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Abstract 
 
Climate change and progressing urbanization cause numerous environmental concerns, including the 
impacts on urban drainage, which were addressed during the last two decades with focus on hydraulic 
overloading of drainage systems and the means of overload remediation by stormwater management. 
However, modern urban drainage also serves to provide and protect broad ecological services chiefly by 
controlling stormwater quality. During the past 40 years, a sizeable investment has been made in urban 
drainage systems to improve stormwater quality and protect receiving water ecosystems. Such investments 
are at risks, because of impaired performance of stormwater quality controls now and in the future for the 
following reasons: (i) Hydraulic and pollution overloading, (ii) the aging of stormwater management 
systems, exacerbated by inadequate maintenance, and (iii) insufficient considerations of socio-economic 
issues.  The primary objective of the thesis that follows is to address the above issues by examining future 
trends in stormwater quality and the influential factors affecting these trends.         
Trends in urban stormwater quality, in response to the projected changes in the climate, urban catchments 
and their drainage systems, and environmental practices and policies, were studied by systematically 
describing such changes by a set of scenarios, which were then applied as inputs in simulations of runoff 
from test catchments, using two well-established computer models of urban drainage (SWMM and 
WinSLAMM). In runoff simulations, stormwater quality was described by Total Suspended Solids (TSS) 
and three heavy metals, Cu, Pb and Zn. The assessment of uncertainties in the simulation process and 
potential future changes in sewer pipe materials inspired two additional studies: Potential improvements in 
modelling trace metal transport and control by clarifying the role of coarse sediments on street surfaces, and 
water quality implications of using sewer pipes made of different materials.   
Simulations with up-scaled rainfall data produced changes in stormwater quality, depending on the type of 
storm events. Generally pollutant loads increased due to climate changes characterized by higher depths and 
intensities of rainfall in future scenarios. Storms with low to intermediate depths and intensities showed the 
highest sensitivities to climatic changes, because runoff producing areas increased with higher storm 
intensities (i.e., leading to runoff contributions from pervious areas), and the availability of pollutant 
supplies on catchment surfaces; for high intensity events, such supplies were quickly exhausted. TSS loads 
exported from catchments with low imperviousness were most sensitive to climatic changes, but the 
magnitudes of TSS loads were low compared to those from catchments with high imperviousness. 
Furthermore, potential changes in catchment characteristics and drainage systems were identified to be of 
importance. Future scenarios combining changes in climate and socio-economic factors showed that the 
impacts on stormwater quality caused by climatic changes were smaller than those caused by changes in 
socio-economic factors. However, future impacts of urbanization on stormwater quality could be 
successfully controlled by incorporating modern stormwater management measures in future catchments. 
Simulations of such controls indicated that they were highly effective in protecting the stormwater quality. 
Finally it was noted that the two applied computer models (SWMM and WinSLAMM) produced somewhat 
different results and high uncertainties when assessing the future stormwater quality. This was due to their 
different descriptions of the underlying processes. Hence, it was desirable to examine the feasibility of 
improving stormwater quality modelling, particularly with respect to heavy metals. During laboratory 
experiments coarse particles were found to store and release significant amounts of heavy metals (mostly in 
the particulate bound phase) during runoff events. Site/runoff event specific factors (e.g., traffic intensity 
and street sweeping practices) and characteristics of the particles (i.e. organic content) were identified as 
influential factors affecting the release of heavy metals. This finding may help improve the description of 
pollutant transport processes in stormwater quality models. Laboratory experiments showed that various 
pipe materials (PVC, concrete and corrugated steel) affected the stormwater quality differently, depending 
on the characteristics of the stormwater used in experiments. The concrete pipe contributed to increased pH 
of the transported stormwater. Metal concentrations were mostly unaffected in the PVC pipe, decreased in 
the concrete pipe (due to particle deposition and metal adsorption to the pipe surface), and while Zn 
concentrations increased in the corrugated steel pipe due to elution, Cu and Pb concentrations were reduced 
by particle settling and deposition in the pipe corrugations.  
Since the impact of climatic changes on stormwater quality was relatively small compared to changes in 
socio-economic factors, future efforts to maintain or improve stormwater quality should focus on pollutant 
abatement strategies, including the implementation of well-designed and maintained stormwater treatment 
measures. 
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Sammanfattning 
 
Klimatförändringar och ökande urbanisering är orsak till många miljöproblem. Miljön påverkas bland annat 
av dagvatten från städerna. Fokus under de två senaste decennierna har legat på överbelastning av 
avloppssystemen och olika sätt att åtgärda detta genom ändrad dagvattenhantering. Men modern 
dagvattenhantering designas för att åstadkomma mycket mer än att bara minska flöden och volymer. Den 
syftar också till att bevara miljön genom att kontrollera dagvattnets kvalitet. Under de senaste 40 åren har 
det gjorts ansenliga investeringar i de urbana dagvattensystemen för att förbättra dagvattnets kvalitet och 
skydda ekosystemen i recipienterna. Sådana investeringar är inte riskfria, eftersom funktionen hos 
dagvattenanläggningarna kan försämras av olika skäl: 1) hydraulisk överbelastning och ökad 
föroreningsbelastning 2) försämrad funktion hos åldrande dagvattensystem, samt 3) för lite uppmärksamhet 
på socioekonomiska frågor. Det primära målet för avhandlingen var att undersöka framtida trender när det 
gäller dagvattenkvalitet och de faktorer som påverkar dessa trender.  
Trender i dagvattenkvaliteten studerades i en uppsättning scenarier som kom till stånd genom systematisk 
beskrivning av klimatförändringar, urbana avrinningsområden och deras dagvattensystem samt miljöpraktik 
och miljöpolitik. Scenarierna testades sedan i flera avrinningsområden i simuleringar med två väletablerade 
datormodeller för dagvattenhantering (SWMM och WinSLAMM). Dagvattenkvaliteten beskrevs i 
simuleringar genom total suspenderad substans (TSS), och tungmetallerna koppar, bly och zink. 
Bedömningen av osäkerheterna i simuleringsprocessen och potentiella förändringar av ledningsnätens 
rörmaterial var bakgrunden till ytterligare två studier, dels en studie som kan leda till förbättringar när det 
gäller att modellera transporten av metaller genom att klargöra rollen hos grovt sediment på 
gatubeläggningar, dels en studie om hur dagvattenkvaliteten kan påverkas av olika rörmaterial.  
Simuleringar med data för ökade regn gav olika förändringar i dagvattnets kvalitet beroende på typen av 
regn. Generellt ökade föroreningsbelastningen i framtida scenarier på grund av klimatförändringar. 
Medelstora regn hade högst känslighet för klimatförändringar, eftersom de avrinningsgenererande ytorna 
ökade med högre regnintensiteter (på grund av att även genomsläppliga ytor bidrog) och därför att det fanns 
föroreningar kvar på avrinningsområdets ytor. Vid riktigt kraftiga regn tömdes föroreningsförråden snabbt. 
TSS-belastningen från avrinningsområden med låg andel hårdgjorda ytor var mest känslig för 
klimatförändringar, men storleken på TSS-belastningen var låg jämfört med belastningen från 
avrinningsområden med hög andel hårdgjorda ytor. Framtidsscenarier som kombinerade klimatförändringar 
och socioekonomiska faktorer visade att klimatförändringarnas påverkan på dagvattenkvaliteten var mindre 
än påverkan från socioekonomiska faktorer. Urbaniseringens påverkan på dagvattenkvaliteten kunde 
kontrolleras genom att bygga moderna dagvattenanläggningar i de framtida avrinningsområdena. 
Simuleringar indikerade att anläggningarna var högeffektiva när det gäller att förbättradagvattnets kvalitet, 
under förutsättning att den nödvändiga investeringen accepterades. Slutligen noterades att de två använda 
datormodellerna producerade lite olika resultat när det gäller framtida dagvattenkvalitet. Det här berodde på 
att deras beskrivningar av de underliggande processerna var olika. Det är önskvärt att undersöka möjligheten 
att förbättra modelleringen av dagvattenkvalitet, särskilt med tanke på tungmetaller.  
Under laboratorieexperiment visade sig att grova partiklar kunna frigöra avsevärda mängder tungmetaller 
(främst partikelbundna) vid regn. Viktiga faktorer som påverkade frisättandet av tungmetaller var dels 
faktorer som trafikintensitet och gatsopningsrutiner, dels egenskaper hos partiklarna som till exempel 
innehåll av organiskt material. Dessa fynd kan hjälpa till att förbättra beskrivningen av föroreningstransport i 
dagvattenkvalitetsmodeller.  
När det gäller förändringar i rörmaterial visade laboratorieexperiment att olika rörmaterial påverkade 
dagvattnets kvalitet på olika sätt, beroende på egenskaperna hos dagvattnet som användes i experimenten. 
Tre rörmaterial undersöktes: PVC-plast, betong och korrugerad stål. Betong bidrog till ökat pH-värde hos 
det transporterade dagvattnet. Metallkoncentrationerna påverkades minst i PVC-rören, och de minskade i 
betongröret beroende på partikeldeposition och metalladsorption till rörytan. Zinkkoncentrationen ökade i 
röret av korrugerad stål genom att zink löstes ut från den galvaniserade ytan, medan koncentrationerna av 
koppar och bly minskade (beroende på partikeldeposition i korrugeringarna).  
Klimatförändringarnas påverkan på dagvattnets kvalitet visade sig vara relativt små jämfört med påverkan 
från förändringar i socioekonomiska faktorer. Därför bör framtida ansträngningar att upprätthålla eller 
förbättra dagvattnets kvalitet fokusera på att införa strategier för att minska föroreningarna. Väldesignade 
och väl underhållna anläggningar för dagvattenbehandling bör också införas.  
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1 INTRODUCTION 

In 2014, about 54% of the world population lived in urban areas and this share is expected to 
increase to about two-thirds by 2050 (United Nations 2015). Furthermore, there is strong evidence 
that precipitation regimes will change in the future because of anthropogenic climate change (IPCC 
2014). Due to both the individual and combined effects of these two factors, regions with increased 
precipitation will experience higher volumes of rainfall and higher urban stormwater runoff flow 
rates. The growth of urban areas and the intensification of urban land use increases the conversion 
of rainfall into runoff. Urbanization also leads to a greater abundance of pollutant sources, which, 
when considered with the increase in runoff, will increase the pollutant loads conveyed by 
stormwater runoff and negatively affect receiving waters (Marsalek et al. 2008, Goonetilleke et al. 
2014). Thus, there is a clear need for environmental protection policies and practices that can 
control the pollutant load in stormwater runoff. Additionally, many urban areas are facing problems 
caused by aging drainage infrastructure, which may require major maintenance or reconstruction in 
the near future (Malm and Svensson 2011).This involves not only large costs, but may also affect 
stormwater quality due to the introduction of new construction materials.  

During the past 30-40 years, many countries, including Sweden, have achieved major progress in 
coping with urban drainage and hence protecting urban areas, their receiving waters, and associated 
ecological services (Marsalek et al. 2008). However, urban regions that experience increased 
precipitation and/or population growth will need to take certain corrective actions to prevent future 
overloading of the existing drainage systems, which would undermine the intended protection, 
benefits, and returns on initial investments. In this way, it comes as no surprise that during recent 
years research has focused on the increased risk of flooding stemming from the effects of 
urbanization and climate change (Willems et al. 2012). However, this research has not addressed, to 
a significant extent, future trends in urban stormwater quality (Goonetilleke et al. 2014). Thus, this 
thesis is important with respect to filling the aforementioned knowledge gap and may help 
managers make informed decisions about either the planning of future drainage systems or the 
adaptation of existing systems to expected changes. 

Previous research has shown that stormwater quality is governed by climate, more specifically, by 
rainfall characteristics (e.g. Brezonik and Stadelmann 2002, Vaze and Chiew 2003, Brodie and 
Egodawatta 2011), the abundance of pollutant sources (e.g. Malmqvist 1983, Pitt et al. 1995, Davis 
et al. 2001, Becouze-Lareure et al. 2015), catchment characteristics (share of directly connected 
impervious areas and urban area layout) (e.g. Hatt et al. 2004, Liu et al. 2012a) and stormwater 
management, which is influenced by socio-economic factors including environmental policies (e.g. 
MOE 2003, CDEP 2004). The climatic factors, as well as their projected changes, need to be 
considered when future trends in stormwater quality are modelled with advanced computer models 
utilizing current knowledge for mimicking the processes describing both stormwater quantity and 
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quality with acceptable accuracy (Zoppou 2001). Therefore, these models can be used for such 
assessments, since future changes can be described by properly defined future scenarios serving as 
inputs to model simulations. Model outputs, including responses of urban catchments to future 
conditions with respect to stormwater quality, can then be analyzed and used in decision making 
concerning urban drainage and its adaptation to future changes. Nevertheless, models always 
include some degree of uncertainty, which may especially be the case with simulations of 
stormwater quality (Obropta and Kardos 2007). Such uncertainties may be explained by the fact 
that the processes underlying stormwater quality are rather complex and still rather poorly 
understood, and can vary both spatially and temporally (e.g. Liu et al. 2012b). An example of one 
of these complex processes is the interaction between heavy metals and street sediments during 
rainfall/runoff and the subsequent transport in sewer pipes. A better understanding of these 
processes is crucial to improving their description in computer models and, therefore, reducing the 
inherent uncertainty. This may help assess future trends in stormwater quality with higher 
accuracies and contribute to the development of effective mitigation and/or adaptation strategies. 

1.1 Objectives  

The research forming foundation for this thesis aimed to further the knowledge about future trends 
in urban stormwater quality and identify the factors affecting these trends. An additional objective 
was to advance the understanding of the processes underlying pollutant transport, which could lead 
to more reliable simulations of urban stormwater quality and the improvement of stormwater 
management practices.  

To meet the overall thesis objective, three specific research objectives were defined:  

1. To simulate how climatic changes affect urban stormwater quality, assuming the current 
pollutant sources and environmental policies and practices. 

 Develop a modelling strategy to simulate how changes in rainfall characteristics, due to 
climate change, affect total suspended solids (TSS) loads in urban stormwater runoff. 

 Study how the climate change scenarios affect urban stormwater quality for catchments 
with various characteristics.   

2. To examine the combined effects of influential factors on urban stormwater quality. 

 Define the factors influencing stormwater quality and use their projected changes in 
future scenarios to assess their effects on urban stormwater quality. 

 Assess the relative importance of the influential factors on urban stormwater quality in 
future scenarios and address the inherent variability and uncertainty.  

3. Analyze selected processes underlying pollutant transport in urban stormwater runoff. 

 Investigate the role of coarse and immobile sediments from street surfaces in trace metal 
transport processes. 

 Assess how three different sewer pipe materials affect stormwater quality.  
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1.2 Structure of the thesis 

The first chapter “Introduction” presents the thesis topics, which are future trends in urban 
stormwater quality and the factors affecting these trends. Furthermore, the general objective, as 
well as a list of more specific objectives, for the research underlying this thesis, is described. The 
section “Background” provides a literature review of the main research topics covered in this 
thesis, that is, the processes underlying urban stormwater quality, factors governing stormwater 
quality and their projected changes, as well as models for predicting stormwater quality and their 
related uncertainty. The materials, tools and experimental setups used in the research forming the 
basis for this thesis are described in the section “Methodology”. Next, the “Results” section 
presents the findings of the appended papers and of a new analysis focusing on synthesis of results 
from the papers. The findings from the appended papers are discussed in the “Discussion section” 
in the context of other published literature and their limitations are assessed. Finally, the 
“Conclusions” section presents the general findings related to the research objectives.  

Seven papers are included in this thesis and are referred to in the text by the corresponding roman 
numerals, i.e. as papers I–VII. Results from papers I-V are based on computer simulations, while 
papers VI and VII draw upon field sampling and laboratory experiments. The overall layout of the 
topics addressed in the thesis, including climate change, socio-economic changes, future scenarios, 
catchment responses to future scenarios, and a preliminary assessment of uncertainties in the 
research methodology used, and relations among those topics, is presented in Figure 1.   

 
Figure 1: Relationships among the individual research areas, including the appended papers 

(represented by the roman numerals I-VII), and their relation to the areas covered by 
this thesis. 
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2 BACKGROUND  

Stormwater quality is affected by climatic factors, catchment characteristics and processes, the 
presence and strength of pollution sources, as well as environmental management policies and 
practices. As many of these factors are expected to change in the future, the quality of stormwater 
is also expected to change. To protect investments in the stormwater management infrastructure, it 
is of interest to assess how future changes may affect the stormwater infrastructure so that 
adaptation programs, which aim to secure stormwater management functionality under changing 
conditions, can be developed. This chapter reviews previously published literature that focuses on 
factors that influence stormwater quality and the projected changes of these factors. At the end of 
the chapter, a methodology for assessing the future trends in stormwater quality is presented.   

Even though this thesis focuses on stormwater quality, a brief overview of the essential aspects of 
stormwater quantity is included since there is a direct relationship between stormwater quantity and 
quality.   

2.1 Urban stormwater quantity and quality 

Urbanization drives two important alterations that affect a catchment’s hydrologic behavior: (i) an 
increase in the degree of imperviousness through the construction of streets, roads, buildings, 
parking lots and sidewalks, and (ii) the replacement of the natural drainage system by a man-made 
one in the form of systems of gutters, open channels, and sewer pipes (Marsalek et al. 2008). The 
former factor will reduce both the infiltration and evapotranspiration of precipitation water in the 
catchment, and the latter factor will efficiently concentrate, and then transport, runoff away from 
the catchment (Walsh et al. 2005). Compared to rural/natural areas, urban areas produce increased 
runoff volumes and peak flows (Butler and Davies 2004), along with reduced baseflows and 
recharge of groundwater. Furthermore, urbanization impacts stormwater quality through the 
deterioration of physical, chemical and microbiological quality parameters, which results in overall 
negative effects on the receiving waters, aquatic habitats and ecosystems (Marsalek et al. 2008). 
Numerous pollutants may be released into the environment and transported with stormwater runoff 
to the receiving environments through various urban land use activities, such as vehicular traffic, 
gardening, pet keeping, and commercial and industrial activities.  Uncontrolled urban stormwater, 
therefore, has been recognized as as a potential flood risk, and a medium that transports a wide 
range of pollutants (Malmqvist 1983, US EPA 1983, Eriksson et al. 2005, Björklund et al. 2009). 
The detrimental effects of urbanization on catchment hydrology and stormwater quality have 
caused urban stormwater runoff to become recognized as a significant environmental problem 
worldwide (Chocat et al. 2001). 
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2.2 Catchment characteristics and processes affect stormwater quality 

Both the site-specific characteristics and vast array of complex processes inherent to stormwater 
affect its quality and contribute to large variability in its characteristics over time and space 
(Novotny 2003). To capture this variability, field sampling of stormwater quality is usually 
performed at numerous typical sites over an extended period of time. One famous example of such 
efforts is the Nationwide Urban Runoff Program (NURP), which was conducted by the US 
Environmental Protection Agency (US EPA) between 1979 and 1983 across the United States (US 
EPA 1983). A proper understanding of the influential factors and underlying processes is needed to 
implement effective stormwater management practices and to describe such processes well in 
stormwater quality models. This chapter provides an overview of the factors that influence 
stormwater quality, including climatic factors, catchment characteristics, pollutants and their 
sources, and, finally, stormwater management practices and policies.    

2.2.1 Urban stormwater pollutants and their sources 

Depending on local sources, various pollutants accumulate on catchment surfaces and may 
potentially end up in stormwater runoff, with which they will be transported to the receiving 
waters, where they can cause problems to the aquatic environment and impair beneficial water uses 
(US EPA 1983, Marsalek et al. 2008). To mitigate such negative impacts, it is essential to identify 
these pollutants, their sources, and potential impacts on the receiving waters. Important stormwater 
pollutants and their sources are discussed below.  

Total suspended solids (TSS) are highly ubiquitous in urban areas and represent one of the most 
important descriptors of stormwater quality (US EPA 1983). Sources of TSS include road and tire 
wear, winter road maintenance, construction sites and soil erosion. They can have both physical 
and chemical effects on receiving waters. An example of a physical effect is the increased turbidity 
of water, which negatively impacts photosynthesis. Furthermore, TSS may clog the gills of fish and 
have other negative effects on the aquatic life (Wood and Armitage 1997). The chemical impacts of 
TSS stem from their ability to adsorb and transport hydrophobic pollutants to the receiving waters, 
where they can, depending on the constituent, impair the quality of the aquatic environment 
(Wilber and Clarke 2001, Settle et al. 2007). The primary practice that can reduce TSS loads in 
urban stormwater runoff is street cleaning, which aims to remove sediments and debris from street 
surfaces so that they will not be transported to receiving waters during rainfall/runoff (CDEP 
2004). Numerous studies have placed special emphasis on such sediments, also referred to as street 
sediments, since they represent a significant source of pollution in urban stormwater runoff 
(Loganathan et al. 2013). Street sediments contain both natural materials (i.e. organic or mineral) 
and man-made materials (e.g. particles from tire and brake wear) (Ball et al. 1998, Deletic and Orr 
2005, Gunawardana et al. 2012, Zhang et al. 2015), and have been found to contain elevated 
concentrations of pollutants, including heavy metals.  

Street sediments are readily mobilized during rainfall/runoff and quickly transported to the 
receiving waters (Loganathan et al. 2013). Usually, the highest heavy metal concentrations are 
associated with fine sediments (Viklander 1998, Duong and Lee 2009, Gunawardana et al. 2014, 
Zhang et al. 2015). However, those fine particles may comprise only a small percentage of the total 
mass of accumulated street sediments (Zafra et al. 2011). Consequently, while metal concentrations 
may be higher in fine particles, larger shares of the total metal mass may be associated with coarser 
particles. This was shown by Sansalone and Ying (2008), who concluded that 90% of the total 
metal mass was associated with coarser particles (i.e. particle size >75 μm). However, the coarse 
particles may not get transported to the receiving waters due to their physical properties, as they 
either do not get dislodged or settle out during rainfall/runoff (Andral et al. 1999). Nevertheless, 
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coarse particles can still contribute to heavy metal loads in stormwater runoff due to their ability to 
collect pollutants during dry weather, which can then be released during rainfall/runoff. Previous 
studies that have performed leaching tests on street sediments have only considered the release of 
heavy metals into the dissolved phase (Sansalone and Ying 2008, Gunawardana et al. 2015, Zhang 
et al. 2016). This approach does not recognize the fact that coarse particles may potentially function 
as collectors of small particles that have attached heavy metals. Some evidence was given by 
Viklander (1998), who compared the particle size distributions (PSD) of street sediments through 
wet and dry sieving techniques. The wet sieving delivered finer PSDs because the fine particles 
were attached to coarser ones, and these particles were then separated by sample processing during 
the wet sieving. Therefore, it is of interest to study how much coarse street sediments can 
contribute to pollutant loads under rainfall/runoff conditions.   

Heavy metals, especially copper (Cu), lead (Pb) and zinc (Zn), are the most common (US EPA) 
priority pollutants in urban stormwater runoff, as they were observed in more than 90% of the 
samples collected during the NURP (US EPA 1983). Furthermore, Cu, Pb, and Zn are markers of 
the pollution generated by traffic (Legret and Pagotto 1999). In view of this fact, these three heavy 
metals were used as primary indicators of stormwater quality in the research underlying this thesis. 
Other metals of concern include arsenic, cadmium, chromium, and mercury (Davis et al. 2001, 
Ritter et al. 2002). In low concentrations, some heavy metals (e.g. Cu and Zn) are essential for 
normal metabolism. However, at high concentrations, heavy metals can lead to acute toxic effects 
that become evident shortly after exposure or chronic effects after long-term exposure.  

