micropollutants (OMPs) in highway stormwater: a comparative field study in Sweden
	Abstract   
	Introduction 
	Methodology
	Study site
	Sampling procedure and strategies
	Water quality analysis
	Data analysis
	EMC

	EMC estimation and uncertainty propagation using a Monte-Carlo method
	Statistical and censored data analysis


	Results and discussion
	The occurrence and concentrations of OMPs
	Phenolic substances
	PAHs
	PHCs
	Global parameters

	Uncertainty analysis of EMC calculations using a MC method
	Correlated water quality parameters

	Conclusion
	Anchor 21
	Acknowledgements 
	References


