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ABSTRACT 

A literature review on the impact of stormwater measures on the retention of 24 key stormwater 
pollutants in a Nordic context was conducted using search enginge Scopus. 26 studies, covering 
measures grouped as vegetated, storage and sedimentation, and permeable pavement systems, were 
selected. Of identified priority pollutants, total suspended solids (TSS), nutrients (N and P), and some 
heavy metals (Cu, Pb and Zn) were most frequently studied. In contrast, Pt, pendimethalin, 
phenmedipham, terbutylazine, nonylphenol ethoxylates, pentachlorophenol, di(2-ethylhexyl) 
phthalate, PCB-28, and methyl tert-butyl ether were not examined. Also in cold climates, stormwater 
measures generally retain most of the examined pollutants. The extent to which is variable, affected 
by for example the application of de-icing salt. This may limit metal retention. Particularly during 
snowmelt, storage and sedimentation systems release pollutant loads. The impact of freezing periods 
on bioretention remains to be explored, though one study found that nutrient retention need not be 
affected. To allow for better comparison of stormwater measures, methods for reporting retention 
should be more consistent across literature. The body of literature on water quality effects of the 
measures included for analysis in cold climate should be expanded. 

Key words Best Management Practices (BMP), cold climate, Low Impact Development (LID), pollutant 
retention, stormwater quality, Sustainable Urban Drainage Systems (SUDS) 

 

INTRODUCTION 

About a decade ago, for the first time in history, more people were reported to live in cities than 
elsewhere. In 2017, roughly 55% of the global population (> 4 billion people) lived in urban areas, 
having rapidly increased from about 34% in 1960 (The World Bank 2018). Meanwhile, population 
growth continues. Thus, more and more people live in urban surroundings. This trend underlines the 
importance of the United Nations’ Sustainable Development Goal of Sustainable Cities and 
Communities. 

Urbanisation, through e.g. increasing the area with impermeable surface and altering soil properties, 
limits the extent of infiltration and evapotranspiration of water (Ferreira et al. 2018). Therefore, urban 
areas typically have relatively large volumes of generated runoff compared to non-urban areas. 
Though this runoff has traditionally be dealt with by collecting it centrally, urbanisation and population 
growth have put the stormwater management systems under pressure (Boulos et al. 2015). While 
these developments continue, current climatic changes may exacerbate the situation: an extra 1°C in 
global temperature could entail a 4% increase in runoff worldwide by an increase of 1 in global 
temperature (Labat et al. 2004).  

Currently, a plurality of measures to deal with stormwater exist. These measures are referred to as e.g. 
Best Management Practices (BMPs), Low Impact Development (LID), Stormwater Control Measures 
(SCMs) and Sustainable Urban Drainage Systems (SUDS). These terms all differ slightly in meaning and 
vary spatially in their development and use (Fletcher et al. 2015). In this paper, they are referred to as 
stormwater measures, i.e. measures implemented to cope with stormwater. The included measures 
can be found in Appendix 1. 



The presence of not-infiltrated runoff, stormwater, is however not only problematic in terms of 
volume. A table compiled by Barbosa et al. (2012) summarizes literature on stormwater pollutants and 
shows that derived from car tires, toxic heavy metals and PAHs can enter the environment. Suspended 
solids, especially the smaller particles, can carry them along. Suspended solids, often measured as total 
suspended solids (TSS), find their way into the stormwater from sources such as pavements, 
construction sites and waste products. Excess nutrients, resulting in problems such as eutrophication 
and plant overgrowth, can end up in stormwater because of the application of fertilizer and through 
atmospheric deposition. Stormwater can further be polluted by for example biodegradable organic 
matter (BOD5 and COD), microorganisms such as Escherichia coli and many other pollutants (Barbosa 
et al. 2012). Based on a literature review and in line with the European Water Framework Directive, 
Eriksson et al. (2007) identified 25 priority stormwater pollutants, using the Chemical Hazard 
Identification and Assessment Tool. These include basic parameters (BOD, COD, SS, N, P, pH), metals 
(Cd, Cr, Cu, Ni, Pb, Zn), PAHs (naphthalene, pyrene and benzo[a]pyrene), herbicides (pendimethalin, 
phenmedipham, glyphosate, terbutylazine) and other pollutants (nonylphenol ethoxylates, 
pentachlorophenol, di(2-ethylhexyl)phthalate, PCB-28, methyl tert-butyl ether). These pollutants, 
except for pH, will be in the focus of this review. 

Conventionally, stormwater has been either (i) collected and treated together with domestic 
wastewater, or (ii) discharged to bodies of water without treatment (Barbosa et al. 2012). However, 
this disregards that the constituents of stormwater are different from domestic wastewater and 
neglects the capability of stormwater to pollute other water bodies (Barbosa et al. 2012). To be able 
to treat stormwater appropriately, it is therefore necessary to focus on its most important pollutants 
and to consider the mechanisms through which each of these pollutants can be immobilized or 
otherwise removed from the runoff.   

Scholes et al. (2008) identified the following mechanisms: uptake by plants and algae, microbial 
degradation, adsorption, flocculation, precipitation, ion exchange, photolysis, settling, filtration and 
lastly, volatilisation. These mechanisms are not equally effective for each pollutant. Filtration has for 
example a higher potential to remove TSS than adsorption and is it generally more likely that nitrates 
are removed from the runoff through plant uptake than by settling (Scholes et al. 2008). Scholes et al. 
(2008) combined the importance of such mechanisms to the removal of a pollutant from stormwater 
to the importance of these processes per stormwater measure to obtain the potential of a stormwater 
measure to remove the included pollutants (BOD, COD, TSS, nitrates, phosphates, faecal coliforms). 
The groups of measures (permeable pavements, storage and sedimentation, vegetated systems) used 
for this review (Appendix 1) are loosely based on their resulting predicted order of preference. 
Vegetated systems (e.g. infiltration basins, swales), despite receiving variable scores on the importance 
of settling and adsorption processes, all obtained relatively high preference scores on BOD, COD, TSS, 
nitrate, phosphate and fecal coliforms combined. The vegetated systems were followed by measures 
that store runoff (e.g. retention pond, detention basin), which score relatively high on settling 
processes, and subsequently by porous asphalt. It should be noted that porous paving, in contrast, 
received a relatively high preference score, so these three quite arbitrary groups are easily criticized.   

Microbial activity is enhanced at higher temperatures (Brady & Weil 2014), affecting the rates of plant 
uptake and microbial degradation. The latter process may have optimum at temperatures of 34 to 40 
degrees Celsius and has a very low rate at temperatures below 5 degrees Celsius (Brady & Weil 2014). 
Freeze-thaw cycles can degrade soil structure (Brady & Weil 2014) and thus potentially especially 
impact the functioning of vegetated systems. In addition, high pollutant loads originate from snowmelt 
runoff and rain on snow events (Oberts 2003). Thus, the removal and retention of pollutants seems 
also dependent on climatic conditions.  



Therefore, a climate-specific approach towards pollutant retention by stormwater measures is 
needed. As higher temperatures appear to be beneficial for at least some of the processes, the general 
expectation is that pollutant retention would be lower in cold climates than in warmer areas. This 
review is an attempt to gather and reflect on quantitative data on the effects of stormwater measures 
on the retention or release of stormwater pollutants in the context of a cold, Nordic climate. It aims to 
provide the state of knowledge on the effects of stormwater measures on stormwater pollutant 
retention in cold climates in general. It will pay close attention to the effects of specific conditions 
associated to these climates. That is, temperature and the occurrence of frost, snow and de-icing salt. 
This review identified gaps in knowledge and offers insights that could be important for making urban 
planning decisions.  

 

METHODS 

A literature review on cold climate pollutant retention by different stormwater measures was 
conducted. To ensure that the included studies reflect the cold climates effects on pollutant removal, 
only studies relevant for Köppen climate D (average temperature warmest month > 10°C and average 
temperature coldest month <-3°C) were included. As this study focus on the application of stormwater 
measures in the urban environment, explicitly agriculturally oriented studies were excluded.  