The major sources of heavy metals in urban areas are traffic, the corrosion of building materials, 
and atmospheric deposition (Malmqvist 1983, Gobel et al. 2007). Other studies have also 
determined specific sources of individual heavy metals (e.g., Cu, Pb and Zn) in urban 
environments. For example, Cu originates mostly from brake pads wear, sidings, and paints; Zn 
from tire wear, roof gutters and other building materials; and, finally, Pb from atmospheric 
deposition, tire wear, rain gutters and downspouts (Makepeace et al. 1995, Davis et al. 2001, Fuchs 
et al. 2006, Petrucci et al. 2014). Before it was phased out of use, Pb was also used as an additive in 
gasoline to enhance fuel economy and contributed to high Pb levels in road runoff. However, in 
most countries, Pb has been phased out from gasoline (e.g., in Sweden in 1992) and consequently, 
Pb levels in stormwater runoff have sharply decreased (Marsalek and Viklander 2011). 

Various trace organic compounds can be also found in stormwater runoff. For example, a 
literature review by Eriksson (2005) revealed that about 650 xenobiotic organic compounds may be 
present in stormwater. However, the most ubiquitous group of organic pollutants in stormwater is 
the polycyclic aromatic hydrocarbons (PAHs), some of which are considered to be carcinogenic 
and/or mutagenic. PAHs originate from the incomplete combustion of organic materials (e.g. in 
operation of cars and trucks, oil combustion, bitumen and asphalt, tire rubber). Areas with heavy 
traffic have been identified as the main source of PAHs in stormwater runoff (Gobel et al. 2007). 
Further examples of organic compounds commonly found in urban stormwater are endocrine 
disruptive substances, including nonylphenols and phthalates (Björklund et al. 2009), oil and grease 
containing toxic hydrocarbons (Khan et al. 2006), and some pesticides (e.g., diuron and glyphosate) 
(Ruban et al. 2005).   

Other pollutant species commonly found in stormwater runoff are, for example, nutrients such as 
phosphorus and nitrogen, which contribute to eutrophication in receiving waters. Nitrogen and 
phosphorus originate from automobile exhausts, lawn fertilizer, atmospheric deposition, animal 
droppings and tree leaves (Malmqvist 1983).  
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Besides chemical pollutants, stormwater runoff can also contain microbiological pollutants, 
including pathogenic microorganisms, which may represent a threat to bathing and drinking 
waters (Marsalek and Rochfort 2004). The risk of occurrence of such microorganisms in water is 
usually described by concentrations of indicator bacteria, which were reported in stormwater first 
time more than 50 years ago. 

2.2.2 Pollutant build-up and wash-off under the influence of local climate 

Depending on pollutant sources and the local climate, pollutants will accumulate on the catchment 
surface during dry weather. During wet weather, these pollutants may get dislodged by surface 
runoff and consequently, will be transported to the receiving waters. These processes are 
commonly referred to as build-up and wash-off.  

Pollutant build-up is a dynamic process that involves several interlinked processes. It involves 
continuous pollutant deposition and removal, which occurs through either re-suspension or 
redistribution by, for example, wind and vehicular traffic, until an equilibrium between deposition 
and removal is reached. Therefore, pollutant build-up has been recognized to be fast in the 
beginning, after which it slows down until eventually, a maximum load is reached (Sartor and Boyd 
1972, Vaze and Chiew 2002, Egodawatta 2007, Wicke et al. 2012). Sartor and Boyd (1972) 
proposed that this process could be described by an exponential function, which is still the basis for 
stormwater quality modelling in such widespread models as the US EPA Stormwater Management 
Model (SWMM) (Huber and Dickinson 1988). However, more recent studies have proposed other 
mathematical formulations for describing pollutant build-up, for example, power functions (Ball et 
al. 1998, Egodawatta 2007). 

Pollutant wash-off describes the process of dislodging, erosion, or dissolution of accumulated 
pollutants from catchment surfaces during rainfall/runoff conditions, when both the falling 
raindrops and the overland sheet flow provide energy. Wash-off, therefore, is influenced by rainfall 
characteristics, including the rainfall depth and intensity (Vaze and Chiew 2003, Egodawatta et al. 
2007, Liu et al. 2012b). Furthermore, the availability of accumulated pollutants also influences the 
wash-off process. Brodie and Egodawatta (2011) found that pollutant wash-off increased with 
rainfall intensity up to a certain level; at this point, further increases in intensity did not lead to 
higher wash-off loads since the available pollutants were exhausted. Consequently, two principal 
wash-off regimes can occur (Vaze and Chiew (2002): (i) transport limiting conditions, which occur 
when more pollutants are accumulated on the catchment surfaces than the runoff can potentially 
transport, and (ii) supply limiting conditions, which occur when the accumulated pollutant load is 
lower than that runoff could potentially wash-off and transport.  

Further evidence for these two possible regimes came from studies concerning the first flush 
phenomenon. Sansalone and Cristina (2004) defined the first flush as high pollutant concentrations 
during the early part of a wash-off event. A more specific definition was given by Deletic (1998), 
as the case when significantly more than 20% of the cumulative pollutant load is washed off with 
the first 20% of the cumulative runoff volume. In stormwater quality models, such as SWMM, 
these processes are often reflected by an exponential function, as suggested by Sartor and Boyd 
(1972). This function predicts a constantly decreasing pollutant concentration during the wash-off 
process, or in other words, a first-flush, since this function is dependent on pollutant supply.     

The patterns of pollutant build-up and wash-off are influenced by the local climate, including 
rainfall depth and intensity, as well as by the dry periods between consecutive rain events. 
Therefore, stormwater quality can vary significantly with rainfall event characteristics (Liu et al. 
2013). Brezonik and Stadelmann (2002) used multiple regression models to predict, among others, 
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TSS, nitrogen, and phosphorus loads for discrete rain events. The rainfall depth and intensity were 
the most important variables in such models for predicting pollutant loads. The number of days 
since the last rain event (i.e., the antecedent dry days, ADD) was not an explanatory variable with 
respect to pollutant loads, but was positively correlated with event mean concentrations. Alias et al. 
(2014) stated that different rainfall characteristics are influential during different parts of the wash-
off event. It was found that the initial 10% of the wash-off process were influenced by the rainfall 
depth and duration, whereas during the final parts, rainfall intensity was most influential. The 
underlying dynamics was proposed to be a shift from transport to supply limited conditions.       

2.2.3 Catchment layout and features  

Stormwater quality may be further influenced by the catchment layout and its features. Structural 
measures to improve stormwater quality could also be listed here in this context, but, for clarity, are 
described in the next chapter.  

Urban areas consist of both impervious (i.e. streets, parking lots and roofs) and pervious sub-areas 
(e.g. grassed surfaces). Impervious areas can be further divided into directly connected areas (i.e. 
connected to the sewer system) or unconnected (i.e. draining onto pervious areas). Generally, 
impervious areas are characterized by low depression storage depths and low surface roughness, 
causing fast overland flow and a high conversion of precipitation into runoff. Consequently, the 
impervious fraction of catchments has been recognized to be an important factor affecting 
stormwater quantity (Brezonik and Stadelmann 2002, Walsh et al. 2005). Since stormwater 
quantity is the main driver of its quality, the catchment imperviousness also affects stormwater 
quality. For example, Hatt (2004) found that the fraction of directly connected impervious surfaces 
in a catchment is correlated with the annual pollutant loads of TSS and nutrients. However, Liu 
(2012a) highlighted the influence of other factors, such as the urban form, which comprises the 
street layout and other design features, for stormwater quality. For example, with respect to streets, 
it has been recognized that the pollutant build-up processes are not uniformly distributed over street 
surfaces, as higher proportions of TSS are found near the curb rather than at the center of the street 
(Sartor and Boyd 1972, Deletic and Orr 2005). Furthermore, Viklander (1998) found that streets 
with curbs were more polluted than those without curbs. Therefore, it seems that curbs function as 
particle barriers, preventing particle removal from the street surface by wind and vehicular traffic. 
The surface roughness of streets may also influence pollutant build-up and consequent wash-off. 
By using simulated rainfall, Herngren (2005) found that the street texture may influence pollutant 
wash-off, since streets with a rough surface were able to retain pollutants in the surface 
depressions.  

Pervious surfaces also play an important role with respect to both stormwater quantity and quality. 
Previous research has noted that these areas have the potential to reduce stormwater runoff volumes 
and attenuate peak flows. This is due to their relatively large depression storage depth and their 
capacity to infiltrate precipitation (Ellis 2013). The magnitude of a pervious area’s runoff 
infiltration depends on the respective soil types, which control infiltration capacity (Berggren 
2014). Furthermore, grassed surfaces may act as particle traps, retaining pollutants from runoff, as 
demonstrated by Deletic (2005) in laboratory experiments aiming to study sediment transport by 
runoff over grassed surfaces. These experiments identified grassed surfaces as effective sediment 
controls, except for fine particles (i.e. particle size <5.8 μm), which were trapped with a very low 
efficiency. On the other hand, pervious areas may also act as a pollutant sources (i.e. TSS) through 
surface erosion. Nevertheless, vegetation is an important control measure against soil erosion, 
which results from the shear stress caused by overland flow. Thus, when vegetation is removed, 
e.g. during construction activities, pervious areas become a significant source of TSS in urban 
catchments (Novotny 2003).  
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Finally, the layout of the drainage system can influence stormwater quality. On the one hand, 
certain management decisions may have been made to target and remove certain pollutants (as 
discussed in the following section), but on the other hand, stormwater quality may also be affected 
by the storm sewer system, depending on pipe materials, such as concrete, PVC, and galvanized 
corrugated steel. It has been reported that concrete sewer systems may significantly increase pH of 
the transported stormwater and hence, worsen the ``urban stream syndrome`` (Davies et al. 2010, 
Wright et al. 2011). Furthermore, it has been noticed that concrete pipes are able to retain 
pollutants. For example, Perkins et al. (2005) studied how different piping materials affected a Cu-
spiked tap water. It was observed that the concrete pipe surface adsorbed Cu and, as a result, 
reduced Cu concentrations in the tap water by up to 18%. On the other hand, pollutants can be 
eluted from drainage materials. Ogburn et al. (2012) studied this effect by submerging pipe sections 
of different sewer pipe materials in tanks filled with roof runoff. The galvanized steel pipes eluted 
significant amounts of Zn after only a short exposure. However, it is questionable if the studies 
performed by Davis (2010) and Ogburn et al. (2012) mimicked well the conditions existing in 
urban environments, since the authors used unrealistic situations, i.e. the simulated stormwater was 
just tap water and water was not moving through the submerged pipes. In this way, further 
opportunities exist for investigating how various sewer pipe materials can affect the quality of 
stormwater under the conditions occurring in urban drainage systems.      

2.2.4 Urban stormwater management practices and policies 

Stormwater management options may differ with respect to controlling stormwater quantity (i.e. 
prevention of flooding) or stormwater quality (i.e. reduction of pollutant loads and protection of 
receiving waters). In the case of minor drainage, the measures taken for flood control focus on 
relatively large storm events with return periods between 5 – 10 years. Runoff from less frequent 
storms is controlled by major drainage. On the other hand, stormwater quality control is designed 
for much smaller events (return periods <1 year), since they cumulatively contribute large amounts 
of flow and pollution to annual runoff volumes and pollutant loads (Roesner et al. 2001). As the 
research underlying this thesis focuses on stormwater quality, the strategies presented below aim to 
reduce the pollutant loads conveyed with stormwater runoff for relatively frequent storm events.  

Due to the diversity of terminology commonly used in stormwater quality management, it was 
chosen to apply two terms in the thesis: (i) Low impact development (LID), which is a commonly 
used term in the United States and Canada that describes measures that serve to mitigate the 
negative effects of progressing urbanization by preserving the pre-development hydrology of a site 
(Dietz 2007), and (ii) Stormwater best management practices (BMPs), which is a term commonly 
applied in the United States and Canada that describes a range of measures that minimize 
catchment imperviousness and promote infiltration, as well as store and treat runoff in ponds and 
wetlands (US EPA 2005). Both structural and non-structural measures can be applied to catchments 
to meet the objectives of LIDs and BMPs. 

Numerous structural BMPs/LIDs have been developed and implemented in urban catchments, 
including structural systems like wet ponds, constructed stormwater wetlands, grassed swales, 
biofilters, permeable pavements and stormwater harvesting systems. Examples of commonly 
applied structural BMPs/LIDs (e.g., grassed swales and biofilters) are shown in Figure 2.  
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Figure 2: Examples of commonly applied structural BMPs/LIDs (A: grassed swale in Luleå, 
Sweden; B: biofilter in Tyresö, Sweden) 

The early grassed swales were primarily built to facilitate non-erosive conveyance of stormwater 
instead of transport in pipe systems. Nowadays, grassed swales are also promoted as measures for 
filtering and detaining stormwater runoff, and are often used as a pre-treatment measure in a 
treatment train of stormwater quality measures (MOE 2003). The ability of grassed swales to 
reduce pollutant loads in stormwater runoff had been shown in previous studies. For example, 
Barret et al. (1998) concluded that grassed swales and roadside filter strips could be effective in 
reducing TSS-loads and reported TSS-reduction rates of up to 85%. Similarly, Ellis (1999) noted 
that grassed swales were effective not only in reducing TSS, but also total heavy metals (i.e. Pb and 
Zn) and chemical oxygen demand (COD).    

Biofilters (also referred to as bioretention systems) are shallow terrain depressions that aim to 
retain stormwater runoff and improve stormwater quality by filtration through soil media and 
vegetation (Davis et al. 2009). Such systems require little space and are thus applicable to small 
drainage areas; consequently, they are commonly used for stormwater management retrofits in 
highly developed areas. Nevertheless, pre-treatment of the inflowing runoff and frequent 
maintenance may be necessary to prevent the clogging of filter media (CDEP 2004). Biofilters have 
been recognized to be very effective in reducing pollutant loads in stormwater runoff, as earlier 
studies have reported TSS and total metal removal rates greater than 80% (Sun and Davis 2007, 
Read et al. 2008, Hatt et al. 2009). 

Non-structural measures, including environmental policies, are cost effective measures that provide 
an additional enhancement of stormwater quality when applied in combination with structural 
measures. Street cleaning, which aims to reduce the amounts of trash and pollutants on urban 
streets, is an example of a non-structural measure (US EPA 2005). This practice is applied not only 
for aesthetics, but is also one of the main management practices applied to reduce TSS loads in 
stormwater runoff (CDEP 2004). Generally, modern street cleaning techniques are recognized as an 
activity that can reduce the total amount of sediments on street surfaces. Street cleaning is 
especially effective in removing coarse sediments (German and Svensson 2002, Rochfort et al. 
2009). Furthermore, street cleaning reduces heavy metal loads in stormwater runoff, as 
demonstrated e.g. by Kim et al. (2014), who evaluated the benefits of street cleaning for stormwater 
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quality by irrigating cleaned and un-cleaned street surfaces. Comparisons of such results showed 
that street cleaning can decrease metal concentrations in runoff by up to 70%.  

Finally, environmental policies for stormwater quality have been developed primarily as pollutant 
source controls. One example is the regulation adopted by the State of Washington to control Cu 
content in brake pads (not more than 5% and 0.5% by 2021 and 2025, respectively) (Washington 
State 2010). However, so far, no such regulations have been adopted in Europe. The phasing out of 
lead in gasoline is another example of policies targeting the control of pollutants at the source. This 
regulation was highly successful in reducing Pb concentrations in freeway runoff; Marsalek and 
Viklander (2011) estimated that this measure contributed to removing about 97% of lead from 
freeway runoff. Finally, public education campaigns that aim to change the human behavior that 
drives pollutant entry into stormwater have been broadly applied. Taylor et al. (2007) reported that 
a campaign for reducing litter in stormwater led to modest positive results.  

The extent to which management options are implemented in urban catchments largely depends on 
the willingness of an organization or government to finance the associated costs. However, such 
economic considerations were outside of the scope of this thesis.   

2.3 Future scenarios and their reflection of the influential factors for urban stormwater 
quality 

When the factors influencing stormwater quality (i.e. pollutant sources, climate, catchment layout 
and features, and stormwater management practices and policies) change, the stormwater quality 
will most likely change as well. Therefore, the drainage systems designed for current conditions 
may not deliver the desired protection in the future and consequently, may need renovation to 
ensure the delivery of drainage services and mitigation of possible negative impacts. Thus, it is of 
interest to use computer simulations of future scenarios to assess possible future changes in both 
stormwater quantity and quality. This is done by creating future scenarios that reflect projected 
future changes and analysing their effects on stormwater quantity and quality. The goal of these 
future scenarios is not to predict the future, but rather to discover underlying uncertainties so that 
informed decisions can be made for a wide range of possible futures (Schwartz 1996).  

A majority of earlier studies have focussed on how climate change impacts stormwater quantity 
with respect to increased flood risks (Willems et al. 2012). The potential future changes in urban 
stormwater quality have received only limited attention up until this point (Goonetilleke et al. 
2014), as only a limited number of studies have examined the effect of climate change effects on 
urban stormwater quality (He et al. 2011, Mahbub et al. 2011, Sharma et al. 2011, Wu and 
Malmström 2015). Berkhout et al. (2002) also noted that changes in socio-economic factors are 
often insufficiently incorporated into climate change impact assessment studies, and this is also the 
case for urban stormwater quality. The limited research on the impacts of changes in climatic and 
socio-economic factors on stormwater quality highlights opportunities to generate new knowledge 
in this field.  

The development of future scenarios should account for all the essential influential factors and their 
combinations, as only in this way a wide range of possible future trends can be evaluated. When 
trends in urban stormwater are assessed, the future scenarios should include changes in climatic and 
socio-economic factors, as described in more detail in the following chapters. However, it is 
important to highlight that this thesis does not focus on climate change or future changes in socio-
economics, but rather how these types of changes are reflected in urban catchments and their 
drainage systems with respect to stormwater quality.  

 



FUTURE TRENDS IN URBAN STORMWATER QUALITY 

  13 

2.3.1 Climate change and urban drainage 

The interest in climate change has rapidly grown during the last decade due to the increasing 
frequency of extreme weather events and increasing global temperatures (IPCC 2014). Changes in 
precipitation patterns are projected for the future, including: (i) changing precipitation amounts, 
with generally dry areas becoming dryer and wet areas becoming wetter, (ii) overall rainfall 
intensities are likely to increase, and (iii) extreme rain events will have shorter return periods in the 
future (IPCC 2014).  

These changes will also affect urban drainage, since if precipitation patterns change, stormwater 
quantity and quality will change as well. Consequently, it is of interest for stormwater managers to 
assess these effects. Global circulation models (GCM) provide projections of climate changes 
through future scenarios. Earlier scenarios that reflect climate change were defined in Nakicenovic 
et al. (2000); these scenarios included different driving forces for climate signals, such as the 
development of population, economics, energy, technology and environmental policies. Recently, a 
different approach, which involves the application of “Representative concentration pathways” 
(RCPs), was promoted (Moss et al. 2010). RCPs describe the evolution of greenhouse gases in the 
atmosphere and how these changes will affect various climate factors, including precipitation. 
Different RCPs have been developed to describe various magnitudes of possible changes (from low 
to high, RCP2.6, RCP4.5 and RCP8.5). Furthermore, the current practice of climate change impact 
assessments involves working with ensembles of future scenarios to capture the inherent 
uncertainties in such projections (Willems et al. 2012).  

Climate change impact assessments for urban drainage usually require rainfall data with a spatial 
resolution of a few square kilometers and a temporal resolution of minutes (Arnbjerg-Nielsen 
2012). Outputs from GCM can serve as boundary conditions for regional circulation models 
(RCMs) to increase the spatial resolution of the data. This process is referred to as dynamical 
downscaling, which serves to generate rainfall and other meteorological variables that have greater 
spatial detail (e.g. surface temperature and cloud densities) (Willems et al. 2012). Statistical 
downscaling methods, such as the commonly used delta change approach, can be used to further 
increase the spatial and temporal resolution of rainfall data. In this method delta change factors 
(DCFs) are derived as the ratio between the current and future rainfall characteristics, based on the 
output from GCMs or RCMs. The DCFs can then be used to uplift historical rainfall records by 
multiplying their rainfall intensities with the DCFs (Lettenmaier et al. 1999).     

Swedish national guidelines recommend the use of constant regionally-adjusted DCFs, which can 
be applied to uplift historical rainfall or design rainfall (Hernebring and Svensson 2011). More 
detailed approaches can be applied to rainfall time series. Rain events with different rain intensities 
can then be rescaled differently (Nilsen et al. 2011, Olsson et al. 2012). These approaches allow 
different seasons and changes in dry periods between rain events to be considered (Olsson et al. 
2012). Other approaches have been suggested if historical rainfall is not available for the area of 
interest, for example, choosing data from a region with similar characteristics, referred to as climate 
analogue techniques (Arnbjerg-Nielsen 2012).          

2.3.2 Socio-economic changes and urban drainage 

Socio-economic factors and their changes describe how a society will develop in the future. Future 
socio-economic scenarios often include both quantitative (e.g. population, economics and rate of 
technological changes) as well as qualitative factors (e.g. political stability and environmental 
awareness) (O'Neill et al. 2015). Earlier scenarios on socio-economics were coupled to certain 
greenhouse gas emission scenarios and the associated climate signals (Nakicenovic and Svart 
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2000). More recently, it has been suggested that changes in climatic and socio-economic variables 
should be treated independently, as this allows the assessment of the vulnerability of different 
future societies to climatic changes, as well as options for mitigation and adaptation (Van Vuuren et 
al. 2012). A set of five alternative societal development trajectories were described in O’Neil et al. 
(2015) and are referred to as “Shared socio-economic pathways” (SSPs). Two SSP examples are 
given below. Those two examples were chosen because they represent relatively different 
storylines and therefore, illustrate the span of possible developments of societies.    

SSP1: This storyline describes a society where sustainable development proceeds at high pace. 
This includes rapid technological changes towards environmentally-friendly processes and 
environmental protection due to awareness of environmental degradation. Generally, the population 
is educated, population growth is low and the progressing urbanization is well managed. Carbon 
dioxide emissions can be reduced and fossil fuel dependency is decreased.  

SSP3: This storyline describes a society that is focused on energy and food security. The world is 
struggling to maintain the living standards for a strongly growing population and economic goals 
are prioritized before environmental goals. This results in low investments in technology 
development and education. Furthermore, progress in urbanization is poorly managed. The fossil 
fuel dependency is high and most emissions are not mitigated.  

Socio-economic changes are also of concern for urban stormwater managers. For example, 
Sweden’s population is projected to grow on average by 13% until the year 2050 (Statistics Sweden 
2011). Consequently, urban areas are likely to change in the future, and this can happen in two 
principal ways, namely, by a growth of urban land use areas or by land use intensification. The 
latter possibility is more likely to happen in centralized catchments due to space limitations and the 
benefits that arise from using the existing infrastructure, such as the storm sewer drainage systems 
(e.g. Östersund Municipality 2014). Nevertheless, progressing urbanization, stemming from either 
growth or intensification of land uses, will lead to a higher conversion of precipitation into runoff, 
which also impacts stormwater quality due to higher abundance and more effective transport of 
pollutants (Marsalek et al. 2008).  

Furthermore, there is strong evidence that traffic-related pollution will change in the future. For 
example, it has been recognized that the expansion of urban areas leads to “urban sprawl”. Since 
the urban population is forced to travel longer distances, the sprawl increases car dependency and 
consequently, leads to higher traffic-related pollutant emissions, which negatively affect 
stormwater quality (Van Metre et al. 2000, Behan et al. 2008). On the other hand, it can be 
expected that the car fleet will change in the future. Based on the estimated sales of hybrid and 
electric cars, it is likely that their share in the car fleet will significantly increase in the future 
(Orbach and Fruchter 2011). Furthermore, environmental regulations have been adopted to reduce 
traffic-related pollutant emissions, as documented by the earlier cited example of reducing Cu 
content in brake pads (Washington State 2010). Finally, the development of new pollutant control 
measures and the improvement of existing ones is likely to happen in the future, leading to more 
effective pollution controls and abatements.   

To address the impacts of socio-economic changes on stormwater quantity and quality, the 
storylines from Nakicenovic (2000) or O’Neil (2015) need to be tailored for the purpose of urban 
drainage. This has been done, for example, by addressing the changes in type, intensity and size of 
land use, as well as the capacity of drainage systems and pollutant source control measures 
(Semadeni-Davies et al. 2008a, Semadeni-Davies et al. 2008b, El-Khoury et al. 2015, Lafontaine et 
al. 2015, Abdul-Aziz and Al-Amin 2016).  
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2.3.3 Catchment responses to future scenarios that reflect climate and socio-economics 
changes 

Previous studies have adopted future scenarios that reflect changes in the climate and socio-
economics, and have analyzed the simulated response of urban catchments to such scenarios.  

However, the main focus so far has been on how climate change impacts stormwater quantity. For 
example, Niemczynowicz (1989) addressed climate change impacts on the drainage system in Lund 
by applying CDS storms, which included constant uplifts of those storms. This resulted in flooding 
problems and combined sewer overflows when the CDS storms were uplifted between 20 and 30%. 
Furthermore, Waters et al. (2003) studied the urban stormwater system performance of an urban 
catchment in Ontario under climate change conditions. This was done by uplifting design rainfall 
intensities by 15%, which resulted in a 19% increase of runoff volume and 13% peak discharge. 
Adaptation measures, such as the disconnection of roof surfaces and increased surface storage 
capacities, have also been discussed. Finally, Semadeni-Davis (2008a, 2008b) considered the 
combined effects of changes in climatic and socio-economic factors. They found that, generally, the 
combined effects of increased precipitation and progressing urbanization caused the worst drainage 
problems. However, the implementation of stormwater management options (e.g. the disconnection 
of impervious areas from the drainage system) would bring about the mitigation of flooding 
problems. 

With respect to future changes in urban stormwater quality, the studies published so far have 
focused mainly on climatic impacts, and the changes in socio-economic factors have been generally 
neglected. The earlier studies applied different modelling tools and experimental setups, and, in 
most cases, it was concluded that climatic changes (i.e. increased rainfall depth and intensities) will 
lead to the export of more pollutants. However, it is not meaningful to compare the numerical 
results of these studies as they have applied different methods, as well as input data from different 
regions in the world. Consequently, only their methodologies and general outcomes are 
summarized in the following section.   

For a residential area in Calgary (Canada), He (2011) used an event-based statistical model to study 
climate change impacts on stormwater quantity (i.e. runoff volumes and peak flows) and 
stormwater quality, described by turbidity, conductivity, water temperature, dissolved oxygen (DO) 
and pH. Under the climate change conditions, turbidity and water temperature increased, whereas 
DO and conductivity generally decreased. No clear trends were found for pH.  

Sharma et al. (2011) studied how climate change would affect build-up/wash-off processes and 
treatment efficiencies of stormwater retention ponds for a catchment in Denmark. Increased rainfall 
intensities, due to climate change, led to increased pollutant concentrations in stormwater 
discharges. Furthermore, higher runoff flows caused reduced pollutant removal rates in the ponds. 
Within this study, the wash-off of pollutants was assumed to be proportional to rainfall intensity 
and the cases influenced by pollutant supply limitations were ignored. This, in turn, led to 
increasing pollutant concentrations, even for an extreme storm with a return period of 100 years.    

Mahbub et al. (2011) applied a rainfall simulator to study climate change impacts on the wash-off 
of volatile organic compounds on the Gold Coast, Australia. It was found that low to moderate and 
highly intense rain events, stemming from climate change, will affect the wash-off of volatile 
organic compounds from urban roads in Gold Coast. 



FUTURE TRENDS IN URBAN STORMWATER QUALITY 

16 

Wu and Malmström (2015) combined generalized watershed loading functions with a substance 
flow analysis to investigate nutrient pathways and loadings to a stream under climate change 
conditions in five urban catchments in Stockholm. The dominant diffuse sources of nutrients were 
found to be atmospheric deposition and vehicular traffic. Furthermore, annual nutrient loadings 
generally increased under climate change conditions.  

Another study examined the combined effects of changing climate and socio-economics on 
stormwater quality in two cases of large watersheds. Abdul-Aziz and Al-Amin (2016) found that 
pollutant loads (i.e. TSS, Cu and nutrients) in the Miami River basin were most sensitive to 
climatic changes and only moderately sensitive to changing imperviousness and surface roughness. 
However, pollutants loads were more sensitive to combined effects than to the sum of the 
individual effects. A similar analysis was done for a large Canadian river basin with predominantly 
agricultural land use activities (El-Khoury et al. 2015). Generally, both changes in climate and land 
use were identified to be important parameters with respect to nutrient loads transported from this 
river basin.    

As illustrated by these earlier studies, little attention has been paid to changing socio-economic 
factors and their consequent effects on urban stormwater quality. Furthermore, only limited insights 
were offered into the processes underlying stormwater quality, including pollutant build-up and 
wash-off, and their response to changing precipitation patterns. This highlights the opportunities for 
research in this field. Detailed scenarios that reflect both changes in climate and socio-economics 
should be developed and used to analyze the catchment responses to projected future situations.     

2.4 Assessment of catchment responses to future scenarios through computer simulations 

The assessment of catchment responses to future scenarios needs to be based on computer 
simulations, as these tools are able to simulate the generation of stormwater runoff for varying 
conditions with high accuracy (Zoppou 2001), and simulate fairly well the transport of pollutants 
by stormwater runoff (Obropta and Kardos 2007). Consequently these tools can simulate the future 
scenarios reflecting changes in climate and socio-economics and the catchment responses to such 
scenarios, certainly for the comparative analysis used in this thesis. 

Stormwater models differ in the approaches that they use to describe stormwater quality and 
quantity. Individual tools may have different ranges of applicability to, or different degrees of 
suitability for, specific tasks. Two different tools were applied in the research underlying this thesis 
and are described in more detail below. 

Process (or physically) based models mathematically describe the processes involved in stormwater 
generation and pollutant transport. Such models use fundamental physical equations, generally 
equipped with parameters having a physical meaning. Hydrographs are calculated based on rainfall 
depths, hydrological abstractions, and physical catchment characteristics, such as dimensions, 
imperviousness, surface roughness, slopes, etc. Pollutant generation is usually described by build-
up functions during dry weather and wash-off functions during rainfall/runoff. Well-known 
examples of such models are MOUSE, developed by the Danish Hydraulic Institute (DHI) (DHI 
2002), and the US EPA SWMM, developed by the US Environmental Protection Agency (Huber 
and Dickinson 1988). 

In pollutant source-based models, urban catchments are usually divided into different source areas, 
such as streets roofs, parking lots, etc. Standard pollutant concentrations may be assigned to such 
sources and multiplied by the estimated runoff volumes to predict pollutant loads. Compared to the 
process-based models, such approaches are conceptualized and include parameters that do not have 
a direct physical meaning. One example for such an approach is the model Stormtac, which was 
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developed in Sweden (Larm 2000). Another example is WinSLAMM, which was developed in the 
US (Pitt and Voorhees 1989).  

Irrespective of the applied approach, stormwater models, as all hydrological models, should be 
calibrated with local data in order to be used as predictive tools. To calibrate a model, its 
parameters must be adjusted so that its outputs match field measurements as closely as possible, 
usually defined as within some preselected limits (Doherty and Johnston 2003). This operation 
becomes more difficult when the applied model becomes more complex, since more model 
parameters need to be calibrated. When calibrating a model, it is also useful to evaluate whether the 
calibration was successful, or, in other words, to quantify how reliable and meaningful the model 
results are. One commonly applied technique to evaluate model performance is based on linear 
regression between the simulated and observed values (Tsihrintzis and Hamid 1998, Berggren et al. 
2011, Rosa et al. 2015). The slope of the regression line and the coefficient of determination (R2) 
are used to assess model performance. A slope of 1 represents a perfect fit between the simulated 
and observed values, whereas a slope smaller than 1 indicates under-estimation of the observed 
values by the model and a slope larger than 1 indicates over-estimation. R2 indicates the spread of 
the data points and a R2 of 1 describes a perfect fit to the regression function. A more advanced 
method to evaluate model performance is represented by the Nash-Sutcliffe efficiency (Nash and 
Sutcliffe 1970), which is defined between the values of minus infinity and plus 1, with higher 
values indicating better model predictions. The efficiency is calculated based on the sum of the 
absolute squared differences between the predicted and observed values, normalized according to 
the variation of the observed values. Therefore, the Nash-Sutcliffe efficiency may represent an 
improvement over the coefficient of determination since it is sensitive to observed and simulated 
means and variances (Legates and McCabe Jr. 1999). 

Finally, computer models represent only a fraction of reality which will lead to uncertain 
predictions. Uncertainties are inherent and their total elimination is impossible (Beck 1987). That is 
why it is crucial to assess this uncertainty. However, Dotto et al. (2012) stated that this assessment 
is more commonly used in academia than in practice. The main reason for this is that there are 
numerous techniques for uncertainty assessment that are highly complex, poorly understood and, in 
some cases, still highly underdeveloped. Vezarro et al. (2013) also noticed that uncertainty analysis 
is seldom applied by practitioners and suggested that this could be remedied by the simplification 
of such techniques. 

2.4.1 SWMM 

The process-based model SWMM has been applied successfully worldwide for the simulation of 
urban runoff generation and the transport of pollutants in urban areas. SWMM was developed in 
the 1970s and, since then, it has been maintained and updated continuously. Furthermore, due to its 
open-source code it is checked by a wide community of users. Surface runoff is computed based on 
the theory of non-linear reservoir, which accounts for such hydrologic processes as surface 
depression storage and infiltration on pervious areas. Runoff starts on impervious areas when 
rainfall exceeds the depression storage depth. In the case of pervious areas, runoff occurs when 
rainfall intensity exceeds the infiltration rate and fills up depression storage. Based on a kinematic 
wave approach, a runoff hydrograph is calculated for the individual sub-catchments. This is done 
by taking into account the characteristics of the sub-catchments, such as area, imperviousness, 
depression storage depth, slope, infiltration parameters and the length of overland flow (described 
indirectly by the catchment width). TSS loads are usually computed by build-up functions during 
dry weather and by wash-off functions during rainfall/runoff. Different functions for determining 
pollutant build-up are available, namely, exponential, power, and saturation functions. For wash-
off, two options exist, an exponential function (wash-off proportional to the product of runoff rate 
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raised to some power and amount of remaining build-up) or the rating curve method (wash-off 
proportional to runoff rate raised to some power, requiring a fair volume of runoff quality 
calibration data). Other constituents can be simulated as fractions of TSS through the application of 
so-called potency factors. Finally, SWMM offers the possibility to implement different LID 
measures, including permeable pavement, rain gardens, green roofs, etc. (Huber and Dickinson 
1988).  

2.4.2 WinSLAMM 

The source-based model WinSLAMM was developed during the late 1970s to advance the 
understanding of the relationship between pollutant sources and urban runoff conveyed pollutants, 
and to evaluate stormwater control measures. The model is strongly based on field observations and 
includes a database for various sources areas (e.g. streets, parking lots, green areas, etc.), which is 
continuously updated and expanded. Among other sources, the model was fed by the data from the 
NURP program (US EPA 1983). Since large percentages of annual pollutant loads are transported 
with relatively frequent rain events, special emphasis was placed on small storm hydrology and 
particulate wash-off during the model development.  

Stormwater runoff generation is computed by the application of runoff coefficients to quasi 
homogeneous sub-catchments on a rainfall-event basis. Furthermore, these runoff coefficients 
depend on rainfall depth, with smaller coefficients applied to smaller rain events. Special emphasis 
is placed on TSS contributions from street surfaces during the computation of pollutant loads. For 
streets, TSS loads are calculated by build-up functions during dry weather and wash-off functions 
during rainfall/runoff. Build-up is assumed to be fast in the beginning, slow down over time, and 
then approach a maximum load. Wash-off is calculated as a function of rainfall intensity. Finally, a 
wash-off reduction coefficient is applied, reflecting the fact that not all of the washed-off material 
may reach the sewer inlet. This coefficient depends on rainfall depth, with high reductions for small 
events. For the remaining land surfaces/uses (i.e. roofs, parking lots, green areas, etc.), TSS is 
calculated based on standard concentrations applied to event runoff, which are based on runoff 
measurements. Heavy metals can be either computed as fractions of TSS (particulate bound metals) 
or by the application of standard concentrations (dissolved metals); both of these are based on 
runoff measurements. Finally, WinSLAMM offers the possibility to analyze the effects of different 
stormwater management options, including wet detention ponds, street cleaning, grassed swales 
and biofilters (Pitt and Voorhees 1989). 
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3 MATERIALS AND METHODS  

Two general approaches were used in the research underlying this thesis, namely, (1) 
systematically describing possible future changes in climate and socio-economic factors through 
various scenarios, which were applied to various test catchments in computer simulations of 
rainfall/runoff (Paper I – V), and (2) carrying out laboratory experiments that mimicked the 
pollutant transport processes occurring in urban catchments (Papers VI and VII). This section is, 
therefore, divided into two parts. First, the methods that were used in the computer modelling 
studies of urban runoff are described. This is followed by a description of the procedures that were 
applied to field sampling and laboratory experiments. The locations of the test catchments used in 
computer modelling studies and sampling locations used in field work are shown in Figure 3. 

 

Figure 3: The Swedish cities where test catchments used in runoff modelling were located (green 
symbols) and/or street sediments were sampled (red symbols)  
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3.1 Future scenarios and their simulation in various test catchments   

One of the research objectives of this thesis was to examine how projected changes in certain 
climatic and socio-economic factors could affect stormwater quality. The overall approach was 
based on comparing sets of computer simulations for current and future scenarios that addressed 
changes in climate and socio-economic factors. Two different computer models were used, namely, 
the process-based US EPA Stormwater Management Model (SWMM), and the source-based model 
WinSLAMM. Two model approaches were applied because they describe the underlying processes 
differently and thus, each has its unique advantages during the modelling experiments. While 
SWMM was able to reflect the physical processes that occur in urban catchments, WinSLAMM 
offered the possibility to analyze how changes in land use affect stormwater quality, by tracking 
and evaluating the contributions of individual pollutant sources. The general approaches applied to 
the research presented in Papers I-V are outlined in Table 1. 

Table 1: General approaches applied to computer simulations that assess future trends in 
stormwater quality. 

Paper 
Model runs (computer 

model) 
Test catchment Future scenarios 

I Single events (SWMM) Skellefteå Climatic changes 

II Single events (SWMM) Kiruna Climatic changes 

III 
Continuous simulation 

(SWMM) 
Skellefteå, Skellefteå-HI 

and Kalmar 
Climatic changes  

IV 
Continuous simulation 

(SWMM) 
Skellefteå 

Climatic changes and socio-
economic factors 

V 
Continuous simulation 

(WinSLAMM)  
Östersund-S and 

Östersund-C 
Climatic changes and socio-

economic factors 

3.2 Test Catchments 

The locations of the six test catchments that were studied in the research underlying this thesis are 
shown in Figure 3. The locations include a suburb of Kalmar in the south of Sweden, the city of 
Kiruna in the north of Sweden, and a suburb of Skellefteå in the north of Sweden. In addition, a 
smaller, highly impervious part of the Skellefteå catchment was extracted and used as another test 
catchment (further referred to as Skellefteå-HI). Finally, two catchments in the city of Östersund, 
which is located in the center of Sweden, were used. These two catchments included a highly 
impervious central catchment (further referred to as Östersund-C) and a less impervious suburban 
catchment (further referred to as Östersund-S). The annual precipitation in Kalmar is 484 mm, in 
Kiruna 490 mm, in Skellefteå 589 mm, and in Östersund 564 mm; these values are based on 
Climate normals for the period of 1960 - 1991. The catchments were chosen because: (a) they 
represent typical urban developments in different regions of Sweden, (b) there is available 
rainfall/runoff data, including records with high temporal resolution for both rainfall and flow 
measurements at different nodes of the catchment or at least at the outlet, (c) there is available 
stormwater quality data (i.e. Östersund) and (d) the SWMM setups were available in three test 
catchments (i.e. Kalmar, Kiruna and Skellefteå). No flow measurements were available for the 
Kiruna catchment.  
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Table 2 summarizes the characteristics of the six test catchments studied in the research underlying 
this thesis. 

Table 2: Characteristics of the studied test catchments 

Designation 
Contributing 

area 
Impervious area 

(directly connected) 
Data availability 

No. of observed 
rain events  

Kalmar 140 ha 32 ha (23%) Rainfall/runoff  17 
Kiruna 1372 ha 259 ha (18.9%) Rainfall n.a. 

Skellefteå 235 ha 82 ha (35%) Rainfall/runoff  14 
Skellefteå-HI 34 ha 21 ha (62.6%) Rainfall/runoff  14 

Östersund-S 18.5 ha 3.49 ha (18.8%) 
Rainfall/runoff & 

quality data 
5 

Östersund-C 2.2 ha 1.75 ha (79.5%) 
Rainfall/runoff & 

quality data  
5 

 

Credits for data provided by others: Rainfall/runoff measurements in both Kalmar and Skellefteå 
were performed by the Danish Hydraulic Institute (DHI). Further information regarding this data 
can be found elsewhere (Strander, H., Andréasson, M. 2004, Lindblom and Hernebring 2007). In 
the Östersund catchments the rainfall/runoff measurements, including TSS and heavy metal 
sampling, were conducted during autumn 2012 and spring 2013 by H. Galfi (LTU, unpublished 
data).   

3.3 Model Setup and adjustment of model parameters 

Since two different simulation engines were used in the research underlying this thesis, the 
procedures for model setup differed. Based on the common practice of DHI (Persson, O., personal 
communication), numerous physical characteristics (e.g. surface slope, imperviousness, etc.) of the 
studied catchments were measured during the model setup for SWMM. Furthermore, the 
catchments were delineated and discretized into sub-catchments based on the local topography and 
stormwater drainage system. These sub-catchments were assigned to end manholes and, when 
required, additional manholes were also inserted. 

Similar to SWMM, contributing area measurements were also needed for the WinSLAMM model 
setup. The measurements took into account the local topography and drainage system. Furthermore, 
GIS-software and high-resolution local maps were used to classify land use (streets, roofs, green 
areas etc.) and to measure the size of each land use class based on the procedure presented by Pitt 
(2008). The distribution of individual land uses for Östersund-S and Östersund-C is presented in 
Table 3.   
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Table 3: Distribution, by area, of individual land uses for Östersund-S and Östersund-C  

Land use  Östersund-S [ha] Östersund-C [ha] 
Roofs (connected) 1.54 (8%) 1.43 (65%) 
Roofs (not connected) 5.76 (31%) n.a. 
Streets 1.09 (6%) 0.12 (6%) 
Parking areas 0.86 (5%) 0.20 (9%) 
Green areas  7.83 (42%) 0.25 (11%) 
Other unpaved areas 1.40 (8%) 0.20 (9%) 
Total area 18.5 2.20 

 

3.3.1 Hydrological calibration and validation 

 WinSLAMM describes stormwater runoff on an event basis through runoff coefficients, which are 
dependent on the type of land use and on rainfall depth, with the coefficients increasing as rainfall 
depth increases. During calibration, these coefficients were altered until there was a good 
agreement between and observed runoff volumes (i.e. ±10%). Since only five observed rain events 
were available for each of the two test catchments in Östersund, the runoff coefficients were first 
calibrated for Östersund-C and then validated for Östersund-S to avoid splitting these small 
datasets.          

The general procedure is different in SWMM. The values for surface roughness (Manning n), sub-
catchment width, and Horton infiltration parameters followed the default values from the SWMM 
manual (Huber and Dickinson 1988). This was acceptable because rainfall/runoff was not sensitive 
to these parameters. Only the depression storage depth for pervious and impervious areas was used 
as a calibration parameter, since the simulated rainfall/runoff events were sensitive to this 
parameter. The hydrological calibration and validation was performed based on flow measurements 
from several sewer system nodes in the catchments. One part of the rainfall/runoff measurements 
was used for calibration and the other part was used for validation. The aim of this procedure was 
to match the simulated peak flows and volumes to the measured values as well as possible. The 
achieved limits were comparable to the calibration results reported in other published studies and 
were estimated at ±10% for volume and ±20% for peak flows (Temprano et al. 2006, Tsihrintzis 
and Hamid 1998). Furthermore, the timing and shape of the hydrographs should also match those 
produced from measurements. The calibration procedure was done in two steps; the directly 
connected impervious areas were adjusted first, followed by an adjustment of the depression 
storage depth. Local maps for streets and houses were used to obtain an initial estimate of a 
catchment’s imperviousness. However, these initial estimates were later adjusted by calibration. 
This was done by simulating small rain events for which no runoff from pervious areas was 
expected. Based on these simulations, the impervious surfaces were adjusted to match the measured 
volumes. This also assures that all of the impervious surfaces can be considered as directly 
connected to the drainage system. To adjust the surface depression depth, all of the events 
considered for calibration were simulated and the depression storage was adjusted for both pervious 
and impervious surfaces. The hydrological characteristics of the model setups in SWMM are shown 
in Table 4.  
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Table 4: Hydrological characteristics used in the calibrated SWMM model 

Parameter Kalmar Skellefteå Skellefteå-HI 

Surface roughness    
Impervious n 0.018 0.014 0.014 
Pervious n 0.10 0.08 0.08 
Horton infiltration parameters    
Maximum infiltration rate [mm/h] 25  

5  
5  

Minimum infiltration rate [mm/h]   
Decay coefficient [h-1] 
Depression storage depth    
Pervious [mm] 2.5 – 5.5 

1 – 2.5  Impervious [mm] 
 

Both WinSLAMM and SWMM performed similarly in a statistical evaluation of the validation 
runs. The observed and simulated values for both runoff volume (WinSLAMM and SWMM) and 
peak flows (SWMM) were plotted against each other. The evaluation procedure was adopted from 
other published studies (Tsihrintzis and Hamid 1998, Chow et al. 2012) and consisted of a 
regression analysis, in which the goodness of fit was measured by the slope of the regression line, 
and the R2-value, both of which should be as close to one as possible. Additionally, the model 
results produced by WinSLAMM were assessed for uncertainty. 90% prediction intervals were first 
calculated from the linear regression for the validation results and this interval was then used to 
assess model uncertainty.  

As mentioned earlier, no flow measurements were available in Kiruna, and therefore, this 
procedure could not be applied to the Kiruna catchment. Furthermore, no additional calibration was 
performed for Skellefteå-HI because it was extracted from the Skellefteå catchment and it was 
assumed that the calibration for the whole catchment also applied to Skellefteå-HI. 

3.3.2 Adjustment of quality parameters 

The procedure for adjusting quality parameters in SWMM and WinSLAMM was mainly influenced 
by the availability of stormwater quality data. For catchments where no stormwater quality data 
were available the best estimates of practical values were used to simulate TSS and heavy metals. 
This applied to the catchments simulated with SWMM (i.e. Kalmar, Kiruna, Skellefteå and 
Skellefteå-HI). For catchments where stormwater quality data were available it was possible to 
calibrate, and validate, the relevant parameters. This applied to the catchments simulated by 
WinSLAMM (i.e. Östersund-S and Östersund-C).  

In SWMM, TSS was calculated by using functions that describe TSS build-up and wash-off. TSS 
build-up (Eq. 1) and wash-off (Eq. 2) were described by exponential functions, as follows. 
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Build-up:  (1) 

where B = build-up of solids (TSS) [kg/ha], b1 = maximum build-up possible [kg/ha], b2 = build-up 
rate constant [1/days], and t = elapsed time. 