The studies included for this literature review were obtained through searches using the search engine 
Scopus. Several review studies (Liu et al. 2017; Jotte et al. 2017; Prudencio & Null 2018) served as 
starting point for the definition of search terms covering different types of stormwater measures 
(Appendix 1). These measures were separately included as search terms in the search engine, and to 
identify studies conducted in cold climates combined with one of the search terms Norway, Sweden, 
Denmark, Finland, Iceland, Scandinavia, Nordic, Canada, North America and cold climate or cold 
climatic. The search was further refined with search words water quality or stormwater if the total 
amount of results per search exceeded 50. Literature quantitatively treating the subject of stormwater 
pollutant retention (i.e. in- and outflow of pollutants or removal efficiency percentages) of one or more 
of the mentioned 24 key pollutants by one of these measures were then selected for review (Figure 
1). The stormwater measures examined in the articles were analysed in the following arbitrary groups: 
vegetated systems, storage and sedimentation, and permeable pavements (Appendix 1).  

Retention was calculated as the difference in pollutant concentration or loads between the influent 
and effluent from a stormwater measure. The term removal efficiency (RE) concerns the percentage 
difference in event mean concentration (Roseen et al. 2009). This review focuses mostly on mass-
based retention i.e. retention of the pollutant load. Note that negative retention percentages indicate 
the release of pollutants by the stormwater measure (i.e. the runoff becomes more polluted), whereas 
positive retention percentages indicate the removal of pollutants by the measure (i.e. improved runoff 
quality). 



 

 

Figure 1. Graphical representation of selection methods. 

 

 

 

 

 

  



RESULTS  

During the identification stage, 1055 
unique articles were identified. Based on 
further screening and evaluation, only 
26 articles quantitatively covering 
retention of one or more of the priority 
pollutants by stormwater measures 
were found (Appendix 2). Most studies 
focused on a vegetated system (Figure 
2). For many measures, such as the 
soakaway, bioswale, and grassed 
channel, no relevant results were 
obtained. The mass-based retention for 
TSS, TP, TN, Cu, Pb and Zn are displayed 
in Table 1 and Table 2 (also see Appendix 
3). Pollutant removal efficiencies based 
on concentration, which are also important to consider (e.g. in ecotoxicology) can be found in the 
Supplementary Material. 
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Figure 2. Share of articles found per group (total: 26). 1 article (Roseen 
et al. 2009) covered measures of all groups. 



Table 1. Average retention and standard deviation of TSS, TN and TP by permeable pavements, storage and sedimentation 
and vegetated systems, based on load reduction. These ‘averages’ depend on the information provided by the study. They can 
represent ◦the average found; ◊ the total load reduction during the study; ▫the average of the highest and lowest value found; 
▪the average of different variations of the same measure.  
*values in the table are those of the control treatment (without salt).   
**total amount of samples in 2 year study: 69 composite event samples; 40 discrete event samples; 160 baseflow samples. 

The permeable pavement types include permeable interlocking concrete pavement (PICP), pervious concrete (PC) and porous 
asphalt (PA). Flow-p. indicates that the samples were collected proportionally to flow (i.e. repeated collection of one sample 
for a certain volume of runoff).  

Measure & study TSS TN TP 

Sample 
size 
per 
event 

Events Factors of 
interest 

permeable pavement 
(average of all studies) 24%±184% 48%±24% 73%±20% 

   

PICP -40%±261% 47%±25% 75%±27%    

Drake et al. (2014b)▪ 94% 80% 93% 48 19 Winter, salt 
Drake et al. (2014a)▪ 86% 50% 93% Flow-p. ? Spring-Fall 
Huang et al. (2016)▫ 91% 21% 80% 8 8 Oct.-Dec., sand 
Winston et al. (2016)▫ -431% 38% 36% ? 12&18 Spring-Fall, salt 

PC 86%±8% 55%±28% 68%±16%    
Drake et al. (2014b)◊ 77% 80% 50% 96 19 Winter, salt 
Drake et al. (2014a)◊ 89% 59% 75% Flow-p. ? Spring-Fall 
Huang et al. (2016)▫ 93% 25% 80% 8 6 Oct.-Dec., sand 

PA 91% 29% 80%    
Huang et al. (2016)▫ 91% 29% 80% 8 6 Oct.-Dec., sand 

storage and sedimentation 
(average of all studies) 51%±47% 33% -2%    

stormwater pond 51%±47% 33% -2%    
Pettersson (1999)◊ 84% 33%  ? 10  
Van Buren et al. (1997) ◊ 17%  -2% 269**  May-Nov. 

vegetated systems 
(average of all studies) 93%±13% 30%±110% -2317%±4178%    

Biofilter 98%      
Blecken et al. (2011)◦ 98%   ? 20  

Bioretention 99%±1% 30%±110% -2317%±4178%    
Denich et al. (2013)◊*  -97% -7141% 5 18 Salt 
Khan et al. (2010)◦ 99% 95% 96% 3 com. 17 Seasons 
Khan et al. (2012)◦ 99% 92% 94% 15&24   
Muthanna, Viklander, 
Blecken et al. (2007)◊ 100%   24 1 Melt, salt 

Swale 70%      
Bäckström (2003) ◊ 70%   ? 4 May-June 

 

 

 

  



Table 2. Average retention and standard deviation of Cu, Pb and Zn by permeable pavements, storage and sedimentation and 
vegetated systems, based on load reduction. These ‘averages’ depend on the information provided by the study. They can 
represent ◦the average found; ◊ the total load reduction during the study; ▫the average of the highest and lowest value found; 
▪the average of different variations of the same measure.  
*values in the table are those of the control treatment (without salt).   
**total amount of samples in 2 year study: 69 composite event samples; 40 discrete event samples; 160 baseflow samples. 

The permeable pavement types include permeable interlocking concrete pavement (PICP), pervious concrete (PC) and porous 
asphalt (PA). Flow-p. indicates that the samples were collected proportionally to flow (i.e. repeated collection of one sample 
for a certain volume of runoff). Veg. indicates that the effects of a system with and a system without vegetation were 
compared. 

 

Measure & study Cu Pb Zn 

Sample 
size 
per 
event 

Events Factors of interest 

permeable pavement 
(average of all studies) 58%±26% 52%±52% 76%±19% 

   

PICP 61%±27% 32%±73% 71%±24%    

Drake et al. (2014b)▪ 78% 66% 86% 48 19 Winter, salt 
Drake et al. (2014a)▪ 74%  90% Flow-p. ? Spring-Fall 
Huang et al. (2016)▫ 72% 81% 72% 8 8 Oct.-Dec., sand 
Winston et al. (2016)▫ 22% -52% 37% ? 12&18 Spring-Fall, salt 

PC 49%±33% 69%±18% 85%±12%    
Drake et al. (2014b)◊ 11% 56% 91% 96 19 Winter, salt 
Drake et al. (2014a)◊ 65%  93% Flow-p. ? Spring-Fall 
Huang et al. (2016)▫ 72% 81% 72% 8 6 Oct.-Dec., sand 

PA 72% 81% 72%    
Huang et al. (2016)▫ 72% 81% 72% 8 6 Oct.-Dec., sand 

storage and sedimentation 
(average of all studies) 53%±38% 53%±38% 57%±33%    

stormwater pond 53%±38% 53%±38% 57%±33%    
Pettersson (1999)◊ 80% 80% 80% ? 10  
Van Buren et al. (1997)◊ 26% 26% 34% 269**  May-Nov. 

vegetated systems 
(average of all studies) 78%±23% 91%±8% 89%±12%    

Biofilter 92%±2% 96% 95%±4%    
Blecken et al. (2011)◦ 93% 96% 98% ? 20  
Valtanen et al. (2017)▪ 90%  93% Flow-p. 6x8 Salt, veg., Fall-Summer 

Bioretention 83%±10% 89%±9% 92%±3%    
Denich et al. (2013)◊* 88% 85% 91% 5 18 Salt  
Muthanna, Viklander, 
Gjesdahl et al. (2007)◊ 72% 82% 90% 5-7 6 April, August 
Muthanna, Viklander,  
Blecken et al. (2007)◊ 89% 99% 96% 24 1 Melt, salt 

Swale 34%  66%    
Bäckström (2003)◊ 34%  66% ? 4 May-June 

 

 

 



PERMEABLE PAVEMENTS 

Various types of permeable pavements exist. The body of literature on the application of permeable 
pavements in Nordic regions seems to be limited to permeable interlocking concrete pavement (PICP), 
pervious concrete (PC) and porous asphalt (PA). Removal efficiencies on permeable pavements tend 
to be calculated relative to the performance of conventional asphalt, as the quality of its effluent is 
assumed to be the initial quality of the runoff (Drake et al. 2014b). Retention of BOD, COD, Cd, Cr, Ni 
and Pt by permeable pavements was not examined. Only one study analysed naphthalene (Drake et 
al. 2014b), and pyrene (Drake et al. 2014a). Both occur often occur in runoff, but rarely in the effluent 
from the pavements, indicating that they were probably retained by biodegradation, photolysis, 
volatilization and/or adsorption (Drake et al. 2014a).  