Wash-off:  (2) 

Where W = wash-off load of solids (TSS) [mg/h], w1 = wash-off coefficient, q = runoff rate 
[mm/h], w2 = wash-off exponent and B = pollutant build-up [mg]. 

The parameters in equations (1) and (2) are difficult to estimate, and once this was recognized a 
decision was made to use ranges for both build-up and wash-off parameters. The selected ranges 
were largely based on prior research (Vaze and Chiew 2002, Vaze and Chiew 2003, Egodawatta 
and Goonetilleke 2006, Egodawatta et al. 2007, Brodie and Egodawatta 2011, Li and Yue 2011). 
Two pollutant build-up rates were tested, namely, (i) a fast rate, with 80% of maximum build-up 
reached in 2 days, and (ii) a slow rate, with 80% of maximum build-up reached in 5.5 days. Since 
the equations produce similar wash-off patterns regardless of the value for maximum build-up, only 
one value (35 kg/ha) was tested for this parameter. 

In order to establish a range of wash-off parameters, different values were set for the wash-off 
coefficient, w1, in equation (2). The wash-off exponent, w2, showed only minor sensitivities to 
values reported in the literature, and was constantly set to 1.15. An intermediate value of w1 was 
typical for urban conditions in Sweden, which are characterized by an average TSS concentration 
of 100 mg TSS/L (Larm 1997). An intermediate value is also recommended by the US EPA as the 
best estimate for a median urban site (US EPA 1983). This adjustment resulted in a wash-off 
coefficient of 0.04. Two other values for w1, 0.013 and 0.12, produced TSS concentrations that 
were approximately three times higher and three times lower, respectively, than the intermediate 
value of w1. The build-up and wash-off parameter pairs, including their notations, which will be 
used throughout the thesis, are summarized in Table 5.  

Table 5: The build-up/wash-off parameter pairs used in stormwater quality simulations carried out 
with SWMM; b2: build-up rate constant and w1: wash-off coefficient 

Designation Parameter values 
SL Low b2 ; low w1 
SI Low b2; intermediate w1 
SH Low b2; high w1 
FL High b2; low w1 
FI High b2; intermediate w1 
FH High b2; high w1 

 

These parameter pairs were used in papers I and III, whereas the simulations in paper IV included 
only the SI parameter pair.  

In paper II, a constant initial pollutant build–up of 100 kg/ha was assumed. Furthermore, the wash-
off coefficient w1 was set to 0.08 and w2 to 1.15. 

Heavy metals (i.e. Cu and Zn) were also simulated in Paper IV by including potency factors that 
describe heavy metals as a constant fraction of TSS. As other parameters in equations (1) and (2), 
the potency factors were defined to represent typical Swedish conditions (i.e. mixed urban land use) 
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(Larm 1997). The potency factors that were chosen to represent mixed urban land use are shown in 
Table 6. Furthermore, the resulting mean concentrations in simulated runoff are shown. 

Table 6: Potency factors used in SWMM and their resulting mean concentrations in simulated 
runoff.  

 Cu Zn 
Potency Factor 0.4 2 

Mean Concentration [μg/l] 40 200 
 

Stormwater quality data, which included TSS and heavy metals, were available for the two 
catchments in Östersund. Therefore, a calibration/validation could be performed in WinSLAMM. 
This included two steps; first, the parameters describing TSS were adjusted, which was followed by 
an adjustment of the parameters describing heavy metals since these are, to some extent, related to 
TSS parameters.   

TSS from street surfaces was computed by build-up and wash-off functions. Build-up is described 
as fast in the beginning, decreasing over time and eventually becoming zero after a maximum load 
is reached. Wash-off is computed as a function of rainfall intensity and includes a reduction 
coefficient that describes the fact that particulates may redeposit due to an insufficient energy of the 
flowing water. This coefficient is dependent on rainfall depth, with a high reduction coefficient 
reflecting low rainfall depth and vice versa. The reduction coefficient was identified to be the most 
sensitive parameter for TSS from street surfaces and was therefore subject to the calibration. For 
the remaining land uses (i.e. roofs, parking and green areas, etc.) default values for solids 
concentrations were used to compute TSS on an event basis by multiplying the default values for 
solids concentration of the respective land use by the event runoff volume from that land use. The 
sum of all individual land use contributions then gives the total load. The default values were based 
on long-term measurements for different rain events and land uses (Pitt and Voorhees 1989). The 
values were, however, adjusted to match the TSS loads for the observed rain events as closely as 
possible. Heavy metals (Cu, Zn and Pb) were computed on an event basis as either a fraction of 
TSS (particulate metals) or by default concentration values in runoff from individual land uses. The 
default values were based on runoff measurements that were adjusted during the calibration 
process.   

The general calibration and validation procedure for TSS and heavy metals was similar to that for 
stormwater quantity, as the model parameters were calibrated for Östersund-C and then validated 
for Östersund-S. 

3.4 Climate Records  

Historical records served as a baseline scenario and represented samples of today’s climate. At all 
locations except Kiruna, rainfall was recorded with tipping bucket rain gauges, with a capacity of 
0.2 mm, during the snow-free period of the year. The following rainfall records were used for the 
various locations: Kalmar, a period of 13 years, Oct.1991 – Oct. 2004; Skellefteå, a period of 
almost 14 years, Sep. 1996 – Jul. 2010; and, for Östersund, the snow-free periods from 2012 and 
2013. The rainfall record for Kiruna from Jun. 2009 – Oct. 2011, with a temporal resolution of 5 
minutes, was obtained from the Swedish Institute of Space Physics.  
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3.5 Future Scenarios 

Two types of future scenarios were created and simulated: scenarios that considered climatic and 
socioeconomic changes. 

3.5.1 Climatic changes 

Climatic changes were considered in three different ways, as detailed below. What these 
considerations had in common was that the local historical rainfall data were rescaled based on 
future projections by delta change factors. These delta change factors were derived in three 
different ways: 1) statistical downscaling by the delta change method; 2) recommendations by the 
Swedish Water and Wastewater Association (SWWA); and 3) dynamic downscaling. The 
advantage of this procedure is that future rainfall can be generated with high temporal resolution 
and that the predictions will reflect local rainfall patterns. 

The Delta change method is the most common statistical downscaling approach applied to 
historical rainfall data (Lettenmaier et al. 1999). The procedure used in the research underlying this 
thesis is described in detail in Olsson et al. (2012). This method was chosen since it is considered to 
be one of the most detailed methods that can be applied to historical rainfall data to reflect climatic 
changes. The general approach of this method is to calculate delta change factors (DCF) that will 
reflect the projected future changes in precipitation. Furthermore, different rainfall intensities are 
rescaled differently (i.e. variable DCF). The method also allows changes in the inter-event periods 
on a seasonal basis. The delta change method was implemented by the Swedish Meteorological and 
Hydrological Institute (SMHI) on the basis of an intermediate emission scenario (i.e. A1B) as 
defined by the Intergovernmental Panel on Climate Change (Nakicenovic and Svart 2000). The 
global circulation model ECHAM (Roeckner 1996) was used, and the downscaling for the 
respective study areas was performed with the regional climate model RCA 3 (Kjellström 2005). 
Three different future time periods were used, each representing different magnitudes of changes in 
precipitation. These were the (1) near future (2011-2040, further referred to as FC1); (2) 
intermediate future (2041 – 2070, further referred to as FC2); and (3) far future (2071-2100, further 
referred to as FC3). This method was applied to the Kalmar and Skellefteå climate samples.    

Another method for deriving the DCF was to use recommendations from the Swedish Water and 
Wasterwater Association (SWWA), which are meant to be readily applicable by, for example, 
practitioners. These recommendations include a climate change factor, which represents an increase 
of precipitation by 20% by the end of the century, and should be considered when designing 
drainage systems. This method represents a relatively simple approach to reflect climatic changes 
(i.e. a constant delta change method), even if it is derived from climate modelling (Hernebring and 
Svensson 2011). This method was applied to the Skellefteå, Kalmar and Kiruna climate samples.  

While the research underlying this thesis was conducted, a new set of future scenarios became 
available (Van Vuuren et al. 2012). Within this set of scenarios, changes in climate and socio-
economic factors (described later) are treated independently from each other. This enables the 
assessment of how vulnerable different future societies are to various magnitudes of climatic 
changes. Representative greenhouse gas emission and concentration pathways (RCPs), which 
describe the evolution of greenhouse gas concentrations in the atmosphere and resulting changes in 
climate factors, are used to describe climatic change through, for example, temperature and 
precipitation. Dynamically downscaled data for the Östersund regions (50x50 km) were acquired 
from SMHI (SMHI 2015). Ensembles of data were available for the middle of the 21st century and 
for three types of scenarios; a low climate change scenario including three datasets (RCP 2.6), an 
intermediate climate change scenario including nine datasets (RCP 4.5) and a high climate change 
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scenario including nine datasets (RCP 8.5). The individual datasets within the ensembles are based 
on different global circulation models. The datasets for the scenarios contained, among other 
information, predictions about how much precipitation may change in the future (SMHI 2015). 
Data were averaged over a 30-year period (i.e. 2035 – 2064) and applied as percentage changes to 
the rainfall record from Östersund. The studied scenarios and their climatic change considerations 
are summarized in Table 7. 

Table 7: Climate change scenarios, including a current scenario, generated by the delta change 
method, SWWA recommendations and RCPs. 

Notation Time Span Basis Paper 
TC Current Observation I - V 
FC1 Near future (2011-2040) Delta change III 
FC2 Intermediate future (2041-2070) Delta change III, IV 
FC3 Far future (2071-2100) Delta change I, III 

Plus20 End of the 21st century Recommendations II, III 
RCP 2.6 2035 – 2064 RCP V 
RCP 4.5 2035 – 2064 RCP V 
RCP 8.5 2035 - 2064 RCP V 

 

3.5.2 Changes in socio-economic factors 

Changes in socio-economic factors (economic development, population growth, technology 
development, and environmental policies) were addressed by varying catchment sizes, intensity of 
land use and the associated pollutant sources, as well as environmental policies and practices. 
Scenarios considering such changes were developed based on (a) projections of the Swedish 
population growth (Statistics Sweden 2011), (b) municipal future development plans (Östersund 
Municipality 2014), and (c) published research on the future pathways of socio-economic factors 
(Van Vuuren et al. 2012, Kriegler et al. 2014, O'Neill et al. 2015). In order to mimic the different 
scenarios in computer simulations, the relevant model parameters were altered according to the 
projected changes.          

Two independent sets of scenarios were developed. One set considered single socio-economic 
factors and their projected changes in the future, further referred to as separate factor scenarios. The 
other set integrated multiple relevant factors (i.e. the size and intensity of land use, and 
environmental practices and policies) into scenarios describing different magnitudes of future 
changes. This set of scenarios is further referred to as integrated factor scenarios. Both sets were 
designed to project changes that may occur by the middle of the 21st century, as it was recognized 
that this time horizon could be used with an appropriate level of confidence.    

The separate factor scenario set consisted of six scenarios that were used to simulate runoff from 
the Skellefteå catchment. These scenarios considered changes in the climate, as well as changes in 
pollutant sources, catchment characteristics and environmental policies. The magnitude of these 
changes was based upon the projected evolution of Sweden’s population (Statistics Sweden 2011), 
and the resulting scenarios are summarized in Table 8. All of the scenarios involved a climatic 
change input based on the intermediate future time period, FC2, for the Skellefteå climate sample. 
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Table 8: Separate factor scenarios addressing socio-economic factors 

Scenario Population 
Land-use 

development 
Pollutant contribution 

from traffic & buildings 
New Legislations 

1 unchanged unchanged unchanged none 

2 unchanged LID unchanged none 

3 unchanged unchanged less km driven none 

4 unchanged unchanged unchanged 
Reduction of Cu in 

brake pads 

5 increased 
increased 

imperviousness 
More densely built areas, 

more km driven 
none 

6 increased 
Increased area and 

urban sprawl 
More km driven none 

LID = low impact development 

These scenarios were then simulated with SWMM by altering both model input data and process 
parameters. The varying inputs comprised the climatic inputs, imperviousness, catchment area, 
build-up rate constant b1, and potency factors for heavy metals. The parameter ranges were tested 
for imperviousness, catchment area, and build-up rate. Only single changes were tested for the 
potency factors since strictly linear responses could be expected. The numerical values used in the 
testing of non-climatic change parameters are summarized in Table 9. 

 Table 9: The numerical values set for non-climatic change parameters in various scenarios (1-6).  

Scenario 1 2 3 4 5 6 

Imperviousness (%) 35 
29.8; 31.5; 

33.3 
35 35 

36.8; 38.5; 
40.3 

35 

Area (ha) 235 235 235 235 235 
246.8; 258.5; 

270.3 

Build-up rate 0.3 0.3 
0.255; 0.27; 

0.285 
0.3 0.3+15% 0.3+10% 

Potency Factor Cu 0.4 0.4 0.4-10% 0.4 -25% 0.4+15% 0.4+10% 

Potency Factor Zn 2 2 2-5% 2 2+15% 2+5% 
 

The integrated factor scenario set consisted of three scenarios that reflected changes in socio-
economic factors at different magnitudes: sustainability, intermediate, and security. These scenarios 
were adapted from O’Neil (2015) and applied to the Östersund-S and Östersund-C catchments. 
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The sustainability scenario assumed that the test catchments will develop in a way that stormwater 
quality is controlled by mitigation strategies, with well-designed BMPs/LIDs implemented to target 
pollution hotspots. The population growth is assumed to be relatively slow and accommodated by 
either the intensification of land use or the development of well-planned new settlements. Traffic 
intensities are stagnating, due to low urban sprawl and alternative transportation systems and/or 
fuels. 

On the other hand, within the security scenario the population is growing rapidly, catchments are 
expanding quickly, and new, poorly-planned settlements develop. This causes urban sprawl, which 
will contribute to a significant increase in the intensity of traffic and kilometers travelled. Finally, 
some BMPs/LIDs may be implemented, but they will, however, become quickly undersized.         

The intermediate scenario reflects an intermediate pathway between the sustainability and security 
scenarios.  

The scenarios were implemented differently in the two test catchments; in the central catchment, 
Östersund-C, the population growth, densification of land use, and increased pollutant generation 
resulting from individual land uses were projected, whereas in the suburban catchment, Östersund-
S, the population growth was accommodated by expansion of the individual land uses. This was 
done because central catchments are unlikely to grow (horizontally) due to space limitations. 
Scenarios for both catchments included different levels of design for BMPs/LIDs, which resulted in 
varying pollutant reduction capacities. The scenarios assumed that common examples of 
BMPs/LIDs would be implemented, for example, grassed swales for street surfaces and biofilters 
for connected roofs. Additionally, a special emphasis was placed on traffic related pollution (i.e. 
street surfaces). The various scenarios included different rates of pollutant build-up on street 
surfaces. Finally, to address the uncertainties involved in these future developments, ranges of 
possible changes in the relevant factors were incorporated as random combinations into 21 separate 
model setups for each scenario and catchment. In WinSLAMM simulations, all the possible 
combinations of the RCPs (2.6, 4.5 and 8.5), as well as the integrated factor scenario set, were 
considered. The integrated factor scenario set is summarized in Table 10. 

Table 10: Summary of the integrated factor scenarios and their implementation in WinSLAMM 

Scenario Sustainability Intermediate Security 
aPollutant 
generation -13.5 to +26.5% 

-7 to +33%; traffic +10 
to +50% 

-2 to +38%; traffic 
+30 to +70% 

bArea of land 
uses  -13.5 to +26.5%  

-7 to +33%; pollutant 
generation from traffic 

+30% 

-2 to +38%; pollutant 
generation from 

traffic +50% 
BMPs/LID Swales for streets; biofilters 

for roofs; about 0 to 80% 
pollutant reduction 

Swales for streets; about 
0 to 40% pollutant 

reduction 

Swales for streets; 
about 0 to 10% 

pollutant reduction 
Climate RCP 2.6, 4.5 and 8.5 RCP 2.6, 4.5 and 8.5 RCP 2.6, 4.5 and 8.5 
a applied to Östersund-C; b applied to Östersund-S 
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3.6 Model runs and the analysis of their results 

In paper I, discrete rain events (N=56) were extracted from continuous simulations and analyzed. In 
paper II, discrete rain events (N=21) were simulated by assuming a constant initial pollutant build-
up. Three catchments and two climate samples, with their future projections, were used to analyze 
continuous simulations (paper III). Snow-free periods (Apr. – Oct.) were extracted from the rainfall 
records in the climate samples and simulated separately. 12 periods and 13 periods were extracted 
from the Kalmar and Skellefteå climate samples, respectively. All possible combinations of 
catchment characteristics and two climate sample scenarios were simulated, as summarized in 
Table 11. 

Table 11: Combinations of catchments and climate inputs in continuous model runs 

Catchment Climate Sample  Notation 
Kalmar Skellefteå Kalmar (S) 
Kalmar Kalmar Kalmar (K) 

Skellefteå Skellefteå Skellefteå (S) 
Skellefteå Kalmar Skellefteå (K) 

Skellefteå-HI Skellefteå Skellefteå-HI (S) 
Skellefteå-HI Kalmar Skellefteå-HI (K) 

 

The snow-free periods from the Skellefteå climate sample were also used in paper IV.  

In Paper V, combinations of climatic changes scenarios and scenarios considering changes in socio-
economic factors were simulated. These combinations can be seen in Table 10. For each model run, 
the prediction interval (derived from linear regression during validation) was randomly sampled 
100 times based on the assumption that the data was normally distributed within the interval. 
Consequently, the results for each model run consisted of 100 normally distributed values, which 
were further processed and analyzed.    
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3.7 Field sampling and laboratory experiments 

Street sediments represent one of the most important sources of pollution in urban runoff 
(Loganathan et al. 2013). Laboratory experiments with street sediments were performed to 
elucidate specific aspects of sediment pollutant transport processes. As street sediment 
characteristics greatly vary depending on local conditions (Loganathan et al. 2013), the sampling of 
street sediments was performed in five Swedish cities, and at one site the street runoff was also 
sampled. The samples were then analyzed, with respect to their physical and chemical 
characteristics, and further used in laboratory experiments, which consisted of leaching tests for 
coarse street sediments (Paper VI) and an assessment of how different sewer pipe materials affect 
stormwater quality (Paper VII).  

3.7.1 Field sampling of street surface sediments and runoff  

Street sediments were sampled at seven street sites in four Swedish cities, and in the fifth city 
(Luleå), both sediments and street runoff were sampled; details are presented in Table 12. The sites 
differed with respect to the surrounding land use, traffic intensity, and street cleaning routines. The 
Malmö and Stockholm sites were characterized by weekly street cleaning, while street cleaning 
occurred twice per year (i.e. before and after the winter season) at the remaining sites (i.e. Kiruna, 
Luleå and Umeå). All of the sampled sites were two-lane streets with curbs and gutters that convey 
stormwater runoff to a storm sewer system. Furthermore, the antecedent dry period (ADP) of rain 
events varied among the sampled sites, and the minimum period was 3 days. Further details about 
the sampled sites can be found in Paper VI. 

Table 12: Characteristics of the sediment and runoff sampling sites 

 Malmö Stockholm Kiruna aLuleå Umeå 
Designation M1 M2 S1 S2 K L U 
Surrounding  
land use 

Resi-
dential, 
com-

mercial 

Resi-
dential 

Com-
mercial 

Resi-
dential 

Com- 
mercial, 

industrial 

Com-
mercial, 

industrial 

Com-
mercial 

Street type Arterial 
street 

Main 
street 

Main 
street 

Arterial 
street 

Main 
street 

Arterial 
street 

Arterial 
street 

bADT  10600 c 7800 c 15000 d 5900 d 5800 e 6000 e  7700 e 

Heavy traffic 
[%] 

11 c 10 c 9 d 13 d 9 e 8 e 5 e 

ADP [days] 3f 3f 10f 10f 8 10 11 
aboth sediment and stormwater runoff were sampled; bmeasured in one direction of traffic flow 
[vehicles/day]; Sources: cmalmo.se (accessed August 2015); dTraffic Office Stockholm (personal 
communication, April 2015) ehttp://vtr.trafikia.se (accessed August 2015); f6 days since last street 
cleaning 

The sampling of street sediments was performed with a household vacuum cleaner (Dyson DC-51, 
Dyson, Malmesbury, United Kingdom) along the curb (between 3-5 m) and 1.5 m towards the 
center of the street. This was repeated multiple times in a perpendicular direction to maximize the 
sample collection efficiency. The sampling of street runoff was performed in the gutter, before the 
runoff enters the drainage system. The rain event that caused the runoff had a total rainfall depth of 
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3 mm and an antecedent dry period of 4 days. After sampling, both street sediment and runoff 
samples were stored in a dark and cold (6 ○C) environment. Selected sampling locations are shown 
in Figure 4. 

 

Figure 4: Street sediment sampling locations (A: Kiruna, B: Malmö (M1) and C: Luleå) 

3.7.2 Processing and characterization of the physical and chemical properties of sediment 
and runoff 

The physical and chemical properties of the street sediments and runoff were characterized to 
explain their behavior during laboratory experiments. The sediment bulk samples were dry sieved 
with stainless steel sieves using a vibratory sieve shaker (Retsch AS200, Retsch, Haan, Germany) 
and separated into two fractions, particles with a diameter <250 μm (further referred to as the fine 
sediment fraction) and particles with diameters between 250 – 2000 μm (further referred to as the 
coarse sediment fraction). Stormwater runoff was processed by removing suspended particles 
through centrifugation, and the remaining sample then underwent filtration through a 0.45 μm filter 
(Whatman membrane filter, 142 mm diameter, GE Healthcare, Little Chalfont, United Kingdom). 
The two sediment fractions and the processed runoff were further analyzed for the relevant 
chemical parameters listed in Table 13. These analyzes, with the exception of pH and organic 
matter (OM), were performed by an accredited laboratory. Further details can be found in the 
appended papers (i.e. Paper VI and VII).  
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Table 13: Chemical analysis of sediments and processed (filtered) runoff 

 Fine sediment 
fraction 

Coarse 
sediment 
fraction 

Processed runoff 
(no solids ≥ 

0.45 μm) 
pH - -  
OM -  - 
Petroleum 
Hydrocarbons 
(C10 – C40)  

-  - 

Total metals   - 
Dissolved 
metals 

- -  

Sequential 
extraction 

-  - 

 

The coarse sediment fraction also underwent a sequential extraction of metals to determine how 
metals are bound to the sediments and how they can be released under different ambient conditions. 
The sequential extraction of metals consisted of five steps, with each step simulating changes to the 
ambient environment that can cause certain metals to be released. These were: (1) adsorbed and 
exchangeable metals and carbonates, representing a highly mobile fraction that can be released 
under neutral to slightly acid conditions, (2) labile organic forms, which may be released through 
bacterial activity or taken up by plants, (3) amorphous Fe/Mn oxides and (4) crystalline Fe oxides, 
both of which can be released under reducing conditions, and finally (5) stable organic forms and 
sulfides, which can be released under oxidizing conditions. This sequence was adapted from Hall 
(1996a, 1996b). However, the residual fraction (i.e. bound to silicates and resistant minerals) was 
excluded since metals from this fraction are usually not released under naturally occurring 
conditions (Tessier et al. 1979); thus, this fraction was considered to be irrelevant to the research 
goals addressed.   

3.7.3 Leaching experiments on coarse street sediments 

Laboratory leaching experiments were performed to study the potential of coarse, immobile street 
sediments to release dissolved and particulate-bound heavy metals during rainfall/runoff 
conditions. 