Retention of basic parameters 

Retention of TSS, TN and TP are reported by all 4 permeable pavement studies. Based on Table 1, it 
might seem that PICP has a comparatively low load removal for TSS compared to the other pavements. 
This substantial difference is, however, due to the values found by Winston et al. (2016). Excluding 
these values, TSS removal by PICP is with about 90% comparable to PC. Winston et al.  (2016), who 
analysed the effect of the size of PICP, explain their remarkable finding of release (retained -525% to -
337% of loads) of TSS by the pavement as the result of de-icing salt application and consequent soil 
processes, resulting in additional <100𝛍m-sized soil particles in the runoff. According to Winston et al. 
(2016), detecting that TSS retention was comparable to that found by other studies by autumn, the 
effects of applying de-icing salt could last up to half a year after application date. This might be due to 
the capacity of permeable pavements to detain the salt (Drake et al. 2014b). Interestingly, even though 
salt was detected by both Drake et al. (2014a, b), these studies, together covering both winter and 
spring, did not observe the release of TSS. Drake et al. (2014b) do indicate that salt application may 
have been lower for permeable pavements than for asphalt, which could imply that less salt was 
applied in this study than that by Winston et al. (2016), and that this caused the differences in the 
results. TSS concentrations in the effluent of one of the pavements examined by Winston et al. (2016) 
were found to increase with more intense precipitation and in spring. Possibly due to limited storm 
sample size, no such correlations were found for the other, larger pavement.  

Compared to Huang et al. (2016), Drake et al. (2014b) report a much higher TN removal in the winter. 
Where sand was applied in the former study, de-icing salt was applied in the latter. This may have been 
the reason for the unexpectedly high removal that Drake et al. (2014b) found. TN usually originates 
from decomposition and activities such as fertilizer use, both of which occur at a lower rate during 
winters. The salt, so Drake et al. (2014b) found, contained nitrogen, and through that probably 
contributed to the increased removal of TN.   

In the first year with tests, Huang et al. (2016) detected that the removal of TN was relatively low 
compared to the second and the third year. Huang et al. (2016) suggest that biological processes, 
especially due to the development of biofilm, might be the explanation for increased removal of TN 
after the first year. This is further supported by the fact that they found correlation of TN removal with 
pavement temperature (Huang et al. 2016). Hence, not all removal of pollutants is directly attributable 
to a measure itself, but may be circumstantial. Increases in removal may be consequences of the 
addition of sources of pollutants (e.g. de-icing salt), due to which higher influent concentrations occur, 
and other factors that could but need not be related to implementation of the stormwater measure 
(e.g. biological removal of nitrogen by biofilm) may contribute in the removal process itself.  

Whereas for TSS and TN, the PICP and PC score roughly comparably, TP retention seems to be higher 
for the PICP. This is primarily because of the release of phosphate by the PC (Drake et al. 2014b). 



Nevertheless, Huang et al. (2016) do not find this difference: PICP, PC and PA retain TP all to a relatively 
high extent (roughly 81%). PA may reduce TP concentrations by 82%, as initial results from Tiggelaar 
and Lisi (2009) show, but the removal efficiency of TP by PA may be more likely to be about 40% as 
found by Roseen et al. (2009) and Roseen et al. (2012).  

Seasonal effects on TSS and TP removal seem to depend on the pavement type. In the winter, TSS 
retention by PICP is slightly increased, whereas TSS retention by PC is slightly decreased (Drake et al. 
2014b). TP load reduction by PICPs does not seem to be impacted by the winter season, whereas TP 
removal by PC is a bit lower in the winter (Drake et al. 2014b). In terms of concentration, another study 
found that the opposite takes place: TP is released in summer and retained in winter (Roseen et al. 
2009). The explanation may lie in the exceptionally high concentrations of TP and PO4

3- as found by 
Drake et al. (2014b), attributed to the application of de-icing salt, reducing the removal of TP. This 
suggest that PC has an optimum TP removal at a certain concentration of phosphorus. Huang et al. 
(2016), however, found no significant difference for TP removal by this pavement type between winter 
and other seasons. The, in comparison, low TP retention as found by Winston et al. (2016) could be 
attributed to the relatively low initial concentrations of phosphorous. 

Retention of metals 

Cold climate metal retention by permeable pavements seems roughly comparable to that by storage 
and sedimentation (Table 2). Though Huang et al. (2016) find comparable load reductions by each of 
the pavement types, Drake et al. (2014a, b) suggest that PICP has a higher retention of Cu than PC. Pb 
and Zn retention, in contrast, seem to be higher for PC. However, this is again partly attributable to 
the results of Winston et al. (2016), who report substantially lower load removals than the other 
studies, and even the release of Pb. According to the authors, the release of soil particles which 
increased TSS loads also led to the release of relatively more Cu and Pb in the post-winter period. 
Despite significant retention, Zn retention seems to be affected by de-icing salt application. The 
reduction of its loads, is, as can be seen in Table 2 and is mentioned by Winston et al. (2016), a lot 
lower than found for PICPs in other studies. Drake et al. (2014b) do not find the mobilization of metals 
due to salt, though they acknowledge the need to study the effect of aging on the salt-mediated 
release of metals.  

PICP seems to retain Zn better than PC when looking at the reduction in concentration (on average 
>80% compared to ca. 57%), but is in terms mass retention performing similarly (Drake et al. 2014a, 
b). As the study area size and treatment are the same, this seems to imply that PC has a higher hydraulic 
efficiency: the combination of a lower removal in terms of concentration and a similar removal in terms 
of mass can only be explained by the treatment of a larger volume of runoff. The results by Roseen et 
al. (2009) and Roseen et al. (2012) suggest that PA would reduce concentrations of Zn to an even higher 
extent (on average >95%) than PC or PICP, but these studies did not analyse PC or PICP in parallel, so 
many other factors may have impacted the differences in the studies’ results. 

For the PC, removal of Cu as reported by Drake et al. (2014b) is only 11%, whereas other the two other 
studies report a load removal of approximately 70%. The low retention of Cu by PC, in line with Winston 
et al. (2016), may be a consequence of the application of de-icing salt, being affected by the salt in a 
different way than TN. However, Cu load retention by PICP reported on by the same study is not lower 
than that reported by other studies. This suggests that the markedly low Cu retention by PC is due to 
differences in treatment conditions for the pavement types (e.g. one receiving more salt); and/or 
pollutant retention by PICP and PC, for Cu within the same study. Likewise, the markedly low Cu 
retention by this study as compared to other studies could have been due to (i) seasonal differences; 
and/or (ii) different treatments. Drake et al. (2014a) studied the same pavement, but under different 



treatment conditions (i.e. spring, summer and fall instead of winter). Here, Cu retention by PC is with 
65% slightly but not substantially lower than PICP (74%) and the PC researched by Huang et al. (2016) 
(72%). Therefore, it seems likely that winter conditions affected the results. According to Huang et al. 
(2016), however, removal of metals does not seem to be impacted by the winter season (pavement 
temperature <5°C) and is not linked to climatic conditions. Whether the season plays a role in Cu 
retention thus remains unclear. Winter sanding and warmer temperatures were noted to limit 
infiltration of runoff, however, the authors do not mention whether and if so, how, winter sanding 
affected metal retention. Looking at the removal of Cu at the dates sanding was applied, indicates that 
this removal does not seem to have been much lower than at other dates. All in all, this suggests that 
not winter sanding or climatic variables but winter salt application may affect the retention of Cu by 
permeable pavements and may exacerbate the already existing difference in performance between 
PICP and PC Cu retention. Interestingly, this seems to affect Cu more severely than Pb. Removal of Zn, 
which is marginally higher for PC than PICP, is only slightly lower in winter conditions (a 2% difference 
for PC and a 4% difference for PICP) for both pavement types (Table 2). 