Synthetic rainwater representing typical Swedish rainfall chemistry, as reported in Granat (1990), 
was used to provide identical conditions for the leaching experiments. A stock solution was 
prepared from deionized water, salts (i.e. CaCl2 x H2O, KNO3, (NH4)2SO4, NaNO3, NaSO4 and 
MgSO4), and sulfuric acid. This stock solution was then diluted 1:1000 to achieve the desired ion 
concentrations (SO4

2-: 0.72mg/L; NO3-: 0.322 mg/L; NH4
+: 0.322 mg/L; Na+: 0.207 mg/L; K+: 

0.051 mg/L; Mg2+: 0.034 mg/L; Ca2+: 0.098 mg/L; Cl-: 0.35 mg/L) and pH of 4. Subsequent 
adjustments of pH were done by adding small amounts of NaOH solution. 

During leaching tests coarse sediments were mixed with synthetic rainwater (pH 5.5±0.1) at a 
concentration of 10 g/L, which exceeded (100 times) the US EPA (1983) median urban site TSS 
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concentration of 100 mg/L. The concentration of 10 g/L was chosen because it was more indicative 
of the total solids found on the street surface (no upper size limit) rather than the TSS for particles 
with a diameter <2 mm. Total solids include the coarse particles that are not transported by 
stormwater runoff. To simulate the energy input during rainfall/runoff conditions, small bottles 
with synthetic rainwater and a mixture of solids were placed on an orbital shaker (IKA KS260 
basic, IKA, Staufen, Germany) operated at an intermediate energy input (200 rpm and 4 W) for 
15 min, which reflected the duration of runoff on streets. After the simulation, the pH of the 
suspension was recorded. One part of the suspension was then filtered through a 0.45 μm filter and 
analyzed for dissolved heavy metals. The remaining suspension was filtered through a 250 μm 
stainless steel mesh to remove particles belonging to the coarse sediment fraction, after which the 
filtrate was further analyzed for total heavy metals. These experiments were performed in 
triplicates for the coarse sediments from each site. The overall procedure is depicted by a flow chart 
presented in Figure 5. Finally, blank samples (without the addition of coarse sediments) were 
prepared and analyzed following the procedure in Figure 5. 

 

Figure 5: General procedures applied during the leaching tests 

A Pearson correlation analysis was used to determine whether the release of heavy metals from 
coarse sediments was associated with characteristics of the sampled sites and/or the 
physical/chemical characteristics of the sediments.  

Finally, as exemplified for site L (i.e. Luleå), the ambient conditions were varied to test the 
influence of different durations, pH values and energy inputs, which were chosen to mimic various 
rain events. In the additional runs, one parameter could be changed at a time, while the others 
remained unchanged. This resulted in six additional runs (referred to as 1-6 and shown in Table 
14), which followed the general procedure presented in Figure 5. 
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Table 14: The additional runs, with varying ambient conditions that were used during the leaching 
tests 

Run 1 2 3 4 5 6 Standard 
pH 4 7 5.5 5.5 5.5 5.5 5.5 
Duration [min] 15 15 5 30 15 5 15 
Power [W] 4 4 4 4 2 6 4 

 

The dissolved and total heavy metal analyzes of the collected samples were performed by an 
accredited laboratory. 

3.7.4 Assessment of the stormwater quality implications of three sewer pipe materials  

The implications of three commercially available sewer pipe materials for the quality of transported 
stormwater were also assessed. Furthermore, the effects of the three materials were also tested on 
aqueous media of different properties (later referred to as simulated stormwaters).  

The pipe sections used in the experiments were 500 mm long and were made of PVC, concrete, or 
galvanized corrugated steel. Figure 6 shows the inner surfaces of the various sewer pipe materials 
tested.  

 

Figure 6: Inner surfaces of the three sewer pipe materials tested. A: PVC; B: concrete and 
C: galvanized corrugated steel 

The pipe sections were positioned at an inclination of 3% and fed at the upstream end by a 
peristaltic pump (Watson Marlow S, Marprene tubes, Spirax-Sarco Engineering, Cheltenham, 
United Kingdom) with a flow of 0.95 ± 0.03 L/min. Water exiting the pipe outlet was collected by 
a PTFE funnel and pumped back through PTFE tubing to the inlet, allowing for continuous 
operation of the apparatus. The experiments were typically conducted for 20 minutes, which 
simulated a pipe transport distance of 500 m. A sketch of the experimental setup is provided in 
Figure 7. 
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Figure 7: The testing apparatus used to assess the implications of different sewer pipe materials for 
stormwater quality.  

Three types of leaching liquid were used and possessed the following properties:  

(1) Synthetic rainwater (as described in Chapter 3.7.3), used to test for metal elution from the sewer 
pipe materials.  

(2) Synthetic rainwater with a pre-selected amount (150 mg/L) of street sediments from the fine 
sediment fraction (i.e. <250 μm) from site M2. The chosen sediment concentration was meant to 
reflect elevated TSS concentrations in street runoff, as this value was slightly above the mean value 
(113 mg TSS/L) of the dataset from Kayhanian et al. (2007). The purpose of this media was to test 
the influence of sewer pipe material on sediment transport.  

(3) Processed stormwater (as described in chapter 3.7.2) with a pre-selected amount (150 mg/L) of 
street sediments from the fine sediment fraction (i.e. <250 μm) from site M2. This medium was 
used to reproduce naturally occurring conditions.  

The testing procedure was similar for all three types of simulated stormwater: to study leaching of 
the different sewer pipe materials by the leaching media applied to fresh pipe surfaces. As the 
trickle flow through the pipes wetted just a narrow band of the pipe perimeter, a fresh surface could 
be provided by step-wise rotation of the pipes. Four runs, with circulation of the simulated 
stormwater through the pipe, were performed over 20 min to simulate a travel distance of 500 m. 
After each run, the pipe sections were emptied, but not cleaned, to simulate successive rain events. 
Additionally, the water from the first run was discarded to avoid potentially occurring “first-wash” 
effects. During the next three runs the simulated stormwater was analyzed for pH, turbidity, 
dissolved and total heavy metals before and after passing through the pipe sections. 

The analyzes of dissolved and total heavy metals in samples collected during the experiments were 
performed by an accredited laboratory. 
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4 RESULTS 

This chapter presents the main findings of the appended papers, which are enhanced by a new 
analysis applied to the overall dataset. The chapter follows the general structure of the thesis by 
first presenting the results of the catchment runoff simulations for future scenarios that reflect 
changes in climatic and socio-economic factors, followed by the findings from two supplementary 
laboratory studies.   

4.1 Simulated response of catchment responses, with respect to stormwater quality, to 
changing climate and socio-economic factors 

Earlier research regarding the effects of climate change on urban drainage systems has focused on 
how up-scaled precipitation can impact flooding in urban areas. However, recent work has 
considered the combined impacts of changes in climatic and socio-economic factors on both urban 
runoff quantity and quality. The latter approach was adopted in the research underlying this thesis 
and is further documented in this section. Future stormwater quality was addressed by computer 
simulations of catchment responses to various future scenarios, reflecting changes in the climate 
(Paper I-III), as well as the combined effects of changes in climatic and socio-economic factors 
(Paper IV & V).  

Two different computer models were used to simulate the responses of urban catchments to future 
scenarios, namely, the process-based model SWMM and the source-based model WinSLAMM. 
These models offered unique benefits to the simulation of future scenarios, which were recognized 
during the modelling experiments. The SMMM model reflected well the physical processes 
occurring in urban catchments; thus, the effect of climatic changes on these processes could be 
studied using this model. On the other hand, WinSLAMM’s model offers the possibility to analyze 
relationships between pollutant sources and the quality of stormwater runoff. In addition, this 
model can reflect, and hence analyze, the effects of certain changing catchment characteristics, 
such as pollutant sources.   

The setups of four test catchments (i.e. Skellefteå, Skellefteå-HI, Kalmar and Kiruna) were 
available for the SWMM model. It was possible to calibrate and validate the models describing the 
Skellefteå and Kalmar catchments against observed rainfall/runoff data (provided by others). The 
first step of the calibration was the adjustment of values for directly connected imperviousness. 
Generally, only small adjustments were needed to achieve good results. The imperviousness values 
for Kalmar and Skellefteå were adjusted to 23% and 35%, respectively. No such adjustments were 
performed for the Kiruna (due to the lack of observed runoff data) or Skellefteå-HI (a nested sub-
catchment of Skellefteå) catchments. In Kiruna the imperviousness was determined from maps and 
was based on the calibration of Skellefteå for Skellefteå-HI (i.e. 18.9% for Kiruna and 62.6% for 
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Skellefteå-HI). This was followed by an adjustment of the depression storage depth for the pervious 
and impervious areas of sub-catchments (i.e. Skellefteå and Kalmar) until a good fit between 
observed and simulated data was achieved. The calibrated values for the depression storage depth 
of the impervious and pervious areas in Skellefteå and Kalmar were determined to be 1 and 5 mm, 
and 1 and 5.5 mm, respectively.  

Both observed rainfall/runoff and stormwater quality data (i.e. TSS and heavy metals) were 
available for the Östersund-C and Östersund-S (simulated by WinSLAMM) catchments, and were 
used for calibration and validation. However, due to the fact that the data only described a limited 
amount of rainfall events (5 events) and to avoid the splitting of the datasets, calibration was 
performed for Östersund-C and validation for Östersund-S. In WinSLAMM, the source areas (i.e. 
streets, parking lots and green areas) were determined from local maps (areas of the individual 
source areas can be found in Table 3 in the Materials and Methods section). Runoff coefficients, 
starting from default values, were adjusted during calibration. Generally, only small adjustments 
were needed (i.e. ±10%) to achieve satisfactory results. This was followed by an adjustment of the 
TSS reduction coefficients (only for streets) and standard concentration values for the remaining 
land uses (for TSS, Cu, Pb and Zn). Generally, only moderate adjustments (i.e. ±25%) were 
necessary to achieve good fits between observed and simulated runoff volumes. 

During validation runs, the goodness of fit was determined by linear regression (i.e. based on R2 
and slope of the linear regression). Results for Skellefteå and Kalmar (simulated by SWMM) and 
Östersund-S (simulated by WinSLAMM) are shown in Table 15. 

Table 15: Evaluations of validation runs based on R2 and linear regression slope. 

  Volume Peak Flow TSS Cu Zn Pb 
Skellefteå R2 0.99 0.95 - - - - 

Slope 1.02 1.22 - - - - 
Kalmar R2 0.98 0.97 - - - - 

Slope 1.11 1.19 - - - - 
Östersund-S R2 0.85 - 0.71 0.71 0.71 0.74 

Slope 1.05 - 0.97 1.13 0.63 0.81 
 

The results show that simulated stormwater quantity, described by runoff volumes and peak flows, 
agreed well with the observations. However, both the volume and peak flows were slightly 
overestimated. This was generally the case for all the tested nodes, and the Skellefteå simulations 
were the most accurate at reproducing the volume. The stormwater quality predictions fit the 
observations somewhat worse than the stormwater quantity predictions. Overall, the models 
underestimated stormwater quality parameters, except for Cu, which was overestimated. The model 
performance, in terms of fit, was satisfactory and, for this reason, the model setups could be used 
during the simulation experiments. 
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4.1.1 Simulated catchment responses to climatic changes  

Precipitation patterns are likely to change in the future due to projected climatic changes, and this is 
also expected to affect stormwater quality. Thus, it is important to study possible future trends in 
stormwater quality to adapt existing stormwater management strategies and secure their 
performance under a changing climate. The general approach used in the research underlying this 
thesis was to alter the rainfall input and analyze the response of catchments to these alterations. 
More specifically, it was of interest to examine both the relative changes in simulation inputs (i.e. 
precipitation) and outputs (i.e. runoff and TSS loads) for climate change scenarios and compare 
these results to those from current scenarios. Such results were produced both for discrete model 
runs (Paper I & II) and continuous models runs (Paper III). Continuous runs were used to assess 
climate change scenario effects on TSS loads from catchments with varying imperviousness. 
Discrete events, on the other hand, were used to analyze relationships between catchment responses 
to climatic changes and rain event characteristics, as well as to explain the underlying processes 
that occur during continuous runs.  

Discrete rain events were analyzed to study the effects of rain event characteristics (i.e. depth and 
intensity) on stormwater quality. This was done for both the Skellefteå and Kiruna catchments. The 
runoff volumes and TSS wash-off loads were simulated for both current scenarios and future 
climate scenarios. Climate scenarios were chosen, reflecting projected changes by the end of the 
21st century; in case of the Skellefteå catchment this was the FC3 (scenario derived from the delta 
change method) and for Kiruna plus20 (based on recommendations from the Swedish Water and 
Wastewater Association; uplifting of precipitation by 20%), respectively. The percentage changes 
between results for the current and future climate scenarios were calculated for the runoff volume, 
TSS wash-off loads and TSS event mean concentration (EMC). Furthermore, the absolute changes 
were calculated for TSS wash-off loads. Both the percentage and absolute changes were then 
plotted against rainfall characteristics of the unmodified rain events (i.e. current climate). These 
plots are presented in Figure 8, Figure 9 and Figure 10.   

Figure 8 illustrates the percentage changes in TSS wash-off for the Skellefteå catchment, which 
were plotted against the rainfall depth of the unmodified events. Linear regression lines have been 
inserted for visual guidance. The regression lines were plotted for two ranges of depths: those less 
than the depth at which the maximum changes occurred (about 15 mm), and those that were more 
than this depth (>15 mm). Similar regressions were inserted when the absolute changes in wash-off 
load and percentage changes in runoff volume were plotted. Figure 8 exemplifies the SI parameter 
pair, i.e. slow TSS build-up and intermediate wash-off. Paper I reported that all of the tested 
parameter pairs showed similar wash-off patterns. 
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Figure 8: Relationship between rainfall depth (current climate) and the percentage change in TSS 
wash-off load (black rhombuses and regression lines), percentage change in runoff 
volumes (blue regression lines), and absolute change in TSS wash-off loads (red 
regression line) for discrete rain events simulated in the Skellefteå catchment.      

The sensitivity to climate change was dependent on the rainfall depth, illustrated by the triangular 
pattern in Figure 8, i.e. a regression with a positive slope followed by a regression with a negative 
slope. The percentage changes in runoff volume and TSS load, as well as absolute changes in TSS 
load, all demonstrated this pattern. Furthermore, rain events characterized by low to intermediate 
rainfall depths were identified to be the most sensitive to climatic changes. The largest percentage 
changes in runoff and TSS wash-off loads were identified for rain events characterized by a rainfall 
depth of around 15 mm. At its maximum an increase of the rainfall depth of 22% caused an 
increase in TSS load of about 40%. Percentage changes were generally higher for runoff compared 
to TSS loads, especially for rain events characterized by high rainfall depths (>15 mm), shown by 
an increasing gap between the black and blue regression lines as rainfall depth grows. This 
indicates the dilution of TSS in such events. The area of the largest absolute changes in TSS wash-
off load is slightly displaced, but shows a triangular pattern that is similar to those of the percentage 
changes in runoff volume and TSS loads.   

Figure 9 illustrates the relationship between rainfall depth and TSS EMC, measured in percentage 
change against the current climate scenario, in the Kiruna catchment. Further plots for rainfall 
intensity can be found in Paper II, but not in this thesis since they showed similar trends to Figure 
9. 
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Figure 9: Relationship between rainfall depth (current climate) and percentage change in TSS 
EMC for discrete rain events simulated in Kiruna  

It can be noted that for rain events with low to intermediate rainfall depths (i.e. <15 mm), the EMC 
increased due to climate change. However, when rain events were characterized by higher rainfall 
depths, a TSS dilution can be noted, as shown by a decrease in the EMC resulting in a negative 
correlation (R2 0.89) between rainfall depth and the percentage change in EMC.     

In Figure 10, the 120-min max intensity (i.e. the 120 min segment with the highest intensity) of the 
unmodified rain events was plotted against the percentage change in TSS wash-off loads simulated 
for the SI parameter pair (i.e. slow TSS build-up and intermediate wash-off). Additional plots can 
be found in Paper I.  

 

Figure 10: Relationship between rainfall intensity (current climate) and percentage change in TSS 
wash-off loads for discrete rain events simulated in Skellefteå  
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A similar triangular pattern can be observed as was identified when the relationship between 
rainfall depth and percentage change in TSS wash-off load was plotted. The largest changes in TSS 
wash-off load can be noted for storms with a 120 min maximum intensity of around 8 mm/h. 
However, the shape in Figure 10 is more diffuse and therefore, it was not possible to insert 
regression lines, as was done in Figure 8. As rainfall depth and rainfall intensity had different 
effects on TSS wash-off load it was important to determine which rainfall characteristic influenced 
TSS wash-off load the most. Consequently, a principal component analysis (PCA) was performed 
based on the results from discrete rain events simulated in Skellefteå, as shown in Figure 11. A 
PCA is a multivariate analysis that allows the identification of interrelationships between variables 
within a large amount of data (Hair et al. 2010). Among others, one output of this analysis is a 
loading plot for the tested variables; in this case, the tested variables were the rainfall 
characteristics of the discrete events (depth, intensity and antecedent dry period) and TSS wash-off 
loads (for different parameter pairs). The variables are shown as vectors. The vectors that form 
acute angles represent correlation between the variables they describe, and vectors that form 
orthogonal angles demonstrate that the described variables are not correlated. Furthermore, the 
length of a vector reflects how much variability the variable that it represents can explain.    

 

Figure 11: A PCA derived TSS loading plot for the TSS loads of the three parameter pairs 
reflecting slow build-up (low to high wash-off rates; SL, SI and SH) and rainfall 
depth, duration, intensity and antecedent dry period (ADP) 

Based on the PCA, the antecedent dry period (ADP) is not correlated with the TSS-wash-off loads, 
since the angle was orthogonal. This indicates that usually enough TSS accumulated on the 
catchment surfaces prior to wash-off events. Rainfall depth, intensity and duration were influential 
with respect to TSS wash-off loads since their angles were acute. Based on the length of the 
vectors, rainfall depth was the explanatory variable with the most impact on TSS wash-off loads. In 
contrast, rainfall intensity explained the least variability, which caused the diffuse shape seen in 
Figure 10.  
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Continuous runs were performed for three test catchments (low to high imperviousness, Kalmar, 
Skellefteå and Skellefteå-HI) and wet seasons (i.e. Apr. – Oct.) using the current and future climate 
scenarios from Kalmar and Skellefteå. The results of such runs, described by average values, are 
shown in Figure 12. Future climate scenarios were downscaled by the Delta change method (FC1: 
near future, 2011-2040; FC2: intermediate future, 2041-2070 and FC3: far future, 2071-2100) and 
based on recommendations from the Swedish Water and Wastewater Association (plus20, 
suggesting an uplift of precipitation by 20% by the end of the 21st century), as shown in Table 7 in 
the Materials & Methods chapter. Finally, different combinations of catchments and climate inputs 
were tested (shown in Table 11 in the Materials & Methods chapter); specifically, climate scenarios 
from Kalmar (K) were applied to the Skellefteå catchments and climate scenarios from Skellefteå 
(S) were applied to the Kalmar catchment. By doing so, hypothetical catchments were effectively 
created for that climatic location. The objective of these experiments was to test whether varying 
catchment imperviousness could produce some new insights regarding catchment response to 
climatic changes with respect to simulations of TSS. The results for only the FC3 and plus20 
scenarios and build-up/wash-off parameter pairs with fast TSS build-up rates (FL, FI and FH; 
shown in Table 5 in the Materials & Methods chapter) are shown in Figure 12 as they both reflect 
projected climatic changes by the end of the 21st century. The results for slow TSS build-up rates 
showed almost identical patterns and therefore, were excluded from the graph. Furthermore, the 
results from the other climate scenarios (i.e. FC1 and FC2) were excluded from Figure 12 since the 
percentage changes were relatively small and within the range of uncertainty of the hydrological 
calibration (i.e. ±10%). Those plots were presented in Paper III. 
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Figure 12: Relationships between percent changes of TSS wash-off loads, precipitation and runoff 
volumes, for various catchments (Kalmar, Skellefteå and Skellefteå-HI), climate change 
scenarios (FC3 and plus20) and parameter pairs for TSS build-up/wash-off (low to 
high wash-off, FL, FI, and FH)  

The climate change scenarios produced both higher average precipitation, by 3-20%, and higher 
runoff volumes, by 7 to 29%, when compared to the current climate scenarios. Thus, a non-linear 
response of runoff volumes to climate changes can be observed. When the climate change scenarios 
are compared it can be noticed that the FC3 climate scenario from Kalmar produced the lowest 
percentage changes in precipitation, runoff and TSS loads. The plus20 climate scenario, when 
applied to Kalmar, produced the largest changes, but these changes were, however, in the same 
range as those resulting from the application of the FC3 climate scenario to Skellefteå. 
Furthermore, the changes in precipitation and runoff were almost identical in the simulation from 
Skellefteå that involved the FC3 climate scenario. On the contrary changes in runoff compared to 
changes in precipitation were strictly higher for simulation involving the FC3 climate scenario from 
Kalmar, indicating that catchments respond differently to different climate samples. Certain 
distinctions can be noticed for all of the catchment/climate scenario combinations, for example, low 
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wash-off coefficients (i.e. FL) produce the largest percentage changes and high wash-off 
coefficients (i.e. FH) produce the smallest. In the case of Skellefteå-HI (K) and the FC3 climate 
scenario there were negative changes in the TSS wash-off loads. A distinction between the three 
catchments can be observed, as the percentage changes in runoff due to climatic changes were 
highest for Kalmar (23% impervious) and lowest for Skellefteå-HI (62.6% impervious). The TSS 
wash-off loads followed a similar trend, as there were high percentage changes for Kalmar and 
relatively low changes for Skellefteå-HI. To further demonstrate the relation between catchment 
imperviousness and TSS loads, Table 16 presents the TSS loads per ha and season for the 
catchments where continuous simulations were performed, including those from Östersund 
(simulated by WinSLAMM)  

Table 16: Average TSS load per ha during the wet season, at the current climate, simulated using 
either SL parameter pair (in Kalmar, Skellefteå and Skellefteå-HI catchments) or 
calibrated parameters (in Östersund-S and Östersund-C) 

 Östersund-S Kalmar Skellefteå Skellefteå-HI Östersund-C 
Imperviousness [%] 18.8 23 35 62.6 79.5 
kg TSS/ha/season   27 26 41 74 110 

 

Table 16 shows that total loads per unit area were the highest for catchments with high degrees of 
imperviousness. For example, total TSS loads were, on average, about 4 times higher for 
Östersund-C (79.5% impervious) than for Östersund-S (18.8% impervious). Therefore, catchments 
that are less impervious are more sensitive to climatic changes, but produced low TSS loads per ha.  

A comparison of the findings from the discrete event and continuous simulation runs may be useful 
in explaining why catchments respond differently to climatic changes. Depending on the climate 
sample (Kalmar vs. Skellefteå), different catchment responses to climate change scenarios were 
noted during the continuous runs. Furthermore, an analysis of discrete rain events showed that rain 
events have different sensitivities to climatic changes depending on their characteristics (i.e. depth 
and intensity). Consequently, these two climate samples should be examined in more detail with 
respect to their rain event characteristics. Therefore, the distribution of rain events based on rainfall 
depth under the current and FC 3 climate scenarios, with respect to their contribution to the annual 
precipitation, is shown in Figure 13. 
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Figure 13: Comparison of the contribution of individual rain events with different rainfall depth 
intervals to total precipitation for the Kalmar and Skellefteå climate samples under 
both current and FC3 climate scenarios. 

The two climate samples are characterized by different distributions of rain events with a certain 
rainfall depth. In the case of the current climate scenario (TC), small rain events (rainfall depth 2 to 
5 mm) represent a much higher share of the total precipitation for the Kalmar climate sample than 
for the Skellefteå climate sample. Small rain events were identified to be sensitive to climatic 
changes with respect to runoff volumes and TSS loads. On the contrary, the Skellefteå climate 
sample includes a higher proportion of large events (depth >20 mm) within the total precipitation 
than the Kalmar climate sample. Such rain events are less sensitive to climatic changes, as shown 
by small percentage changes in TSS loads and runoff volumes. Furthermore, the TSS EMC 
decreased for such events due to dilution. Therefore, the distribution of rain events with a certain 
rainfall depth affected the catchment response to climatic changes.  

In summary, it can be stated that runoff volumes, and consequently, TSS loads, from the test 
catchments with low imperviousness were the most sensitive to climatic changes. However, 
catchments with low imperviousness produced smaller TSS loads per hectare than the highly 
impervious catchments. Furthermore, distinctions between the tested climate samples were noted, 
as they caused different catchment responses under climate change conditions. Finally, rain events 
from the tested climate samples had different distributions with respect to rainfall depth. This 
affected the catchment response, as it was observed that, depending on the type of storm event, 
simulated stormwater quality showed different sensitivities to alterations in the rainfall input (i.e. 
up-scaled rainfall). TSS loads for storms with low to intermediate rainfall depth and intensity were 
most sensitive to climatic changes. 
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4.1.2 Simulated catchment response to changing climate and socio-economic factors 

In addition to climatic changes, changes in socio-economic factors (e.g. developments in 
population, economy and environmental policies and practices etc.) may also affect stormwater 
quality in the future. Therefore, it was of interest to assess the combined effects of climatic and 
socio-economic changes on simulated stormwater quality. Consequently, two sets of future 
scenarios, which combined these factors and reflected their projected changes for the mid-21st 
century, were developed. The percentage changes for pollutant loads (i.e. TSS and three heavy 
metals) in reference to the baseline (current) scenarios are presented in Figure 14. 

The separate factor scenario set (described in detail in Table 8 and 9 in the Materials & Methods 
chapter) consisted of six scenarios that reflect climatic changes combined with changing pollutant 
sources, catchment characteristics and environmental policies and practices. This scenario set 
(referred to as scenarios 1-6) was then applied to the Skellefteå catchment in SWMM simulations. 
All of the scenarios involved climatic changes based on the FC2 scenario (downscaled by the delta 
change method) for the Skellefteå climate sample. The uncertainty bars indicate the minimum and 
maximum values for the parameter ranges tested. 

The integrated factor scenario set (described in detail in Table 10 in the Materials & Methods 
chapter) consisted of three scenarios that reflect combined climatic and socio-economic changes at 
different magnitudes. In WinSLAMM simulations, this scenario set was applied to Östersund-C (a 
central catchment) and Östersund-S (a suburban catchment) and referred to as sustainability, 
intermediate and security scenarios. It should be further noted that the scenarios were implemented 
differently for the two catchments. Due to population growth, a densification of individual land 
uses was assumed for Östersund-C and a growth of individual land uses for Östersund-S. Finally, 
all possible combinations of the climate change scenarios derived from representative greenhouse 
gas emission and concentration pathways (RCP 2.6, 4.5 and 8.5) and the integrated factor scenario 
set were considered. Figure 14 shows the average values of response indicators following the 
application of various climate and socio-economics ensembles.  
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Figure 14: Catchment responses, indicated by changes in average pollutant loads (TSS, Cu, Zn, 
Pb) compared to the baseline scenario, to the combined effects of climate and socio-
economic factor changes. Separate factor scenario set: 1 to 6; integrated factor 
scenario set: sustainability, intermediate and security. 

The results from the separate factor scenario set (i.e. scenarios 1 to 6) show that pollutant loads are 
sensitive to changes in catchment characteristics, including changes in the impervious fraction 
(scenarios 2 & 5) and catchment area (scenario 6). In the case of scenario 2, which included a 10% 
reduction of the impervious fraction, it can be noted that the effects of climatic changes (scenario 1) 
were almost counterbalanced. Scenarios that assumed progressing urbanization, reflected by 
densely built-up urban areas (scenario 5) and urban growth (scenario 6), caused significant 
increases in pollutant loads. Finally, heavy metal loads were sensitive to changes in pollutant 
reduction strategies. Reduced traffic intensities (scenario 3) led to a significant decrease in heavy 
metal loads when compared to scenario 1. Furthermore, under the assumption of reduced Cu 
content in brake linings (scenario 4), Cu loads were reduced by 18% compared to the current 
scenario. 
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Generally, the Östersund-C and Östersund-S catchments showed similar responses to the integrated 
factor scenario set. An intensification of land uses was assumed for Östersund-C, whereas an urban 
expansion was assumed for Östersund-S. Simulations with the sustainability scenario resulted in a 
significant decrease in pollutant loads (between 12 to 28%) when compared to the current scenario. 
This scenario assumed low population growth, stagnating traffic intensities, and the implementation 
of well-designed BMPs/LIDs. For the Intermediate scenario, pollutant loads slightly increased 
(between 4 and 21%). However, when the pollutants loads between the intermediate scenario and 
the baseline scenario were compared through an ANOVA, the difference was not of statistical 
significance. Exceptions were Zn for Östersund-C, as well as Pb and Zn for Östersund-S. Finally, 
when simulating the Security scenario, which assumed a fast growing population, urban sprawl, 
and undersized BMPs/LIDs, pollutant loads significantly increased (between 20 and 47%).  

When the separate and integrated factor scenario sets are compared, it can be noted that the 
observed percentage changes in pollutant loads between sets are generally within the same range. 
This was most obvious for scenario 2 and the intermediate scenario. In both cases, the negative 
effects of climatic changes and progressing urbanization could be almost counterbalanced by either 
a reduction in directly connected impervious areas (scenario 2) or the implementation of 
BMPs/LIDs (intermediate). Furthermore, the results from scenarios 5 and 6, both of which assume 
denser urban areas or urban growth, matched well with those produced by the security scenario. 
The percentage changes were between 20 and 38% in scenarios 5 and 6 and between 20 and 46% in 
the security scenario. 

In summary, the combined effects of climatic and socio-economic changes significantly affected 
simulated stormwater quality. The growth and intensification of urban land uses increased the 
exported pollutant loads. On the contrary, well-designed BMPs/LIDs, for example, pollutant 
abatement strategies, could mitigate the negative effects of urbanization and, in some instances, 
even improve stormwater quality.  

4.1.3 Uncertainty and variability in future scenarios and their simulations 

Numerous future scenarios reflecting changes in climatic and socio-economic factors were 
simulated and the results, presented in the prior chapters, were mainly based on average values. 
Therefore, it is important to assess the variability and uncertainty involved in the catchment 
responses to future scenarios. The variability and uncertainty of different future scenarios, as well 
as the uncertainty of model outputs, were assessed. Furthermore, the relative importance of climatic 
and socio-economics changes was assessed. Knowledge about which factors strongly influence 
future stormwater quality may be helpful for the planning of adaptation strategies.   

To test the catchment responses to future climate scenarios, continuous simulations for individual 
wet (snow-free) seasons (i.e. Apr. – Oct.) were conducted with the SWMM. The Kalmar climate 
sample included 13 wet seasons while the Skellefteå climate sample included 14. The results, 
which were based on average values, have been presented in Figure 12. Figure 15 presents the 
results for the individual wet seasons in the current and future climate scenarios through box-and-
whisker plots. These plots were made to compare the variability produced by individual wet 
seasons and the variability produced by the tested climate change scenarios (i.e. FC1-3 and plus20). 
Figure 15 shows the results for the FI parameter pair (i.e., fast build-up and intermediate wash-off), 
as similar shapes were observed for all parameter pairs (Paper III). In the box plots the base 
represents the first quartile (Q1, 25%), the line in the center of the boxes represents the median, and 
the upper end of the box represents the third quartile (Q3, 75%). The boxes are extended by the 
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lower and upper whiskers, which extend to 1.5*(Q3-Q1). The dot above the whisker represents an 
outlier.   

Figure 15: Variability in simulated TSS loads for the current (TC) and future scenarios (FC1-3 and 
plus20) for three catchments (Skellefteå, Skellefteå-HI and Kalmar), based on the FI 
parameter pair (fast build-up and intermediate wash-off) 

A visual examination of the box-and-whisker plots demonstrates that there is a fair amount of 
variation among the wet seasons, and that some outliers were also present (dot symbols). 
Furthermore, the simulations of the future scenarios showed higher mean values for TSS loads than 
the simulations of the current scenario. However, there were no significant differences between the 
five scenarios based on an ANOVA with a 95% confidence interval. This was also the case for the 
differences between all of the tested parameter pairs for TSS build-up/wash-off and the differences 
between all of the test catchments. This implies that the effects of variability on TSS loads were 
higher between individual wet seasons than those produced by climate changes. 

Both the uncertainty in future scenarios (i.e. the climate and socio-economic factors) and the 
uncertainty originating from modelling output were assessed for the results of the integrated factor 
scenario set simulated by WinSLAMM. Different ensembles of climate model outputs were used in 
the various future climate scenarios; for RCP 2.6 there were three outputs, and both RCP 4.5 and 
RCP 8.5 had nine outputs each. Since all of the RCPs were simulated, this resulted in 21 individual 
climate change scenarios. The inclusion of such an ensemble in the simulations provides valuable 
information about the uncertainty involved with climate change. Similarly, changes in socio-
economic factors include a certain degree of uncertainty. Ranges of possible changes in the relevant 
factors were applied to the 21 individual model setups for each scenario and catchment to account 
for this uncertainty. Uncertainties were also assessed for each model run and each constituent (i.e. 
TSS, Cu Pb and Zn). This was done with the help of prediction intervals, which were calculated 
based on linear regressions from the validation runs. The data were randomly sampled as it was 
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assumed that the data were normally distributed within the prediction interval. Sampling was done 
100 times for each model run, and the resulting 100 values were used to assess uncertainty in model 
outputs. The combined uncertainty (i.e. scenario ensembles plus model uncertainty) and cumulative 
uncertainty for the three sources of uncertainty (i.e. changes in climate and socio-economic factors, 
as well as model output) are presented through box-and-whisker plots in Figure 16, which are based 
on Östersund-S and TSS loads, as similar patterns were observed for all constituents and also for 
Östersund-C (Paper V).   

 

Figure 16: Variability in TSS loads for Östersund-S in current and future scenarios (left); 
cumulative uncertainties for the three sources addressed (climatic changes (CC), 
socio-economic (SE) changes, and model output (MO)) (right). 

All four scenarios show high variability in the TSS loads, as indicated by the upper and lower ends 
of the whiskers. Furthermore, it can be noticed that the uncertainty attributed to model outputs was 
significantly higher than the uncertainty attributed to the simulated ensembles of future scenarios 
for changing climate and socio-economic factors (indicated by the lower and upper ends of the 
whiskers). In addition, most of the uncertainty attributed to model outputs originates from the 
simulation of stormwater quality, as runoff volumes were predicted with the highest accuracy based 
on the evaluation of the validation runs in Table 15 (s = 1.05 and R2 = 0.85). Due to this recognized 
uncertainty, the differences between the results (i.e. pollutant loads) from the three future scenarios 
and the result from the current scenario were tested for statistical significance using ANOVA. 
Results from the sustainability and security scenarios were identified to be significantly different 
from the results from the current scenario. As already mentioned in section 4.1.2, some exceptions 
could be found for the intermediate scenario, and thus, no significant difference between this 
scenario and the current scenario could be found.  

Finally, it was of interest to identify the factors that most influence future urban stormwater quality. 
Therefore, the relative importance between climatic changes and changing socio-economics was 
assessed. This was done by keeping the socio-economic factors invariable (i.e. those from the 
intermediate scenario) and applying different climatic inputs. Following this, the climatic input was 
kept invariable (i.e. RCP 4.5) and different sets of socio-economic factors (i.e. those from 
sustainability, intermediate and security) were applied. Results from this analysis are presented 
through boxplots in Figure 17 and represent the TSS from Östersund-C, as similar patterns were 
observed for all constituents and in both Östersund-C and Östersund-S (Paper V).         
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Figure 17: Assessment of the relative importance of climatic and socio-economic changes, shown 
for simulated TSS loads in runoff from the Östersund-C. 

An ANOVA analysis showed that the distributions of invariable socio-economic factors and 
invariable climate were significantly different from each other. A visual examination of the plots 
indicates that the variability in TSS loads was higher for invariable climate than for invariable 
socio-economic factors. In the case of invariable socio-economic factors, TSS loads increased, on 
average, about 10% from RCP 2.6 to RCP 8.5. On the other hand, for invariable climate, there was, 
on average, a 70% difference between the sustainability and security scenarios. This means that 
changes in socio-economic factors (e.g. changing pollutant sources and implementation of 
LIDs/BMPs) produce higher variability than climatic changes. This finding is corroborated by the 
finding that climatic changes produce less variability than different wet seasons (Figure 15). 

In summary, the assessment of future trends in stormwater quality includes multiple sources of 
uncertainty, and most of the uncertainty in the simulation results presented in this thesis stemmed 
from the modelling process. It was shown that climatic changes have a small effect on variability 
when compared to other influencing factors, such as socio-economic changes and wet seasons 
(inter-annual variability). 
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4.2 Underlying pollutant transport processes 

There was a high degree of uncertainty involved in the assessment of future trends in stormwater 
quality, as reported in the previous section. The uncertainty was mainly attributed to model outputs 
and especially to the simulation of stormwater quality. In this way, it was of interest to study the 
pollutant transport processes that occur in actual urban catchments, particularly those of heavy 
metals. A better understanding of the processes underlying pollutant transport may lead to a better 
description of these processes in stormwater quality models and therefore, reduce uncertainty. The 
research underlying this thesis studied two pollutant transport processes, namely, whether coarse 
street sediments contribute to heavy metal loads during rainfall/runoff (Paper VI) and the potential 
effects of different sewer pipe materials on transported stormwater quality (Paper VII). Sediments 
and stormwater runoff from street surfaces were sampled, and the physical and chemical properties 
of these samples were then characterized through laboratory experiments. 

4.2.1 Characteristics of street sediments samples 

Information about numerous physical and chemical characteristics of the street sediment samples 
was obtained and then later used to explain the behavior of different samples during laboratory 
experiments. Physical characteristics included the shares of fine (<250 μm) and coarse (>250 μm) 
sediment fractions and the sediment loading per meter of curb. Chemical characteristics included 
the total metal concentrations (in both fine and coarse sediment fractions), organic matter (OM; in 
coarse fraction) and total petroleum hydrocarbons (TPH, in coarse fraction). Finally, to determine 
how heavy metals can get mobilized under different ambient conditions, a five step sequential 
extraction was performed on the coarse sediment fraction.   

The street sediments, which had been collected by vacuum cleaning, were dry sieved and separated 
into two fractions (fine and coarse). The shares of fine and coarse sediment fractions, as well as 
sediment loading for all sampled sites, are shown in Table 17. The chemistry of street sediments 
(coarse and fine fraction) is summarized through five parameters in Table 18. Furthermore, the 
environmental significance of heavy metal concentrations was assessed; in the absence of Swedish 
sediment guidelines, the Canadian interim sediment quality guidelines for fresh waters were used 
(CCME 2001). Specifically, the threshold effect levels (ISQG/TEL) listed in the guidelines were 
used.  

 Table 17: Shares of fine and coarse sediment fractions and sediment loadings per meter of curb 
for the sampled street sites in Malmö (M1 and M2), Stockholm (S1 and S2), Kiruna 
(K), Luleå (L) and Umeå (U), as well as the street sweeping practices for the sites. 

 M1a M2a S1a S2a Kb Lb Ub 
Fine sediment fraction 
(<250μm) [mass %] 

38.5 66.7 57.8 76.7 57.6 42.2 53.1 

Coarse sediment fraction  
(250 – 2000 μm) [mass %] 

61.5 33.3 42.2 23.3 42.4 57.8 46.9 

Sediment loading per m curb [g] 76.5 83.3 118 139 323 429 675 
                     a weekly street sweeping; b street sweeping twice per year 
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Table 18: Chemical characteristics of fine and coarse sediment fractions for the sampled street 
sites in Malmö (M1 and M2), Stockholm S1 and S2), Kiruna (K), Luleå (L) and Umeå 
(U). 

  M1 M2 S1 S2 K L U ISQG/ 
TEL 

Fine sediment fraction Cu [mg/kg] 82.8 107 115 94.2 98.5 89.8 49.8 36 
Pb [mg/kg] 17.7 35.0 10.6 20.4 5.28 16.2 10.4 35 

 Zn [mg/kg] 181 262 167 355 43.4 135 100 123 
Coarse sediment fraction Cu [mg/kg] 23.0 17.4 79.5 64.5 87.5 44.9 14.2 36 

Pb [mg/kg] 7.98 8.52 4.76 27.5 2.66 13.1 2.88 35 
Zn [mg/kg] 86.6 58.2 57.2 202 31.0 70.1 42.4 123 
OM [g/kg] 147 22.7 36 21.4 10.1 9.60 12.3 n.a. 
TPH [g/kg] 1.81 0.49 1.32 2.07 0.88 0.39 1.07 n.a. 

       OM: Organic Matter; TPH: Total Petroleum Hydrocarbons 

There were significant differences between the sites in the sediment loading per meter curb. Sites in 
southern Sweden, i.e. Malmö (i.e. M1 and M2) and Stockholm (S1 and S2), had significantly lower 
values for the sediment loading per meter curb (between 76.5 and 139 g) than sites in northern 
Sweden, i.e. Kiruna (K), Luleå (L) and Umeå (U) (between 323 and 675 g). A major difference 
between these two groups was the street cleaning practice. In Malmö and Stockholm, street 
cleaning is done weekly, whereas in Kiruna, Luleå and Umeå it is done twice a year (usually before 
and after the winter). Therefore, sites with weekly street cleaning had significantly lower sediment 
loads per meter of curb than sites with biannual street cleaning.  

When the splits of coarse and fine sediment fractions are analyzed, it can be noted that the sites in 
northern Sweden (street cleaning twice a year) showed a fairly uniform split, whereas sites with 
weekly street cleaning (i.e. those in southern Sweden) showed significant differences in the shares 
of the two fractions. For example, site M1 had the lowest share, 38.5%, of fine sediment fraction 
and site S2 had the highest, 76.7%. When the organic matter content (OM) of sites with weekly 
street cleaning (in southern Sweden) is examined, it can be noted that site M1 showed the highest 
OM content (147 g OM/kg), whereas site S2 (21.4 g OM/kg) showed the lowest. The OM content 
at sites K, L and U (9.6 - 12.3 g OM/kg) was significantly lower than the OM at sites in southern 
Sweden (21.4 - 147 g OM/kg). Therefore, the sediments from sites in northern Sweden were mostly 
of mineral origin, whereas sediments from sites in southern Sweden contained more organic matter, 
which affected the ratio of coarse and fine sediment. The concentrations of total petroleum 
hydrocarbons (TPH), on average, were lower at sites in northern Sweden than at the sites in 
southern Sweden, indicating less traffic-related pollution at the sites in northern Sweden. 
Furthermore, the TPH content was significantly lower than the OM content in sediments from all 
sites. When the total metal concentrations in the fine and coarse sediment fractions are compared, it 
can be noted that concentrations were higher in the fine sediment fraction than the coarse sediment 
fraction. One exception was the concentration of Pb at site S2; at this site the concentration was 
slightly higher in the coarse sediment fraction. Also, it can be noted that metal concentrations in the 
coarse sediment fraction from site S2 were relatively high compared to other sites. This was 
obvious for Zn and Pb since their concentrations at site S2 were more than double the 
concentrations observed at any other site. Among the sampled sites, S2 showed the highest TPH 
content and also the highest share of heavy vehicles, at 13% (shown in Table 12 in the Materials & 
Methods chapter). This indicates that the sediments from this site are characterized by traffic-
related pollution. When the metal concentrations in the sediments are compared with guideline 
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values for the threshold effect level (ISQG/TEL), it can be noted that the guideline values were 
exceeded multiple times, both in the fine and coarse sediment fractions. One exception was Pb, for 
which the guideline value was met only once, in the fine sediment fraction from site M2.     

A five step sequential extraction was performed on the coarse sediment fraction from all sampled 
sites to gain further insight on how heavy metals are bound to the sampled sediments and how 
different ambient conditions affect their mobilization. The results from this analysis are presented 
in Figure 18. 

 

Figure 18: Metal fractionation in the coarse sediment fraction by a five step sequential extraction 

Cu was, to a large extent, bound to the third and fourth fraction (amorphous and crystalline Fe/Mn-
oxides), as well as to fraction five (stable organic forms). Between 0.8% (site L) and 28% (site M2) 
of Cu was bound to fraction one. Finally, the maximum amount of Cu bound to fraction two (labile 
organics) was 13% (site M1). Pb showed a relatively high affinity to fraction one, with a maximum 
of 68% bound to this fraction at site K. The remaining Pb was mostly bound to fractions three and 
four. Similar to Pb, Zn was mostly bound to fraction one (a maximum of 65% at site M1). Only 
small amounts of Zn were bound to organic forms (fractions two and five). Zn and Pb showed 
similar trends, as they mostly bound to fraction one, and behaved differently from Cu. Furthermore, 
it can be noted that both Cu and Zn behaved differently at sites with weekly street cleaning (M1, 
M2, S1 and S2) and sites without this practice (K, L and U). Generally, Cu and Zn showed a higher 
affinity to fractions one and two (mobile fractions) at sites with weekly street cleaning than at sites 
with biannual street cleaning. This indicates that metals with a higher mobility can be found at sites 
with more frequent street cleaning, compared to sites with lower cleaning frequencies, which leads 
to higher sediment loadings along the curb. 
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Sediments from the seven sampled sites differed in their physical and chemical characteristics. 
There were also differences in the sediments from sites with weekly street cleaning practices and 
sites with biannual street cleaning. These between-site differences likely affected sediments’ 
behavior during the laboratory experiments. 

4.2.2 Contribution of heavy metals from coarse street sediments to metal burdens in 
stormwater runoff 

Coarse street sediments are generally considered to be immobile and are thus not transported with 
stormwater runoff. However, such sediments may serve as reservoirs holding fine particles with 
attached heavy metals, which may be released during rainfall/runoff conditions. This process was 
addressed by laboratory leaching tests.    

Coarse sediments from the sampled sites were mixed with synthetic rainwater, representing typical 
Swedish conditions (details can be found in section 3.7.3 of the Materials & Methods” chapter). 
This mixture was placed on a horizontal shaker to simulate the energy input of rainfall/runoff 
conditions. Finally, the leachate was separated from coarse solids and analyzed for both dissolved 
and particulate-bound heavy metals. The leaching tests were performed in triplicates. Overall, they 
showed good reproducibility, as the relative standard deviations were below 10% for both dissolved 
and total heavy metals. Furthermore, the metal concentrations determined for the blank samples 
were below detection limits (i.e. Cu: <0.1 μg/L; Zn: <0.2 μg/L and Pb: <0.01 μg/L). Table 19 
shows the total heavy metal concentrations in, and pH of, the leachates. The values are further 
compared to guideline values for direct stormwater discharge in Sweden (Alm et al. 2010), which 
have been adopted by several Swedish municipalities. This comparison aimed to assess the 
environmental significance of the observed metal concentrations in the leachate.  

Table 19: Total heavy metals released from the coarse sediment fraction under laboratory leaching 
tests and pH values after leaching, including standard deviations. 