 

STORAGE AND SEDIMENTATION 

Retention of basic parameters 

For storage and sedimentation systems, retention of pollutants is more often expressed in 
concentration-based removal efficiencies. Only two of the eight studies on retention by ponds/basins 
are mass-based. 

The retention of TSS by storage and sedimentation systems is variable. In terms of loads, Pettersson 
(1999) finds that a stormwater pond removes 84% of TSS, whereas Van Buren et al. (1997) note a total 
removal of merely 17% (or 42% on an event basis). Part of this difference may be attributable to the 
difference in seasons: Whereas Pettersson (1999) only performed measurements in the period from 
May to July, Van Buren et al. (1997) also studied pollutant retention in the winter season, for which 
TSS retention was found to be markedly high compared to the period May to end November (55% in 
contrast to -55%). Van Buren et al. (1997) attribute this to the inactivation of the pond’s fountain in 
the winter, due to which the settling of particles is usually negatively affected, and the ice cover, 
impairing disturbances by wind. In terms of concentrations, one study finds the release of suspended 
solids from a wet detention pond in June, whereas it is retained in September (Song et al. 2017). 
Nevertheless, the majority (3/4) observe an average retention of above 70% (Appendix 3). 

Likewise, TP removal efficiencies tend to be positive, but Song et al. (2017) find that TP is released. 
This discrepancy could have been caused by the limited sample size that this study has in comparison 
with other studies (Table 1), as that is sensitive to fluctuations in in- and outflow concentrations and 
volumes. Additionally, the inflow concentrations that they detect are generally below that of other 
studies (0.052-0.080 mg/L, compared to 0.125 mg/L (Roseen et al. 2009) and 0.674 mg/L (Vollertsen 
et al. 2009)) and the outflow concentrations found by these other studies. Thus, inflow concentrations 
of TP may have been comparatively low, with any release within the pond possibly implying an overall 
release of TP from the pond. TP may be released in terms of mass (van Buren et al. 1997). As 
stormwater flows throughout a pond, the proportions in which suspended solids and phosphorous 
species occur change, which could enhance eutrophication downstream (Song et al. 2015). Thus, 
despite this review not covering the various nutrient species in depth, such transformation processes 
(through e.g. algal uptake and excretion) can have large consequences for the environment. TN loads 
in stormwater can be reduced by storage and sedimentation. However, removal efficiencies of 30% 
and 67% (respectively Vollertsen et al. (2009) and Färm (2002)) reveal that this retention, at least when 



based on concentration, does not always occur to the same extent. Vollertsen et al. (2009) reflect on 
two snowmelt events that together were responsible for 50% of the yearly discharge of TN, whereas 
Färm (2002) mentions that the pond was covered in ice. The presence of large volumes of snow could 
therefore perhaps explain part of the difference in the found values.  

Retention of metals 

From the two mass-based studies, it can be deduced that the extent to which metals are retained is 
rather variable. Pettersson (1999) finds that loads of metals (more specifically Cu, Pb, Zn) are retained 
by about 80%, but the total removal rate for Cu, Pb and Zn loads can also be only around 30% (van 
Buren et al. 1997). In terms of concentration, metal removal efficiencies are not much more frequently 
studied. Only one study reports on the retention of Cd, in terms of average inflow (0.21 mg/m3) and 
outflow (0.08 mg/m3) (Vollertsen et al. 2009), indicating a reduction of 62%. Cr concentrations are 
reported to decrease by 52% (Färm 2002). The concentration-based removal of Pb by means of storage 
and sedimentation seems to be as variable as its mass-based removal, with reported removal 
efficiencies of about 26% for a detention basin (Färm 2002) and approximately 76% for a wet detention 
pond (Vollertsen et al. 2009). Based on the same studies, mean concentration-based Cu retention by 
these measures seems to be roughly 55%(±5%). Zn appears to be retained much better: the difference 
between flow weighted mean Zn in- and outflow concentrations found by Vollertsen et al. (2009) 
indicates a Zn removal efficiency of 71%. Furthermore, a reduction of 84% (Färm 2002) and 93% 
(Roseen et al. 2009) in Zn concentrations were reported.  

Snowmelt is responsible for a large share of the yearly pollutant loads in the outflow of cold climate 
stormwater ponds (Vollertsen et al. 2009). Vollertsen et al. (2009) report that the release of 70% of 
annual TP loading of the pond’s outflow could be attributed to two snowmelt events, despite being 
the source of less than a third of the TP flowing into the stormwater basin and of the yearly flow. 
Likewise, snowmelt delivered relatively large (but not as large as for TP) shares of the TN and heavy 
metals (Vollertsen et al. 2009). This suggests that additional treatment at stormwater pond outlets 
during periods with snowmelt might be effective in reducing yearly pollutant loading. Vollertsen et al. 
(2009) identify the expansion of storage volume as a potential solution, as it would retain the snowmelt 
runoff longer and therefore have increased pollutant retention. Apart from these events, the pond’s 
function was not substantially impaired by winter conditions (Vollertsen et al. 2009). Roseen et al. 
(2009) found that (concentration-based) pollutant removal by a vegetated retention pond was most 
affected by the winter season in comparison to other measures with vegetation. Indeed, the 
percentage difference in in- and outflow concentrations of TSS, DIN, TP and total Zn is lower in the 
winter than in the summer (Roseen et al. 2009). The extent to which snowmelt played a role in this 
was not examined.  

The removal efficiency of metals may be affected by the season. Guesdon et al. (2016) found that Pb 
removal by a treatment system consisting of a detention basin, an active filtering bed, and a 
constructed wetland was 6.8% in the spring, whereas it was 35.8% in the summer. Contrastingly, Cd 
removal efficiencies were 10.3% in the spring and -6.7% in the summer. Guesdon et al. (2016) mention 
that the latter could be due to Cd pollution at the outlet of the system. Furthermore, in contrast to 
what might be expected, the salt concentrations that they found were highest in the summer. This was 
found to be correlated with the relatively low precipitation and high temperatures in the season.  

 

 

 



VEGETATED SYSTEMS 

Basic parameters 

Few of the studies on vegetated systems included in this study reported on the effect of the system on 
COD and BOD. Nevertheless, for none of the other measure BOD is studied. On average, bioretention 
may retain more than 90% of BOD5 loads (Khan et al. 2010; Khan et al. 2012). For BOD5, REs of 4.7% 
(Géhéniau et al. 2015), 10% (Khan et al. 2010) and 31% (Khan et al. 2012) due to bioretention have 
been documented. Khan et al. (2010) find a reduction of 10% in concentration, but a 95% retention of 
mass. This suggests that the volume of runoff treated by the bioretention system is large, which 
corresponds with their findings: ca. 96% of the volume is retained. Géhéniau et al. (2015) found 
removal efficiency of -50.60% of the COD. COD loads may be reduced by 57% (Muthanna, Viklander, 
Blecken et al. 2007).  

TSS removal is relatively high by vegetated systems, though the swale, a special type of bioretention, 
tends to retain lower shares of the influent TSS loads than bioretention/biofilters (Table 1). 
Bioretention/biofilter systems retain on average ≥98% of TSS, whereas the swale researched by 
Bäckström (2003) only retained about 70%. This was also reflected by the removal efficiencies. The 
swale potentially holds less TSS because of reduced runoff volume uptake. In terms of concentration, 
TSS retention by swales was high for snowmelt events (Bäckström 2003), but TSS retention is generally 
lower for runoff events (Roseen et al. 2009) and the swale may even release TSS (Bäckström et al. 
2006). Potentially, this is because the suspended solids have a shorter time to settle during stormwater 
runoff events.  

Only the study by Denich et al. (2013) finds increases in the loads of TN and TP. Of the nutrients (NO3
-

, NH4-N, Organic-N, TN, orthophosphate, and TP), only nitrate was retained (>80% of influent nitrate 
loads). The authors indicate that it is counterintuitive that nitrate would be retained, as the media’s 
primarily negative binding sites would not adsorb NO3

-, but that more studies have found similar 
results. This is explained by denitrification processes within the anoxic conditions of the bioretention 
cell’s media. For this review, too, all other studies report overall load reductions of nitrate. Averages 
of ≥90% of initial nitrate loads can be retained by the vegetated system (Khan et al. 2010; Khan et al. 
2012). Valtanen et al. (2017), however, report that on average only 25% and 54% of nitrate was 
retained by the vegetated bioretention systems that they analysed in autumn and spring, respectively. 
If salt was applied, this was even lower in autumn (-10%), but higher in spring, during which snowmelt 
rather that stormwater runoff was simulated (45%). Nevertheless, this difference in nitrate retention 
between salted and unsalted conditions was not significant. Nitrogen retention was potentially lower 
in the autumn due to diminished plant growth, but this may also have been caused by the relatively 
short time the bioretention systems had been installed for (Valtanen et al. 2017). Ding et al. (2019) 
also report the retention >96% of nitrate of concentrations, due to microbial processes, which was 
unexpected as colder conditions tend to lower activity and removal. This is what Khan et al. (2012) 
find: effluent concentrations of nitrate from bioretention columns were significantly lower in warmer 
conditions. Ding et al. (2019) ascribe the high uptake of nitrate by the columns to the long retention 
time of 4 days. Khan et al. (2010, 2012), in contrast, detect higher effluent concentrations of nitrate, 
which suggests, as the load reduction was positive, that large volumes of runoff retained by the 
bioretention systems can affect the retention of nitrate significantly.  

TN, on the other hand, is released, due to for example the decomposition of organic matter and 
leaching of already present NH4 (Denich et al. 2013). However, such processes could also have occurred 
in the bioretention cells of other studies. The release of nutrients may therefore be related to the 
composition of the bioretention media. Denich et al. (2013) indicate that coarser material could have 



been more beneficial for nutrient retention. Most of TP (mostly orthophosphate) and TN is leached 
from the control bioretention columns, not the columns receiving salt loads. This could be because the 
columns receiving salt would have aged more, impacted by the larger volumes of runoff allocated to 
these columns.  

Next to the volume, the influent concentrations are also important to retention of nutrients. Khan et 
al. (2012) showed that the higher retention of ammonia at lower temperatures was attributable to 
higher influent concentrations rather than low temperature transformation processes. The effect of 
temperature on retention is thus limited, and does not seem to dominate over other factors, such as 
influent concentration. Rather, as Søberg et al. (2014) find, temperature does not seem to affect TSS 
removal. Furthermore, Ding et al. (2019), who conducted a laboratory study on the effects of freeze-
thaw cycles, demonstrated that the removal efficiency of nutrients need not be impaired by these 
cycles.  

Metals 

Total metals are generally well-retained by vegetated systems (Table 2). Biofilters/bioretention 
systems retain on average ≥72% of total Cd, Cu, Pb and Zn loads. Whereas dissolved metals may also 
be retained to a high extent (Blecken et al. 2011), they have also been reported to leach (Muthanna, 
Viklander, Blecken et al. 2007). Part of the difference might be explained by the stormwater 
composition, one of which was synthetic and one of which was meltwater from roadside snow. This 
could have resulted in different inflow concentrations and have affected the temperature at which 
retention was measured, both of which could have implications for the effectiveness of bioretention. 
Also in terms of concentration, vegetated systems tend to retain metals  

The swale seems to generally retain total metal loads to a lower extent than the other vegetated 
systems included (Table 2). This may partially be due to a lower runoff volume retention. Nevertheless, 
Swales are known for their ability to mitigate peaks in pollutant loads (Bäckström 2003; Bäckström et 
al. 2006), which suggests that average retention is dependent on inflow concentrations of pollutants. 
The average RE’s by swales indicate that pollutant retention by swales occurs over a relatively large 
range: with -96% to 94% for Cu; -48% to 97% for Pb; and 9% to 89% for Zn (Bäckström 2003; Bäckström 
et al. 2006; Roseen et al. 2009). Long-term studies could find the general retention by swales, 
decreasing the importance of variations in inflow concentrations (Bäckström et al. 2006). The three 
studies finding the RE of pollutants by swales analysed the swales once at 3 different locations 
(Bäckström 2003); for one month (Bäckström et al. 2006); and  2 years (Roseen et al. 2009). The latter 
study finds an annual RE for total Zn of 88%, with a substantially lower performance in the (6 months 
long) winter season (17%) compared to the summer (92%).  

Retention of Zn by swales is thus lower in the winter season. This indicates that vegetated systems 
might retain metals to a lower extent in the winter season. However, this need not be the case: one 
bioretention system’s RE for Zn is 100%, also in the winter (Roseen et al. 2009). Muthanna, Viklander, 
Gjesdahl, et al. (2007), despite finding that more Cu mass was removed in August than in April (75% 
and 60%, respectively), found no significant difference in the removal of Zn and Pb loads between 
events in April and August. However, the other bioretention system that Roseen et al. (2009) studied 
has an RE of 67% in winter, compared to 96% in summer. As inflow concentrations were similar, this 
may reflect that the composition of the bioretention cell is an important factor in winter Zn retention.  

In contrast to Roseen et al. (2009), Søberg et al. (2014) found that temperature does not seem to 
significantly impact the retention of total Zn. Total and dissolved Cd and Pb, and total Cu were not 
affected either. Only dissolved Cu was observed to be sensitive to temperature in laboratory tests, 
even though the biofilter media and vegetation was specifically selected for cold climate conditions 



(Søberg et al. 2014). Blecken et al. (2011) found comparable results with a larger temperature range 
(Table 1) where dissolved (and therefore total) Cu retention was impaired by higher temperatures for 
all 5 sample runs. This was not the case for dissolved and total Cd, Zn and Pb. The laboratory studies 
did not observe the effects of freezing. The temperature choice (Table 1) may have affected the results. 
Roseen et al. (2009)’s winter season was that of Durham, with frost and rain on snow events, which 
could have affected pollutant retention by limiting infiltration, whereas the two laboratory studies 
analysed retention at temperatures within a range of ca. 2°C to 20°C. This indicates that to fully 
understand the effects of temperature on the functioning of bioretention/-filtration systems, one 
should ideally examine retention over the full temperature range.  

The effectiveness of bioretention in retaining pollutants may furthermore be affected by the presence 
of (de-icing) salt.  Salt may lead to lower metal retention, as indicated for Cu (Valtanen et al. 2017), 
and dissolved Cu and Pb (Søberg et al. 2014). This may be because salt induces metals to stay dissolved. 
Especially the improbable combination of high temperatures and the presence of salt decreases 
retention of Cd, Cu and Zn. Low temperature and salt affected the retention of total Cd and dissolved 
Pb (Søberg et al. 2014). In contrast to Valtanen et al. (2017) and Søberg et al. (2014), Denich et al. 
(2013) found that winter salt did not lead to a lower removal of total Cu, Pb and Zn. 

 

DISCUSSION 

Out of the roughly thousand identified studies, only 26 were selected. This may indicate a general lack 
of research on pollutant retention by stormwater measures in cold, Nordic climates. However, it is 
probable that this review missed articles on the subject, due to (i) the choice of search engine; (ii) the 
choice of search terms; (iii) the choice of language; (iv) the limitation of the search to words in title, 
abstract and keywords; and (v) the unavailability of articles to the author. Ideally, these factors would 
have been controlled for by using various search engines, a greater selection of combinations of search 
terms, various languages etcetera. Nevertheless, this review gives an indication of the current state of 
knowledge in the field available in English, especially with a focus on the Nordic countries and the parts 
of North America located in cold climate zones.  

In this review the focus was mostly on the change in total pollutant load, rather than the change in 
concentration. A similar reduction in concentration is after all more effective in pollution control when 
this occurs for larger volumes of runoff (US EPA 2015). Despite this, many (12 out of 26) quantitative 
studies on quality effects confine themselves to computing the RE or reporting in- and outflow 
concentrations. One reason to do so is a restriction in terms of sampling, allowing only grab samples 
to be taken. These samples cannot be used to estimate total load, because they are unlikely to be a 
representative sample of the total runoff (e.g. grab samples may be affected by a first-flush effect). 
However, reductions in concentrations may not be comparable across various studies. This is because 
some authors used grab samples, where others obtained event mean concentrations and the changes 
may reflect more a change in volume than pollutant retention. Another challenge is that computing 
percentage changes in concentration may yield unrealistically high or low retention efficiencies when 
(i) concentrations are very low; and (ii) when volumes are very small.  Therefore, Roseen et al. (2009) 
also calculated the efficiency ratio. Rather than the average of each reduction in concentration per 
event, this is the reduction in average concentrations for all events. Winston et al. (2016) and Drake et 
al. (2014b), too, report the efficiency ratio. Other authors do not seem to have adopted this method 
yet.  