 Total Cu [μg/L] Total Pb [μg/L] Total Zn [μg/L] pH 
M1 17±0.6  5.1±0.5  56.9±1.8 6.4±0.1 
M2 7.9±0.3  3.5±0.1 27.6±1.5 6.6±0.2 
S1 11±0.6 2.9±0.3 32.4±2.7 6.6±0.2 
S2 6.4±0.3 1.9±0.1 20.8±1.2 6.4±0.1 
K 5.5±0.5 1.5±0.1 10.3±0.4 6.6±0.2 
L 6.3±0.3 1.7±0.1 16.9±0.6 7.0±0.2 
U 2.7±0.2 0.7±0.1 10.0±0.9 6.7±0.1 
Alm et al. 2010 18 8 75 - 

 

The sites with the highest and lowest total metal concentrations for all three metals were site M1 
and site U, respectively. The concentrations measured at site M1 were about six times greater than 
those measured at site U. As shown in Table 17, site M1 had the lowest street sediment loading 
(76.5 g per meter of curb), whereas site U had the highest (675 g per meter of curb). Also, it was 
noted earlier that the coarse sediments from site S2 had a high total metal content. This, however, 
did not affect the release of heavy metal during leaching tests since the observed metal 
concentration in the S2 leachate was relatively low compared to the sites M1, M2 and S1. 
Furthermore, sites in southern Sweden (M1, M2, S1 and S2) showed consistently higher 
concentrations than the sites in northern Sweden (K, L and U). As noted earlier, sites with weekly 
street cleaning, i.e. those in southern Sweden, had relatively high OM content and more metals 
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were bound to the relatively mobile fractions (one and two), as determined by the sequential 
extraction, when compared to sites with biannual street sweeping (i.e. sites in northern Sweden). In 
this way, both site- and sediment-specific characteristics affected the release of heavy metals during 
leaching experiments. Finally, the suggested guideline values for released metals from coarse solids 
in direct stormwater discharge were not exceeded at any of the sites. However, in some instances, 
the concentrations were close to the guideline values, for example, Cu at site M1. The leachate pH 
increased from an initial value of 5.5 to almost neutral values between 6.4 and 7.0 at all sites 

The sediment loading per meter of curb was identified to influence the release of heavy metals from 
the coarse sediment fraction as distinctions between sites with weekly street cleaning and sites 
without this practice could be made. It was of interest to further investigate this finding. In Figure 
19, the dissolved (blue columns) and particulate heavy metals (red columns) in the leachate, 
normalized per coarse sediment loading per meter of curb (shown in Table 17), are presented for all 
sites. Particulate metals were calculated by subtracting dissolved from total metals.     

 

Figure 19: Particulate and dissolved metals released from the coarse sediment fraction during 
laboratory leaching tests, normalized per sediment load per meter of curb. 

When Figure 19 is compared to the total metal concentrations in the leachate, as presented in Table 
19, the southern Swedish sites show an opposite trend, as the northern Swedish sites, with some 
exceptions, have a higher normalized total metal release than the southern Swedish sites. This 
demonstrates that sites without weekly street cleaning practice may potentially release more heavy 
metals due to leaching of coarse sediments. Furthermore, it can be noted that particulate-bound 
metals generally contributed high shares to the total metals. For Cu the fraction of particulate-
bound metals was between 65% (site S1) and 93% (site L); for Pb between 95% (site S1) and 99% 
(site S2); and for Zn between 79% (site U) and 95% (site M1). This, in turn, means that dissolved 
metals made up a small share of the total loads and this process was dominated by the release of 
fine particles with heavy metals attached to them.  
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However, there was a fair amount of variation among the sites. Therefore, it was important to 
further assess if the released metals were influenced by site- and sediment-specific characteristics. 
For this reason, a Pearson correlation analysis was performed. The results showed that traffic 
intensities (as shown in Table 12 in the Materials & Methods chapter) influenced the release of 
dissolved heavy metals, since dissolved heavy metals were significantly correlated with traffic 
intensities at the individual sites. The Pearson correlation coefficient, r, for Cu was 0.949 
(p=0.001); for Pb 0.967 (p<0.001) and for Zn 0.842 (p=0.017), respectively. However, no 
correlation was found between the results from the sequential extraction (fractions one to five) and 
leached heavy metals in the dissolved phase. This was even the case when the southern Swedish 
sites (weekly street cleaning) or the northern Swedish sites (street cleaning twice a year) were 
separately analyzed.  

Furthermore, significant correlations (p<0.05) among particulate metals and site- and sediment-
specific characteristics are shown in Table 20. Site-specific characteristics are listed in Table 12 in 
the Materials & Methods chapter, while sediment-specific characteristics are presented in Table 17 
(physical characteristics) and Table 18 (chemical characteristics).  

Table 20: R-values for significant Pearson correlations between particulate heavy metals in the 
leachate and site/sediment characteristics. P-values are presented in italics. 

 
ADP OM Labile organics 

Adsorbed & 
Exchanable, carbonates 

Sediment loading 

part Cu -0.739 0.946 0.995 
- - 

0.05 0.001 <0.001 
part Pb -0.895 0.849 0.797 

- 
-0.797 

0.007 0.016 0.032 0.032 
part Zn -0.773 0.949 

- 
0.868 - 

0.041 0.001 0.011 
 

No correlation could be found between total metal content in the coarse sediment fraction and 
metal release during leaching tests. However, all three metals, when in their particulate-bound 
form, were negatively correlated with the antecedent dry period (ADP) before sampling, which 
indicates that more particulate-bound metals can be released from coarse sediments shortly after 
rain events than after long dry periods. Furthermore, the release of particulate metals was 
significantly influenced by the presence of organic material. This was demonstrated by the fact that 
leached particulate metals were positively correlated with the organic matter (OM) content in the 
coarse sediment fraction. A correlation between Cu and Pb in the leachate and labile organics 
(determined by sequential extraction) could also be noticed. Furthermore, particulate Zn was 
positively correlated with the mobile metals in fraction one of the sequential extraction (adsorbed & 
exchangeable, carbonates). Finally, particulate Pb was negatively correlated with the sediment 
loading along the curb, which indicates that sediments from sites with a high sediment loading 
generally released smaller amounts of heavy metals during the leaching tests.   

The release of heavy metals from the coarse sediment fraction may not only vary between different 
sites, but may also vary for different rain events and different ambient conditions. The results from 
additional laboratory leaching tests on sediments from site L (Luleå), which mimicked ambient 
conditions on the street surface and how they affect metal releases, are presented in Figure 20. The 
processes included pH changes (pH = 4 to 7), duration of sediment exposure to wet-weather effects 
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on the catchment surface (time of travel; 5 to 30 minutes), and intensity (energy) of the washing-off 
of sediments (mimicked by the power of the laboratory shaker ranging from 2 to 6 W).  

 

Figure 20: The release of dissolved (blue) and particulate-bound (red) heavy metals under varying 
ambient conditions, such as pH and the rainfall duration and energy input (1: pH 4, 
15 min, 4W; 2: pH 7, 15 min, 4 W; 3: pH 5.5, 5 min, 4 W; 4: pH 5.5, 30 min, 4 W; 5: 
pH 5.5, 15 min, 2 W; 6: pH 5.5, 15 min, 6 W) 

In terms of pH, more metals were in the dissolved phase with pH= 4 (run 1) than when pH=7 (run 
2). It should be noted that in run 1 pH was increased from the initial value of pH=4 to pH=6.2±0.3. 
Similar conditions were simulated for fraction one (adsorbed and exchangeable metals and 
carbonates) during the sequential extraction (i.e. 6 h buffered at pH=5). Both Zn and Pb showed 
relatively high affinity to this fraction. However, during the leaching tests, the effect of the pH 
change was more significant for Zn compared to Cu and Pb. Therefore, the highest leaching rates 
(i.e. dissolved metals) occurred when the sediment was exposed to acidic synthetic stormwaters 
(pH = 4), and sediment exposure to different wash-off durations and intensities had less influence. 
However, wash-off duration and intensity, i.e. longer duration and higher energy input, both 
influenced the release of particulate heavy metals, and the release was more sensitive to wash-off 
intensity. 

The leaching experiments on coarse sediments demonstrated that such sediments, even if immobile, 
are likely to contribute to heavy metal loads during rainfall/runoff. Sediments from sites with 
weekly street cleaning generally released more heavy metals, whereas the potential release per 
meter of curb was higher for sites without this practice, which results in higher sediment loadings 
per meter of curb. Furthermore, the release of heavy metal was influenced by site- and sediment-
specific characteristics. Traffic intensities at the sites influenced the release of dissolved metals 
while the organic matter content was associated with the release of particulate-bound metals. 
Finally, different ambient conditions were influential; acidic synthetic rainwater was associated 
with more metals in the dissolved phase, whereas a higher intensity and a longer duration of wash-
off caused a higher release of particulate-bound metals.  
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4.2.3 Effects of three sewer pipe materials on transported stormwater quality  

Many urban areas will need a rehabilitation, or reconstruction, of their sewer systems in the near-
future. Sewer pipes may be constructed from various materials and one of the research questions 
addressed in this thesis concerned testing how three different materials (concrete, PVC, and 
galvanized corrugated steel) may affect stormwater quality. 

Three types of simulated stormwater were used during the experiments, namely: i) synthetic 
rainwater reflecting Swedish conditions (details can be found in section 3.7.3 in the Materials & 
Methods chapter), used to test metal elution from the sewer pipe materials; ii) synthetic rainwater 
with the addition of a preselected amount of street sediments from site M2 in Malmö (150 mg/L), 
used to test the influence of sewer pipe material on sediment transport; and iii) processed (i.e. by 
removal of natural occurring sediments) stormwater runoff with the addition of a predefined 
amount of street sediments (150 mg/L) from site M2 in Malmö, used to reproduce naturally 
occurring conditions. All three types of simulated stormwater were circulated in the pipe sections 
for 20 min, which corresponded to a covered distance of 500 m. Table 21 shows the pH and 
turbidity values before (initial value) and after stormwater circulation in the respective pipe 
sections. Triplicate tests were performed as three successive runs. No trends between those runs 
could be observed, and therefore, average values and their standard deviations have been calculated 
and adopted for further analysis. 

Table 21: Initial pH and turbidity values (in parentheses) for the three types of simulated 
stormwater (1: synthetic rainwater; 2: Synthetic rainwater with street sediments; 3: 
processed stormwater with sediments) and their changes after circulation in the pipe 
materials (PVC, concrete and corrugated steel), including their standard deviations. 

 Simulated  
stormwater  

(initial value) 
PVC Concrete Corrugated Steel 

pH 1 (7.0±0.3) 6.8±0.2 9.3±0.4 7.0±0.2 
 2 (7.0±0.3) 7.1±0.1 8.9±0.2 7.3±0.2 
 3 (7.3±0.1) 7.9±0.1 8.1±0.1 8.1±0.01 
Turbidity (NTU) 1 (1.4) 1.4±0.3 3.5±2 1.4±0.4 
 2 (31±2) 26±1 18±2 7.7±1 
 3 (42±3) 36±4 21±3 14±3 

 

Simulated stormwaters 1 and 2 both had a neutral initial pH, but that value changed after 
circulation in pipes of different materials. Stormwater pH remained more or less constant in the 
PVC and steel pipe sections, but the concrete pipe sections showed a significant increase in pH, 
with values between 8.9 and 9.3. Simulated stormwater 3 (processed stormwater runoff with 
sediments) produced different results, as the pH increased to a similar extent, with a terminal value 
of about pH = 8, in all three pipe sections. In terms of turbidity, the simulated stormwater 1 value 
slightly increased after transport in the concrete pipe and remained unchanged in the PVC and 
corrugated steel pipes. On the other hand, there were more prominent changes in the turbidity 
values of simulated stormwater 2 and 3, as turbidity decreased by about 15% in PVC, between 42 
and 50% in concrete, and between 67 and 85% in the corrugated steel pipe. To summarize, the pH 
of transported stormwater increased in the concrete pipe and remained constant in the other pipes. 
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Furthermore, the turbidity generally decreased in all three pipes sections. These findings are likely 
to influence speciation and transport of heavy metals.   

Simulated stormwater 1 (synthetic rainwater) was used to test metal elution from the different pipe 
materials. The total metal concentrations after circulating simulated stormwater 1 in the pipe 
section are presented in Table 22. The initial heavy metal concentrations in simulated stormwater 1 
were below detection limits (i.e. Cu: <0.1 μg/L; Zn: <0.2 μg/L and Pb: <0.01 μg/L).   

Table 22: Total heavy metal concentrations after circulating simulated stormwater 1in sewer pipes 
made of three different materials (PVC, concrete, and steel). 

 PVC Concrete Steel 
Cu [μg/L] 3.25±0.28 4.74±1.86 3.95±1.26 
Zn [μg/L] 14.4±3.51 5.53±3.46 815±59 
Pb [μg/L] <0.01 <0.01 <0.01 

 

Pb was not detected in the simulated stormwater circulated in pipe sections from any of the three 
materials. Zn concentrations were elevated in the galvanized corrugated steel sections, due to the 
pipe surface coating. The Zn concentrations were slightly elevated in the PVC pipe section as well. 
Cu was detected at roughly similar concentrations in the circulated stormwater from all three 
materials.  

Similarly, simulated stormwaters 2 (synthetic rainwater with sediments) and 3 (processed 
stormwater runoff with sediments) were also circulated in the pipe sections. The concentrations of 
dissolved and particulate heavy metals before (initial) and after circulating in the sewer pipe 
sections are presented in Figure 21. Relative standard deviations (calculated based on triplicates) 
varied among the pipe materials; for PVC and corrugated steel, they reached 20%, and were close 
to 32 % for the concrete pipe. 
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Figure 21: Dissolved and particulate metals before (initial) and after circulating stormwater 2 
(synthetic rainwater with street sediments) and stormwater 3 (processed stormwater 
with sediments) in three different sewer pipe materials (PVC, concrete, and steel); 
values for the steel pipe and Zn can be found on the secondary axis. 

Differences in the concentrations of dissolved and particulate metals could be observed between 
sewer pipe materials, simulated stormwaters 2 and 3, as well as heavy metal species.  

The PVC pipe transported both particulate-bound and dissolved Cu and Zn from simulated 
stormwater 2 and 3, without much change in total metal concentrations, although some 
concentrations were slightly elevated. Increased concentrations were associated with an increased 
share of dissolved metals, indicating metal elution from the pipe surface. However, PVC reduced 
the total Pb, which is comprised predominantly of the particulate-bound phase. Hence, Pb behaved 
similarly to the turbidity readings. The concrete pipe section decreased the concentrations of all 
heavy metal species, and this decrease was most significant for Pb. This indicates particle 
deposition on the rough surface of the concrete pipe. Similar patterns were observed for the 
corrugated steel pipe, which decreased both Cu and Pb concentrations. This was most significant 
for particulate-bound metals, and thus, it appears that most particles deposited in the corrugated 
steel pipe. However, the steel pipe significantly increased the concentrations of Zn, affecting only 
Zn in the dissolved form, a finding that indicates elution of Zn from the pipe surface. The increase 
observed in simulated stormwater 2 (1400 μg/L) was of a different magnitude than the increase in 
simulated stormwater 3 (670 μg/L), suggesting different elution rates. Nevertheless, the observed 
Zn concentrations in both were far above suggested guideline values for direct stormwater 
discharge (i.e. 75 μg Zn/L). Finally, in the case of stormwater 3, Cu was leached out from the 
transported sediments, as it was noted that its particulate fraction was reduced in all pipe materials, 
while the dissolved fraction increased. This effect was not observed in simulated stormwater 2, as 
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the particulate fraction in the PVC pipe fraction did not change. Furthermore, Cu behaved 
differently from Zn since particulate Zn remained at a nearly constant level in all pipe materials. 

To summarize, the different sewer pipe materials affected transported stormwater quality. The 
concrete pipe section increased stormwater pH, which remained constant in the other materials 
(PVC and corrugated steel). All pipe sections reduced stormwater turbidity; the lowest reductions 
were observed in the PVC pipe and the highest in the corrugated steel pipe, due to particle 
deposition. Furthermore, high amounts of Zn were eluted from the corrugated steel pipe. Finally, 
Cu was leached out from the transported sediments in all three pipe sections, but only for simulated 
stormwater 3. Metal partitioning between the dissolved and particulate-bound phase was only 
affected to a minor extent. 
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5 DISCUSSION 

In this chapter, the findings presented in the Results chapter are further discussed and placed into 
the context of the current state of knowledge. The chapter follows the general structure of the thesis 
by first discussing simulated catchment responses to future scenarios that reflect changes in 
climatic and socio-economic factors. This is followed by a discussion of the two supplementary 
laboratory studies. Finally, the implications of the thesis findings for stormwater management are 
discussed.    

5.1 Simulation of catchment responses to future scenarios 

Futures scenarios considering changes in climatic and socio-economic factors were developed and 
catchment responses, with respect to stormwater quality, were simulated by two broadly used 
computer models, the SWMM (a process-based model) and WinSLAMM (a source-based model). 
Specific aspects of computer simulations and the analysis of simulated results are discussed in this 
section.  

5.1.1 Computer model calibration and validation 

The computer models were calibrated and validated against observed data in several test 
catchments. Generally, the evaluation of the validation runs produced results that were satisfactory 
for the study objectives.  

The agreement between simulated and observed results for runoff volumes (R2 between 0.98 and 
0.99; slope between 1.02 and 1.11) and peak flows (R2 between 0.95 and 0.97; slope between 1.19 
and 1.22) simulated with the SWMM model was slightly better than the results reported by 
Tsihrintzis and Hamid (1998), but somewhat worse than that achieved by Rosa et al. (2015).  

Both runoff volumes (R2=0.85; slope=1.05) and pollutant loads of TSS (R2=0.71; slope=0.97), as 
well as Cu (R2=0.71; slope=1.13), Zn (R2=0.71; slope=0.63) and Pb (R2=0.74; slope=0.81) were 
simulated with acceptable accuracies with the WinSLAMM model and were comparable to the 
results reported by Pitt (2013), who compiled calibration/validation data from over 100 individual 
studies employing WinSLAMM. The goodness of fit was described in those studies by the 
following average values: runoff volume (R2=0.90; slope=0.93), TSS (R2=0.85; slope=0.90), Cu 
(R2=0.60; slope=0.59), Zn (R2=0.95; slope=0.96) and Pb (R2=0.90; slope=0.99). 

It should also be noted that only a limited number of observed events were available for the 
catchments Östersund-C and Östersund-S (i.e. five events per catchment). Generally, no 
recommendations for the minimum number of events that should be included in calibration exist in 
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the literature (Liu and Han 2010). However, Sun and Bertrand-Krajewski (2012) stated that the use 
of small datasets for calibration may influence the performance of the calibrated model. Therefore, 
the research underlying this thesis adopted the approach proposed by Pitt (2008): all the available 
data were first used for calibrating the model on Östersund-C and then to validate in on Östersund-
S. Additional uncertainty may arise as a result of the different characteristics of the two catchments. 
However, the robustness of the procedure was successfully tested by repeating the process in the 
reverse order (i.e. Östersund-S for calibration and Östersund-C for validation) with favourable 
results.  

Sargent (2011) suggested that to assess model validity, the validity of model simulations should be 
judged with respect to their purpose. The purpose of the modelling experiments underlying this 
thesis was to compare results from the current (baseline) and future scenarios by percentage 
changes; hence, absolute values of simulated quantities were of secondary importance. Based on 
the evaluation of the validation runs, it could be assumed that the SWMM and WinSLAMM 
models, which had been calibrated for the test catchments, simulated runoff and pollution export 
within acceptable limits.  

5.1.2 Catchment responses to climatic changes  

To study the catchment responses to future climate scenarios, the rainfall input in the SWMM 
model was altered to reflect climatic changes, while assuming the current catchment characteristics 
and environmental policies. Runoff from discrete rain events was simulated and analyzed with 
respect to catchment responses to climatic changes (Paper I & II). The information obtained from 
these simulations was valuable for preparing continuous simulations of the catchment responses to 
climate change scenarios (Paper III). Compared to discrete event simulations, continuous runoff 
simulations avoid the issues (and uncertainties) caused by assumptions of the initial conditions in 
event simulations. It should be further emphasized that the objective of the research underlying this 
thesis was not to study climate change, but rather the catchment responses to the selected climate 
change scenarios that have been developed by others (in our case, by the Swedish Meteorological 
and Hydrological Institute). 

Figure 8 and 10 within the “Results” chapter illustrate the percentage changes in TSS loads (%) and 
absolute changes in TSS wash-off loads (in kg) based on two rain event characteristics, depth and 
intensity. The results showed that runoff volumes and TSS wash-off loads (in percent) had different 
sensitivities to climatic changes depending on the rain event depth and intensity. Such plots 
followed a triangular shape (i.e., a linearly rising limb, followed by a linearly falling limb). The 
relative and absolute TSS loads from rain events with low to intermediate depths (approximately ≤ 
15 mm) and a 120 min maximum intensity (approximately 8 mm/h) were most sensitive to climatic 
changes. The maximum effect was noted when a 22% increase of the rainfall depth increased the 
TSS load by about 40%. The contribution from pervious areas and different regimes affecting the 
wash-off process should be discussed within this context.  

Pervious areas do not contribute to runoff, and consequently, to TSS loads, at low rain intensities 
and depths, since surface depression storage and infiltration use up all of the rainwater. However, 
when depression storages fill up and rainfall intensity exceeds infiltration rate, pervious areas start 
to contribute to runoff flows, and consequently, to TSS loads. The Skellefteå catchment, for 
example, was 65% pervious and therefore, the runoff contributing area may change significantly at 
this critical point of water balance. For more intense rain events, generated runoff showed only 
minor sensitivities to both rain intensity and depth changes, since the contributing area did not 
change. This effect was even more obvious for TSS loads, as a gap between percentage changes in 
runoff volume and TSS loads developed when rainfall events were characterized by high depths 
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(Figure 8 in the “Results” chapter). It is also important to discuss the effects of different regimes 
that influence TSS wash-off process. Rainfall events with low intensities and depths produce low 
runoff flows, and consequently, have a low capacity to dislodge and transport TSS from the 
catchment surface. Therefore, it is likely that there is a higher available TSS load on the catchment 
surface than the runoff flow is able to transport. In this case, the wash-off load is only influenced by 
the capacity of runoff flow to transport TSS (also called transport limited conditions). In contrast, 
rain events with higher intensity produce higher runoff flows and consequently, are more able to 
dislodge and transport all of the available TSS. Therefore, the regime may shift to a supply 
limitation, which means that there is less TSS available than the runoff flow could potentially 
transport. This leads to the dilution of TSS in runoff and consequently, a decreasing TSS event 
mean concentration (Figure 9 in the “Results” chapter).  

It is possible for pollutant generation regimes to shift between transport and supply limited 
conditions, as has been shown by earlier studies discussing the “first-flush” phenomena. Deletic 
(1998) provided a definition for a first flush as an event in which significantly more than 20% of 
the cumulative pollutant load is washed off with the first 20% of the cumulative runoff volume. In 
other words, the pollutant concentration decreases during the rain event due to a shift from 
transport to supply limitations. The existence of first flush phenomena has gained support from the 
earlier literature (Sansalone and Buchberger 1997, Deletic 1998, Egodawatta et al. 2009). 
Therefore, even though large storm events cause flooding risks, they will not produce significantly 
more pollutant loads under changing climate conditions due to pollutant supply limitations on 
impervious areas. A possible exception to this rule would be erosion from exposed soil surfaces, 
which could be found in suburban areas.    

Continuous model runs were used to study catchment responses to different climate change 
scenarios. Figure 12 in the “Results” chapter shows how percentage changes in precipitation affect 
runoff volume and TSS loads. Depending on the climate sample, the tested climate change 
scenarios FC3 (derived from the delta change method) and plus20 (based on recommendations) 
differed from each other in the projected changes in precipitation. The FC3 climate scenario from 
Kalmar, when compared to the FC3 climate scenario from Skellefteå, shows relatively small 
changes in precipitation. This may be attributed to the fact that the simulation period was limited to 
the snow free months from April to October; changes based on the whole year may be larger since 
climate scenarios project increased precipitation also during the winter months (Moghadas et al. 
2011). Nevertheless, runoff volumes and TSS loads from the plus20 scenario compared well to 
those from the FC3 climate scenario when the scenarios were applied to Skellefteå, suggesting that 
the plus20 scenario was reasonable and applicable for practical purposes (certainly in Northern 
Sweden).  