Thus, to allow for improved comparison of pollutant retention by stormwater measures, (i) affordable 
automatic sampling strategies in cold climates should be developed and spread (to obtain composite 



samples); (ii) common methods and language for reporting pollutant retention should be developed. 
This may imply the abandonment of percentages to indicate removal. The International Stormwater 
BMP Database Project listed 15 limitations of percent removal, some of which were discussed before 
(e.g. inconsistent methods). Therefore, it is preferred to report on volume reduction, quantity of runoff 
treated (not bypassed), peak runoff reduction, distribution of effluent quality and whether effluent 
quality is significantly different from influent quality (Wright Water Engineers and Geosyntec 
Consultants 2007). Currently, not all this data is reported. 

Lastly, most studies do not mention whether their results were statistically significant. Only Drake et 
al. (2014a, b), Roseen et al. (2012); Winston et al. (2016); and Guesdon et al. (2016) clearly identified 
some results as statistically significant within their articles. Nevertheless, some studies mention 
whether results are statistically different within/between groups (Song et al. 2015; Muthanna, 
Viklander, Gjesdahl, et al. 2007; Søberg et al. 2014; Valtanen et al. 2017). 

The results of this review thus give an indication, but the studies and their findings are not fully 
comparable. This is not only due to the different types of data acquired, but also because of 
circumstantial differences in (i) stormwater composition; (ii) treatment technology/composition; and 
(iii) other conditions, such as the amount of snowfall or duration of the freezing period. In this review, 
the swale and bioretention/biofiltration systems were discussed within the section of vegetated 
systems, but it should be noted that a swale, in fact, is a specific type of bioretention system. Moreover, 
because there were only a few studies on each of the measures, the results may not fully represent 
pollutant retention by stormwater measures in cold conditions.  

Ideally, the findings of this review would have been compared to the findings of review studies on the 
topic in general (i.e. not focused on cold conditions in particular) and the reporting would have 
included e.g. influent and effluent concentrations. Due to a limited amount of time, this was not 
possible. Despite this, the study clearly indicates the lack of research on the retention of some 
pollutants. Additionally, it included a broad range of stormwater measures. In urban planning in 
regions with a cold climate, therefore, the results of this review could be considered in the decision 
making process on stormwater measures, as pollutant retention in cold climate conditions was studied. 

 

CONCLUSION 

There is a limited amount of research on retention of priority pollutants in a Nordic climate. Despite 
this, the results give the following indications: 

In general, TSS, nutrients and metals are retained by permeable pavements, storage and 
sedimentation and vegetated systems. This demonstrates that the function of stormwater measures 
in removing pollutants from stormwater need not be impaired by a cold climate. In general, permeable 
pavements retain on average 77% to 94% of TSS loads. For storage and sedimentation, the two studies 
reported 17% and 84% for TSS retention. Vegetated systems generally removed most TSS from 
stormwater (on average 93%±13%). The retention of nutrients by the stormwater measures was 
variable, with TN load removals of 48%±25% reported for permeable pavements and of 30%±110% for 
vegetated systems. TP load removal averages ranged from 36% to 93% for permeable pavements, and 
-7141% to 96% for vegetated systems. The lower ends of these ranges are attributed to low initial 
concentrations and aging, respectively. Metal retention is generally ≥65% for the stormwater 
measures, though exceptions occur. Factors such as de-icing salt and temperature effects including 
snowmelt events and frost may, but need not, affect pollutant retention by stormwater measures.  



TSS and metals may be released by permeable pavements after salt is applied, but this is not always 
the case. De-icing salt may sometimes be a source of nutrients, which might lead to higher TN removal 
percentages. Also for vegetated systems, metal retention is impaired by salt. Temperature seems to 
affect TN removal by pavements through its effect on biological processes. Though the retention of 
total Zn by bioretention did not show to be significantly affected by differences in temperatures 
ranging from 2 to 20 degrees Celsius in the laboratory, a field study found decreased winter 
performance, which could perhaps be attributed to the occurrence of periods of freezing and rain on 
snow events. Freezing periods need not restrain the retention of nutrients in subsequent runoff by 
bioretention. Snowmelt events tend to imply the release of relatively high loads of nutrient and heavy 
metals by storage and sedimentation systems. Swales seem to retain TSS better for snowmelt than 
runoff events. Nevertheless, where typical winter conditions seem to affect pollutant retention, other 
coinciding factors may play a role too. These factors could have interaction effects with such conditions 
on pollutant retention, as is likely for the presence of biofilm at permeable pavements. Other examples 
are the potentially decreased use of fertilizer that leads to lower influent concentrations of pollutants, 
and the quantity of runoff a stormwater measure has received. 

Further research should aim to systematically assess such factors to gain better insight in the potential 
reduction in pollutant concentrations and loads by stormwater measures in the field, so these can be 
taken into account when planning the implementation of such measures. Furthermore, methods and 
reporting of pollutant retention by stormwater measures should be standardized to allow for easier 
comparison. Retention of BOD, COD, Cr, Ni and PAHs is relatively seldomly examined in this context, 
whereas TSS, nutrients and metals (particularly Cu, Pb, and Zn) were relatively well-reported. There is 
a need for more research on the effect of cold climate conditions, particularly for unaddressed priority 
pollutants (Pt, pendimethalin, phenmedipham, terbutylazine, nonylphenol ethoxylates, 
pentachlorophenol, di(2-ethylhexyl)phthalate, PCB-28, and methyl tert-butyl ether) and to confirm the 
effects of cold climate conditions.  

  



REFERENCES 

Bäckström M. 2003 Grassed swales for stormwater pollution control during rain and 
snowmelt. Water Science and Technology, 48(9), 123–132. doi: 
10.2166/wst.2003.0508  

Bäckström M., Viklander M., & Malmqvist P.-A. 2006 Transport of stormwater pollutants 
through a roadside grassed swale. Urban Water Journal, 3(2), 55–67. doi: 
10.1080/15730620600855985 

Barbosa A. E., Fernandes J. N., & David L. M. 2012 Key issues for sustainable urban 
stormwater management. Water Research, 46(20), 6787–6798. doi: 
10.1016/j.watres.2012.05.029 

Blecken G.-T., Marsalek J., & Viklander M. 2011 Laboratory Study of Stormwater Biofiltration 
in Low Temperatures: Total and Dissolved Metal Removals and Fates. Water, Air, & 
Soil Pollution, 219(1), 303–317. doi: 10.1007/s11270-010-0708-2 

Boulos P. F., Barnett T. C., & Dickinson R. E. 2015 Smart Network Modeling for Effective 
Planning of Sustainable Urban Areas. Journal - American Water Works Association, 
107(12), 54–58. doi: 10.5942/jawwa.2015.107.0173 

Brady N. C. & Weil R. 2014 Processes affected by soil temperature. In: Elements of the 
Nature and Properties of Soils, 3rd edn, Pearson Education Limited, Harlow, Essex, 
England, pp. 264-269.  

van Buren M. A., Watt W. E., & Marsalek J. 1997 Removal of Selected Urban Stormwater 
Constituents by an On-stream Pond. Journal of Environmental Planning and 
Management, 40(1), 5–18. doi: 10.1080/09640569712254 

Denich C., Bradford A., & Drake J. 2013 Bioretention: assessing effects of winter salt and 
aggregate application on plant health, media clogging and effluent quality. Water 
Quality Research Journal, 48(4), 387–399. doi: 10.2166/wqrjc.2013.065 

Ding B., Rezanezhad F., Gharedaghloo B., van Cappellen P., & Passeport E. 2019 Bioretention 
cells under cold climate conditions: effects of freezing and thawing on water 
infiltration, soil structure, and nutrient removal. Science of The Total Environment, 
649, 749–759. doi: 10.1016/j.scitotenv.2018.08.366 

Drake J., Bradford A., and van Seters T. 2014a Stormwater quality of spring–summer-fall 
effluent from three partial-infiltration permeable pavement systems and 
conventional asphalt pavement. Journal of Environmental Management, 139, 69–79. 
doi: 10.1016/j.jenvman.2013.11.056 

Drake J., Bradford A., and van Seters T. 2014b Winter Effluent Quality from Partial-
Infiltration Permeable Pavement Systems. Journal of Environmental Engineering, 
140(11), 04014036. doi: 10.1061/(ASCE)EE.1943-7870.0000854  



Eriksson E., Baun, A. Scholes L., Ledin A., Ahlman S., Revitt M., Noutsopoulos C., & Mikkelsen 
P. S. 2007 Selected stormwater priority pollutants: a European perspective. Science of 
The Total Environment, 383(1–3), 41–51. doi: 10.1016/j.scitotenv.2007.05.028 

Färm C. 2002 Evaluation of the accumulation of sediment and heavy metals in a storm-water 
detention pond. Water Science and Technology, 45(7), 105–112. doi: 
10.2166/wst.2002.0122 

Ferreira C. S. S., Walsh R. P. D., & Ferreira A. J. D. 2018 Degradation in urban areas. Current 
Opinion in Environmental Science & Health, 5, 19–25. doi: 
10.1016/j.coesh.2018.04.001 

Fletcher T. D., Shuster W., Hunt W. F., Ashley R., Butler D., Arthur S., Trowsdale S., Barraud 
S., Semadeni-Davies A., Bertrand-Krajewski J.-L., Mikkelsen P. S., Rivard G., Uhl M., 
Dagenais D., & Viklander M. 2015 SUDS, LID, BMPs, WSUD and more: The evolution 
and application of terminology surrounding urban drainage. Urban Water Journal, 
12(7), 525–542. doi: 10.1080/1573062X.2014.916314 

Géhéniau N., Fuamba M., Mahaut V., Gendron M. R., & Dugué M. 2015 Monitoring of a Rain 
Garden in Cold Climate: Case Study of a Parking Lot near Montréal. Journal of 
Irrigation and Drainage Engineering, 141(6), 04014073. doi: 10.1061/(ASCE)IR.1943-
4774.0000836 

Guesdon G., de Santiago-Martín A., Raymond S., Messaoud H., Michaux A., Roy S., & Galvez 
R. 2016 Impacts of Salinity on Saint-Augustin Lake, Canada: Remediation Measures at 
Watershed Scale. Water, 8(7), 285. doi: 10.3390/w8070285 

Huang J., Valeo C., He J., & Chu A. 2016 Three Types of Permeable Pavements in Cold 
Climates: Hydraulic and Environmental Performance. Journal of Environmental 
Engineering, 142(6), 04016025. doi: 10.1061/(ASCE)EE.1943-7870.0001085 

Jotte L., Raspati G., & Azrague K. 2017 Review of stormwater management practices. Klima 
2050, 7. SINTEF Building and Infrastructure, Trondheim, Norway. 
http://hdl.handle.net/11250/2447971 

Khan U. T., Valeo C., Chu, A. & van Duin B. 2010 Bioretention Cell Efficacy in Cold Climates. 
In: Low Impact Development 2010: Redefining water in the city, S. Struck & P.E. 
Lichten (eds.), 367, American Society of Civil Engineers, California, United States, pp. 
1196-1208. doi: 10.1061/41099(367)104 

Khan U. T., Valeo C., Chu A., & van Duin B. 2012 Bioretention cell efficacy in cold climates: 
Part 2 — water quality performance. Canadian Journal of Civil Engineering, 39(11), 
1222–1233. doi: 10.1139/l2012-111 

Labat D., Goddéris Y., Probst J. L., & Guyot J. L. 2004 Evidence for global runoff increase 
related to climate warming. Advances in Water Resources, 27(6), 631–642. doi: 
10.1016/j.advwatres.2004.02.020 



Liu Y. Engel B. A., Flanagan D. C., Gitau M. W., McMillan S. K., & Chaubey I. 2017 A review on 
effectiveness of best management practices in improving hydrology and water 
quality: Needs and opportunities. Science of The Total Environment, 601–602, 580–
593. doi: 10.1016/j.scitotenv.2017.05.212 

Muthanna T. M., Viklander M., Blecken G., & Thorolfsson S. T. 2007 Snowmelt pollutant 
removal in bioretention areas. Water Research, 41(18), 4061–4072. doi: 
10.1016/j.watres.2007.05.040 

Muthanna T. M., Viklander M., Gjesdahl N., & Thorolfsson S. T. 2007 Heavy Metal Removal in 
Cold Climate Bioretention. Water, Air, and Soil Pollution, 183(1), 391–402. doi: 
10.1007-s11270-007-9387-z 

Oberts G.L. 2003 Cold climate BMPs: solving the management puzzle. Water Science and 
Technology, 48(9), 21-32. doi: 10.2166/wst.2003.0483 

Pettersson T. 1999 Stormwater Ponds for Pollution Reduction. PhD thesis, Department of 
Sanitary Engineering, Chalmers University of Technology, Göteborg, Sweden. 

Prudencio L. & Null S. E. 2018 Stormwater management and ecosystem services: a review. 
Environmental Research Letters, 13(3), 033002. doi: 10.1088/1748-9326/aaa81a 

Roseen R. M., Ballestero T. P., Houle J. J., Avellaneda P., Briggs J., Fowler G., & Wildey R. 
2009 Seasonal Performance Variations for Storm-Water Management Systems in 
Cold Climate Conditions. Journal of Environmental Engineering, 135(3), 128–137. doi: 
10.1061/(ASCE)0733-9372(2009)135:3(128) 

Roseen R. M., Ballestero T. P., Houle J. J., Briggs J. F., & Houle K. M. 2012 Water Quality and 
Hydrologic Performance of a Porous Asphalt Pavement as a Storm-Water Treatment 
Strategy in a Cold Climate. Journal of Environmental Engineering, 138(1), 81–89. doi: 
10.1061/(ASCE)EE.1943-7870.0000459 

Scholes L., Revitt D. M., & Ellis J. B. 2008 A systematic approach for the comparative 
assessment of stormwater pollutant removal potentials. Journal of Environmental 
Management, 88(3), 467–478. doi: 10.1016/j.jenvman.2007.03.003 

Søberg L. C., Viklander M., & Blecken G.-T. 2014 The influence of temperature and salt on 
metal and sediment removal in stormwater biofilters. Water Science and Technology, 
69(11), 2295–2304. doi: 10.2166/wst.2014.161 

Song K., Winters C., Xenopoulos M., Marsalek J., & Frost P. 2017 Phosphorus cycling in urban 
aquatic ecosystems: connecting biological processes and water chemistry to 
sediment P fractions in urban stormwater management ponds. Biogeochemistry, 
132(1/2), 203–212. doi: 10.1007/s10533-015-0114-3 

Song K. Xenopoulos M. A., Marsalek J., & Frost P. C. 2015 The fingerprints of urban nutrients: 
dynamics of phosphorus speciation in water flowing through developed landscapes. 
Biogeochemistry, 125(1), 1–10. doi: 10.1007/s10533-015-0114-3 



The World Bank 2018 Urban population (% of total) | Data.  
https://data.worldbank.org/indicator/SP.URB.TOTL.IN.ZS (accessed 1 December 
2018) 

Tiggelaar J. W. & Lisi R. D. 2009 Porous Asphalt Proven Successful in Cold Region: WBUUC 
Porous Parking Lot. American Society of Civil Engineers, 14th Conference on Cold 
Regions Engineering 2009, pp. 374-383. doi: 10.1061/41072(359)37 

US EPA 2015 Three Keys to BMP Performance: Concentration, Volume, and Total Load. US 
EPA. https://www.epa.gov/npdes/three-keys-bmp-performance-concentration-
volume-and-total-load (accessed 6 November 2018) 

Valtanen M., Sillanpää N., & Setälä H. 2017 A large-scale lysimeter study of stormwater 
biofiltration under cold climatic conditions. Ecological Engineering, 100, 89–98. doi: 
10.1016/j.ecoleng.2016.12.018 

Vollertsen J., Åstebøl S. O., Coward J. E., Fageraas T., Nielsen A. H., & Hvitved-Jacobsen T. 
2009 Performance and Modelling of a Highway Wet Detention Pond Designed for 
Cold Climate. Water Quality Research Journal, 44(3), 253–262. doi: 
10.2166/wst.2009.460 

Winston R. J., Davidson-Bennett K. M., Buccier K. M., & Hunt W. F. 2016 Seasonal Variability 
in Stormwater Quality Treatment of Permeable Pavements Situated Over Heavy Clay 
and in a Cold Climate. Water, Air, & Soil Pollution, 227(5). doi: 10.1007/s11270-016-
2839-6 

Wright Water Engineers and Geosyntec Consultants 2007 Frequently asked questions: Why 
does the International Stormwater BMP Database Project omit percent removal as a 
measure of BMP performance? 
http://www.bmpdatabase.org/Docs/FAQPercentRemoval.pdf (accessed 6 November 
2018) 

 

 

 

 

 

 

 

 

 

 

 



Vegetated systems
12 articles included 

•bioretention
•rain garden
•biofilter

•swale
•grassed channel
•dry swale
•bioswale

•infiltration pond 
•percolation pond
•recharge basin
•sump 
•soakaway 
•infiltration trench
•green space
•rain bed
•infiltration basin
•percolation trench
•drywell
•dry well 
•French drain

•tree
•tree box

Storage and sedimentation
10 articles included

•retention pond
•retention basin
•detention basin
•R-tank
•rain barrel
•detention pond
•rain tank
•rainwater tank
•stormwater storage
•rainwater storage
•dry pond
•wet pond
•stormwater pond
•rainwater pond
•rain pond
•stormwater basin
•rainwater harvesting pond

Permeable pavements
8 articles included

•permeable pavement
•pervious asphalt
•pervious concrete
•pervious pavement
•plastic grid
•concrete block
•concrete grid
•porous asphalt
•porous pavement
•porous concrete
•permeable interlocking 
concrete pavement

•permeable asphalt
•permeable concrete
•grass pavement
•grassed pavers
•permeable paving
•permeable clay brick 
pavement

•porous turf
•resin bound pavement
•porous pavers
•permeable pavers
•permeable concrete 
pavers

•concrete pavers
•porous paver blocks
•turf reinforcing grid
•plastic geocell
•reinforced turf
•pervious portland cement

APPENDIX 1: Stormwater measures 

Search words for stormwater measures, grouped arbitrarily into permeable pavements, storage and 
sedimentation and vegetated systems for this review. The count of studies per category that were 
included for quantitative analysis are also displayed. 

  



APPENDIX 2: Included studies, with measures, climates and setting 

Source Measure(s) Place Climate 
(Köppen-Geiger 
classification) 

Setting 

Bäckström 
(2003) 

Swale Luleå region, 
Sweden 

Dfb Urban  
(multiple 
locations) 

Bäckström et al. 
(2006) 

Swale Södra 
Hamnleden, 
Luleå, Sweden 

Dfb Urban  
(Södra 
Hamnleden is a 
4-lane road) 

Blecken et al. 
(2011) 

Biofilter Laboratory Experiments at 
2, 8 and 20 
degrees Celsius 

Laboratory 

Denich et al. 
(2013) 

Bioretention Guelph, 
Ontario, 
Canada (and, 
partially, 
laboratory) 

Dfb Laboratory 
(urban runoff 
applied), and 
outside 
(unknown 
setting) 

Ding et al. (2019) Bioretention Laboratory, 
with conditions 
of Ajax, Ontario, 
Canada 

Dfb Laboratory 
(Extreme 
nutrient loading 
conditions) 

Drake et al. 
(2014a) 

Permeable 
interlocking 
concrete 
pavement, 
pervious 
concrete 

Vaughan, 
Ontario, 
Canada 

Dfb Parking lot 
Kortright Centre 
for Conservation 

Drake et al. 
(2014b) 

Permeable 
interlocking 
concrete 
pavement, 
pervious 
concrete 

Vaughan, 
Ontario, 
Canada 

Dfb Parking lot 
Kortright Centre 
for Conservation 

Färm (2002) Detention 
basin 

Vallby, 
Västerås, 
Sweden 

Dfb Highway and 
roads 

Géhéniau et al. 
(2015) 

Bioretention Greenfield Park, 
Longueuil, 
Montréal, 
Canada 

Dfb Urban 
(commercial) 

Guesdon et al. 
(2016) 

Detention 
basin 

Saint-Augustin-
de-Desmaures, 
Quebec City, 
Canada 

Dfb At highway 
ramp; 
Residential 
(30%), 



agricultural 
(20%-25%), 
forest (20%) 

Huang et al. 
(2016) 

Permeable 
interlocking 
concrete 
pavement, 
pervious 
concrete, 
porous 
asphalt 

Calgary, 
Alberta, Canada 

Dfb Urban. 
Moderate traffic 
of light vehicles, 
with 
occasionally 
heavy vehicles, 
runoff typical for 
Calgary applied. 

Khan et al. (2010) Bioretention Calgary, 
Alberta, Canada 

Dfb Synthesized 
storm events 

Khan et al. (2012) Bioretention Calgary, 
Alberta, Canada 

Dfb Redirected 
urban runoff 

Muthanna, 
Viklander, 
Gjesdahl et al. 
(2007) 

Bioretention Trondheim, 
Norway 

Dfc Experiment with 
runoff from 
tunnel wash 
water and a 
stormwater 
channel mixed 
with metal 
solutions and 
sediments 

Muthanna, 
Viklander, 
Blecken et al. 
(2007) 

Bioretention Trondheim, 
Norway 

Dfc Urban (roadside 
snow with 
different traffic 
densities for 
these roads) 

Pettersson 
(1999) 

Stormwater 
pond 

Örebro, 
Sweden 

Dfb Urban (3 km 
north of city 
centre) 

Roseen et al. 
(2009) 

Bioretention, 
porous 
asphalt, 
retention 
pond, swale, 
tree 

Durham, New 
Hampshire, 
United States 

Dfb University of 
New Hampshire 
Stormwater 
Center at 
commuter 
parking lot at 
the University of 
New Hampshire 

Roseen et al. 
(2012) 

Porous 
asphalt 

Durham, New 
Hampshire, 
United States 

Dfb University of 
New Hampshire 
Stormwater 
Center at 
commuter 
parking lot at 



the University of 
New Hampshire 

Søberg et al. 
(2014) 

Biofilter Laboratory, 
based on 
rainfall in Luleå, 
Sweden 

Low 
temperature 
conditions 
(4.6±0.6°C) 
(compared to 
high 
temperature 
conditions, 
17.1±1.5°C) 

Laboratory 
 

Song et al. (2015) Stormwater 
pond 

Richmond Hill & 
Peterborough & 
Whitby, 
Ontario, 
Canada 

Dfb Heavily 
developed 
residential areas 
in the Greater 
Toronto Area 

Song et al. (2017) Stormwater 
pond 

Richmond Hill & 
Peterborough & 
Whitby, 
Ontario, 
Canada 

Dfb Heavily 
developed 
residential areas 
in the Greater 
Toronto Area 

Tiggelaar & Lisi 
(2009) 

Porous 
asphalt 

Mahtomedi, St. 
Paul, 
Minnesota, 
United States 

Dfa Urban, church 
parking lot 

Valtanen et al. 
(2017) 

Biofilter Lahti, Finland Dfb Largescale 
lysimeter facility 

Van Buren et al. 
(1997) 

Stormwater 
pond 

Kingston, 
Ontario, 
Canada 

Dfb Near parking lot 
of commercial 
area; also 
receives runoff 
from residential, 
commercial and 
light industrial 
areas 

Vollertsen et al. 
(2009) 

Wet 
detention 
pond 

Greater Oslo 
area, Norway 

Dfb Skullerud 
(highway) 
junction 

Winston et al. 
(2016) 

Permeable 
interlocking 
concrete 
pavement 

Willoughby 
Hills, Ohio, 
United States 

Dfb Willoughby Hills, 
Ohio community 
center’s parking 
lot 

 

 

 

 



APPENDIX 3: Average* pollution load reduction (%) by stormwater measure (number of studies 
included)  

 

*these averages depend on the information provided by the study. They can be (i) the average found; 
(ii) the median; (iii) the average of the highest and lowest value found; (iv) the average of different 
types/instalments of the same measure. 

 

 