Distinctions between the tested catchments (low to high imperviousness, Kalmar, Skellefteå and 
Skellefteå-HI) could be made based on their responses to climatic changes, measured by runoff 
volumes and TSS wash-off loads. Generally, catchments with low imperviousness were most 
sensitive to climatic changes (i.e. Kalmar), which led to relatively large percentage changes in 
runoff volumes and TSS loads. This effect was less significant for highly impervious catchments 
(i.e. Skellefteå-HI), which showed relatively small percentage changes in runoff volume and TSS 
loads. This distinction can be explained by the fact that additional parts of pervious areas generate 
runoff under increasing rainfall depth, as discussed earlier. For catchments with low 
imperviousness, this could lead to significant changes since the runoff contributing area could 
change dramatically. However, catchments with low imperviousness generated low TSS loads per 
hectare when compared to catchments with high imperviousness, as shown in Table 16 in the 
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“Results” chapter. It should be noted that the runoff contribution of pervious areas and 
consequently, the sensitivity of runoff generation to climatic changes, may vary among different 
catchments. This may be due to varying soil permeability, which will affect infiltration rates. 
Indications of such effects were given by Berggren (2014), who studied the water balance of a 
small test plot for different soil types with varying permeability by applying Chicago design storms 
(CDS) with different return periods. Fairly permeable coarse tills did not produce practically any 
runoff, even for extreme storms (100-year return periods; total rainfall depth of 63.1 mm and max 
intensity of 242.3 mm/h). On the contrary, for a fine till with relatively low permeability, 25% of 
rainfall volume was converted into runoff for a 5-year CDS storm.    

The tested climate samples (i.e. those from Kalmar and Skellefteå) caused different catchment 
responses, measured through runoff volumes and TSS loads. Simulations involving the Kalmar 
climate sample demonstrated relative changes in runoff that exceeded those in rainfall, reaching a 
maximum difference of about 9% for the Kalmar catchment. On the contrary, simulations involving 
the Skellefteå climate sample demonstrated changes in runoff that were generally similar to those in 
rainfall. Consequently, since stormwater quantity is the main driver for stormwater quality, TSS 
loads were also affected differently. An explanation can be found by examining how various 
classes of precipitation, based on rainfall depth, are distributed over a year (Figure 13 in the 
“Results” chapter). The two climate samples showed different annual distributions of the 
precipitation classes. In the Kalmar climate sample (both TC and FC3), small rain events (i.e. 2-5 
mm) represented a larger share of the total precipitation than in the Skellefteå climate. On the 
contrary, large events (i.e. >20 mm) made up a large share of the annual precipitation in the 
Skellefteå climate sample. The earlier finding that rainfall events with low to intermediate depths 
were the most sensitive to climatic changes, both with respect to runoff volumes and TSS loads, 
explains the effect of the two precipitation distributions.  

Finally, the responses to the tested wash-off coefficients showed clear distinctions, as low wash-off 
coefficients (i.e. FL) produced the highest percentage changes and high wash-off coefficients (i.e. 
FH) the lowest. High wash-off rates reflect a thorough scour and cleaning of the catchment 
surfaces. Consequently, the accumulated TSS mass can be exhausted quickly, which results in 
‘supply limited’ conditions. Furthermore, the accumulated TSS mass is smaller for successive rain 
events if pollutant build-up is not fast enough. Therefore, a further increase in runoff volume due to 
climatic changes leads to relatively small changes in TSS wash-off loads. Consequently, in the case 
of Skellefteå-HI, even negative changes in TSS loads were noted for high wash-off rates.  

5.1.3 Catchment responses to combined changes in climatic and socio-economic factors 

Other factors than climate change may also affect stormwater quality in the future, namely, changes 
in socio-economic factors (e.g. development in population, economy, and environmental policies, 
etc.). Consequently, two sets of scenarios were simulated to test the response of different 
catchments to possible future changes in both climatic and socio–economic factors. The scenarios 
consisted of a separate factor scenario set (simulated by SWMM, Paper IV) and an integrated factor 
scenario set (simulated by WinSLAMM, Paper V). In both sets, changes in the climate were 
combined with changing pollutant sources, catchment characteristics and environmental policies 
and practices. 

The results from both scenarios were in accordance, and suggested that more pollutants are likely to 
be produced and transported in the future, mainly as a result of growing urban populations and 
areas, land use intensification and undersized BMPs/LIDs. However, several management options 
demonstrated their potential to mitigate such negative impacts and, in some instances, they even 
improved the simulated stormwater quality. 
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Generally, pollutant loads were sensitive to changes in the percentage of directly connected 
impervious areas. For example, a 10% reduction in such areas could almost counterbalance the 
negative effects of climatic changes. Furthermore, pollutant loads could be significantly reduced by 
the implementation of well-designed structural BMPs/LIDs. Therefore, changes in the 
imperviousness of a catchment are not only of importance for stormwater quantity (Jacobson 2011), 
but also for stormwater quality.  

It has been reported earlier that directly connected impervious areas are correlated with an increase 
in the pollutant loads transported from urban areas (Hatt et al. 2004). For this reason, there have 
been efforts to reduce directly connected impervious surfaces in urban environments by alternative 
approaches to conventional stormwater management design, also referred to as LID development 
(Dietz 2007). This feature was also reflected in the simulated scenarios, and pollutant loads were 
generally sensitive to such measures. Prior studies support this finding, concluding that these 
techniques have the potential to effectively reduce pollutant loads in stormwater runoff. For 
individual sites, Barret et al. (1998) reported that the application of roadside swales and filter strips 
could reduce TSS loads by up to 85%. Hatt et al. (2009) reported that biofilters could reduce 
stormwater TSS and heavy metals by up to 90%. Bressy et al. (2014) demonstrated the 
effectiveness of such approaches on a catchment scale by comparing three catchments equipped 
with various techniques (e.g. grassed swales, vegetated roofs and detention ponds), with a 
catchment served by a conventional separate storm sewer system. From the application of a runoff 
and contaminant emission model, it was noted that pollutant loads were reduced between 20 and 
80%, when compared to a catchment with a conventional drainage system. However, the proper 
maintenance of such facilities is essential to preserve the desired reduction capacities (Al-Rubaei et 
al. 2014, Blecken et al. 2015).  

Furthermore, it should be noted that such techniques are only capable of immobilizing pollutants 
transported with stormwater runoff by acting as a sink. Thus, Revitt et al. (2013) noted that 
reductions in pollutant loads are necessarily tied to increases of pollutant loadings in sediments of 
structural BMPs/LIDs. Therefore, pollution prevention through environmental policies may be an 
alternative approach for improving stormwater quality. Stormwater quality was highly sensitive to 
such policies (i.e. reduction of Cu in brake pads) in the simulations underlying this thesis. The 
beneficial effect of environmental regulations on stormwater quality has also been shown in some 
earlier research. One example is the phasing out of Pb from gasoline, a policy that Marsalek and 
Viklander (2011) estimated to reduce Pb in highway runoff by 97%.  

5.1.4 Uncertainty and variability  

The discussion of the findings up to this point has been mainly based on average values from the 
simulation of the future scenarios. However, it is also important to assess the inherent uncertainties 
and variabilities involved in simulations.  

Generally, a fair to large degree of variability could be noted in the results for the simulated 
scenarios. Furthermore, most of the inherent uncertainty could be attributed to model outputs, and 
more specifically, to the simulation of stormwater quality. It is a commonly accepted fact that the 
simulation of stormwater quantity is usually more accurate than the simulation of stormwater 
quality (Obropta and Kardos 2007). This may be due to the complexity of the processes underlying 
pollutant generation and transport (Butler and Davies 2004). In spite of the inherent uncertainties, a 
general outcome of the simulations was that the effects of climatic changes were relatively small 
compared to the effects of other factors. This was observed during both continuous simulations, 
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performed with the SWMM, and in simulations of the integrated factors scenarios with the 
WinSLAMM model. Details follow. 

In continuous simulations, SWMM was used to simulate a number of wet (snow free) seasons for 
the current and future scenarios. Due to a high variability among the simulated wet seasons with 
respect to TSS loads, no significant differences between the current and future scenarios could be 
found based on an ANOVA. However, it should be noted that the considered climate samples were 
relatively short (i.e. 13 years in Kalmar and 14 years in Skellefteå) when compared to the climate 
normals, which are based on 30-years, as defined by the World Meteorological Organization 
(WMO) (Baede et al. 2007). Nevertheless, even shorter climate samples can give an indication of 
how the variability among different wet seasons influences simulations of the effects of climatic 
changes on runoff volumes and TSS loads. 

It was further possible to study the relative importance of changes in climatic and socio-economic 
factors in the integrated factor scenario set since they were treated independently from each other. 
This led to the finding that the variability produced by socio-economic changes was much higher 
than the variability attributed to climatic changes. The relative importance of changes in climatic 
and socio-economic factors for urban stormwater quality has been rarely addressed. However, 
when such studies have been performed, they generally found both factors to be important. Abdul-
Aziz and Al-Amin (2016) studied the combined effects of climatic and catchment characteristic 
changes on a large urban coastal watershed. Pollutant loads (i.e. TSS, Cu, and nutrients) were most 
sensitive to changes in the climate (i.e. increased precipitation) and showed only moderate 
sensitivities to changes in hydrological parameters, such as the degree of imperviousness and 
surface roughness. However, pollutant loads were more sensitive to the combined effects than to 
the sum of their individual contributions. Similarly, El-Khoury et al. (2015) stated that both 
changes in climate and land use are important parameters with respect to nutrient loads transported 
from a large river basin. The relative importance of climatic changes and urbanization on 
stormwater quantity has also been addressed, and it has been identified that socio-economic factors 
are important to include in climate change impact studies. In a case study, Kleidorfer et al. (2014) 
compared how flooding volume, combined sewer overflow discharge and resulting pollutant loads 
responded to climate change and a changing degree of imperviousness. It was concluded that both 
parameters showed similar magnitudes of impacts. Semadeni-Davies et al. (2008) assessed the 
potential impact of urbanization and climatic changes on a combined sewer system. The combined 
effect of the city growth and climate change produced the worst drainage problems. However, these 
problems could be mitigated in scenarios assuming the reduction of directly connected impervious 
areas.  

Finally, another source of uncertainty during the assessment of future trends in urban stormwater 
quality may arise from the different descriptions of pollutant transport processes in the two applied 
modelling approaches. In the SWMM model, catchments with a low imperviousness generally 
showed high sensitivities to climatic changes, with respect to runoff volumes and consequently, 
TSS loads. This result is influenced by the contribution from pervious areas. However, this effect 
could not be observed in the results produced by WinSLAMM since contributions from pervious 
areas were generally insignificant, even for Östersund-S (50% pervious) and high climatic changes 
(i.e. RCP 8.5). One reason for this may be the nature of the calibration events, which did not 
generate much runoff from pervious areas. However, the default values of WinSLAMM are based 
on long-term measurements in catchments of different characteristics and, therefore, represent a 
robust dataset (Pitt and Voorhees 1989). In this ways, it seems likely that the different model 
engines produce different responses to changing rainfall inputs. Further evidence can be found by 
examining how roofs contribute to the runoff pollution in both models. WinSLAMM applies 
standard concentration values to estimate TSS loads from roof surfaces. This, in turn, means that 
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the load will increase in proportion to runoff volume, which contradicts the results produced by 
SWMM and indicating that the TSS event mean concentrations (EMCs) decreased with rainfall 
depth, due to dilution caused by supply limitations. Egodawatta et al. (2009) found that such supply 
limitations may exist, as they observed first-flush effects during wash-off experiments on roof 
surfaces. However, as earlier stated, the effects of climatic changes were identified as much smaller 
than those exerted by socio-economic factors, based on simulations in WinSLAMM. Therefore, it 
can be assumed that the different descriptions of runoff quantity and quality in the models used did 
not greatly affect the general outcome regarding the relative importance of socio-economic factors 
and climate, especially when comparing outcomes of different scenarios.  

5.2 Underlying pollutant transport processes 

The simulations of catchment responses to future scenario contained uncertainties, which were 
mainly attributed to the simulation of stormwater quality. A better description of such processes in 
computer models may help reduce inherent uncertainties. Consequently, some selected pollutant 
transport processes were identified as worthwhile candidates for further studies: (i) contributions of 
coarse street sediments to heavy metal loads in stormwater runoff (Paper VI) and (ii) effects of 
different sewer pipe materials on transported stormwater quality (Paper VII).  

5.2.1 Physical and chemical characteristics of the sampled street sediments 

Information regarding the physical and chemical characteristics of the street sediments was 
obtained and later used to explain the behavior of the sediments in laboratory experiments. Further 
details on the physical and chemical characteristics of street sediment samples can be found in 
Paper VI.  

Street sediment samples were collected from along the curb of various streets with a hand-held 
vacuum cleaner. There was a fair amount of variability among the sites with respect to the total 
mass of sediment per meter of curb, ranging from 76.5 to 675 g/m of curb. These values are within 
the range of sediment loads per meter of curb reported by others. For example Sartor and Boyd 
(1972) reported values between 80 and 1000 g/meter of curb, but the band width they sampled was 
7.5 m, compared to 1.5 m sampled in the research underlying this thesis. More recently, Sutherland 
et al. (2003) reported loadings between 300 and 600 g, but did not specify the band width. 

However, more importantly, it was noted that the street sediment accumulation/removal regime at 
the studied sites in southern Sweden was different from that in northern Swedish cities. 
Specifically, at four sites in Malmö and Stockholm, streets were cleaned weekly, which likely 
contributed to lower sediment accumulation rates than observed at the northern Sweden city sites 
(Kiruna, Lulea, and Umea). In the northern cities, streets were cleaned only twice a year, in the late 
spring and before the winter. Furthermore, modern street cleaning equipment has a great potential 
to effectively remove particles from streets, particularly coarse ones (German and Svensson 2002, 
Rochfort et al. 2009). Thus, different street cleaning routines may explain the sediment loading 
differences among the studied sites.  

Furthermore, it was noticed that the split between fine (i.e. <250 μm) and coarse sediments 
(250 - 2000 μm) was relatively uniform for sites in northern Sweden, but more diverse at the sites 
in southern Sweden. Additionally, in the case of site M2 in Malmö, a high share of the coarse 
sediment fraction was associated with high organic matter content, which may explain the between-
site differences. Organic matter has been recognized to function as a structuring element, 
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facilitating the attachment of fine particles to coarse particles (Badin et al. 2008), and may have 
contributed to a coarser gradation of street particles.  

The total heavy metal concentrations in the two sediment fractions (fine and coarse) were analyzed, 
as shown in Table 18 in the Results chapter. Generally, the concentrations were higher in the fine 
sediment fraction compared to the coarse fraction, a finding that has also been reported in other 
studies of street sediments (Viklander 1998, Deletic and Orr 2005, Sutherland et al. 2012, Zhang et 
al. 2015).  

Finally, based on the metal fractionation, which was determined by sequential extraction, more 
metals were generally associated with the mobile fractions (i.e. adsorbed and exchangeable, 
carbonates and labile organic forms) at the sites in southern Sweden. Furthermore, sediments from 
those sites showed elevated concentrations of total petroleum hydrocarbons (TPH), when compared 
to the sites in northern Sweden, which indicates elevated traffic-related pollution. Similarly, Zhang 
et al. (2015) showed that street sediments from sites with high traffic intensity (i.e. federal 
highways) contained a higher share of mobile heavy metals compared to sites in rural and 
commercial areas with lower traffic intensities. However, it should be noted that no correlation 
between the average daily traffic intensities and the burden of metals in mobile fractions could be 
identified for the sites sampled in the research underlying this thesis. 

5.2.2 The role of coarse street sediments in heavy metal transport processes 

Coarse immobile sediments on street surfaces may function as collectors of fine particles with 
attached heavy metals; such particles may be released in wet weather. The release of both dissolved 
and particulate-bound heavy metals from the immobile coarse sediment fraction during 
rainfall/runoff was assessed by laboratory leaching experiments.  

As shown in Table 19 in the Results chapter, it could be noted that the release of total heavy metals 
varied among the various sites, but the total heavy metal concentrations released from the coarse 
fraction (excluding other pollutant transport processes) were below the suggested guideline values 
for direct stormwater discharges (Alm et al. 2010). However, in some instances, the observed metal 
concentrations in the leachate were close to the guideline values. Nevertheless, it should be noted 
that the results are based on very high sediment concentrations (i.e. 10 g/L). Consequently, the risk 
of exceeding the guidance values through the contribution from coarse sediments is probably very 
low.  

Furthermore, heavy metal releases from coarse sediments were higher at the sites in southern 
Sweden, with regular street cleaning (Malmö and Stockholm) than at sites in northern Sweden, 
without such maintenance (Kiruna, Luleå and Umeå). However, no between-site differences in total 
metal concentrations in the coarse sediment fraction were detected. Therefore, other factors than 
total metal concentration affected the metal release from coarse sediments. Based on the 
fractionation of the heavy metals, determined by the sequential extraction, the shares of Cu and Zn 
in fractions 1 and 2 (i.e. considered as mobile) were higher at the sites from southern Sweden than 
at the sites in northern Sweden. Also, the content of total petroleum hydrocarbons was elevated in 
the sediments from Stockholm and Malmö. This indicates the presence of traffic related pollutants, 
which can be mobilized during rainfall/runoff.  

Another finding was that the organic matter content (OM) in sediments was higher at sites in 
southern Sweden than at sites in northern Sweden, where the sediments were mostly of mineral 
origin. As mentioned earlier, organic matter favors the attachment of fine particles to coarse 
particles (Badin et al. 2008), and these attached particles can be released during rainfall/runoff. 
This may explain the higher releases from sites with weekly street sweeping practices. However, 
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when the released heavy metal loads were normalized by the sediment load/m of curb (shown in 
Figure 19 in the Results chapter), with some exceptions, the sites in northern Sweden showed 
higher normalized released loads compared to sites in southern Sweden. Therefore, while sediments 
from sites with regular street sweeping showed higher metal release during the experiments, the 
potential release per meter of curb was higher at sites without regular street cleaning.  

Furthermore, Figure 19 in the Results section illustrates that heavy metals released from the coarse 
sediment fraction predominantly exist in the particulate-bound phase, and only a small share of 
heavy metals was in the dissolved fraction. This can be explained by some earlier studies that 
compared the particle size distributions (PSDs) of street sediments through both wet and dry 
sieving; usually, wet sieving produced finer PSDs. Viklander (1998) performed such a comparison 
and found that 11.5% of the particles were smaller than 75 μm, as determined by wet sieving, 
whereas the result from dry sieving was only 5.7%. Therefore, coarse particles can function as 
collectors of fine particles, which bind heavy metals, and the fine particles can be separated and 
remobilized during the periods of rainfall/runoff. This process was exacerbated by the presence of 
organic matter, which functions as an adhesive holding the fine particles.  

There was a fair amount of between-site variation in the release of heavy metals from coarse 
sediments and, consequently, the release of both dissolved and particulate bound heavy metals was 
tested by the Pearson correlation analysis to determine if such releases were correlated to site- and 
sediment-specific characteristics. The analysis showed that dissolved heavy metals released from 
the coarse sediment fraction were significantly correlated with the average daily traffic intensity 
(ADT) at individual sites. It is a commonly accepted fact that traffic contributes to elevated heavy 
metal loads in stormwater runoff (Gobel et al. 2007, Opher and Friedler 2010, Kayhanian et al. 
2012), and that vehicle components, fuels, and automotive liquids are recognized as specific 
sources of heavy metals. For example, brake linings are a source of Cu, while tire rubber releases 
Zn and Pb (Legret and Pagotto 1999). However, the existing information regarding the influence of 
traffic intensity on heavy metal loads in stormwater runoff is somewhat contradictory. For example, 
Crabtree et al. (2008) found ADT to be the most influential factor concerning heavy metal loads in 
highway runoff in the UK, but Kayhanian (2003) concluded that other factors, including antecedent 
dry period, total event rainfall depth, and maximum rain intensity, need to be taken into account 
while predicting heavy metal concentrations in highway runoff. Furthermore, no direct correlations 
between ADT and heavy metal concentrations in highway runoff were found. Similarly, Huber et 
al. (2016) stressed that other site-specific factors are also important, such as the presence of traffic 
lights, which influence braking activities. Due to this fact, streets with an ADT of just 5,000 
vehicles/day were found to produce the most polluted runoff. However, based the results discussed 
in this thesis, it can be concluded that coarse particles may function as collectors for pollutants 
contributed by traffic, which may be released under rainfall/runoff conditions. 

The correlations between particulate-bound heavy metals and site- and sediment-specific 
characteristics were shown in Table 20 in the Results chapter. Particulate-bound metals released 
from the coarse sediment fraction were negatively correlated to the antecedent dry period (ADP). It 
has been reported that PSDs of street sediments become finer over time (Vaze and Chiew 2002), 
which may be caused by mechanical grinding of sediments by the tires of vehicles (Zafra et al. 
2008). This, in turn, may affect the interaction between coarse and fine sediments and 
consequently, the release of fine particles attached to the coarse fraction. Furthermore, significant 
correlations between organic matter content and particulate-bound metals were observed. 
Particulate Cu and Pb concentrations were significantly correlated with the observed labile organics 
(fraction 2), as determined by sequential extraction. Badin et al. (2008) studied sediments from a 
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stormwater infiltration pond and identified organic matter to function as an adhesive, serving to 
attach finer particles to the coarser ones. In addition, fine organic particles also attached to coarser 
particles. This may explain the influence of OM during the leaching experiments. Particulate-bound 
Zn was correlated with fraction 1 (adsorbed & exchangeable, carbonates). This may be due to the 
fact that Zn was mostly bound to that fraction, as determined by sequential extraction. However, 
the same correlation was not found for either Cu or Pb, which may be due to the different 
procedures applied during sequential extraction and the leaching tests. During the sequential 
extraction, fraction 1 involved a metal extraction for 6 h in a buffered solution at pH 5. During the 
leaching experiments, the contact time was significantly shorter (i.e. 15 min) and no buffer was 
added to the solution, which caused the pH to increase from an initial value of 5.5 to values 
between 6.4 and 7. Finally, Pb was negatively correlated with the sediment loading along the curb. 
This finding agrees with the statement made before, that sites with higher sediment loads showed 
lower metal release, but exhibited a higher potential to contribute to heavy metals in stormwater 
runoff per curb meter.       

The release of heavy metals from street sediment has been previously studied, with focus on the 
dissolved metal fraction (Sansalone and Ying 2008, Joshi et al. 2009, Gunawardana et al. 2015, 
Zhang et al. 2016) and how different aqueous media influence the release of heavy metals. For 
example, Joshi et al. (2009) performed metal dissolution tests with street sediments using riverine 
water, deionized water and acidified deionized water at pH 2. It was concluded that a decreasing 
pH and the composition of riverine water enhanced metal dissolution from street sediments. Similar 
findings regarding the effect of pH have been presented in this thesis, as generally, low pH values 
lead to more dissolved heavy metals, which was especially obvious for Zn. Based on the sequential 
extraction, Zn was identified to be, to a large extent, bound to fraction 1 (adsorbed & exchangeable, 
carbonates). Consequently, Zn is likely to get mobilized at lower pH values. Furthermore, wash-off 
intensity and duration affected the release of particulate-bound metals, but not of the dissolved 
ones. Rainfall duration and intensity have also been identified to be explanatory variables for 
pollutant loads in stormwater runoff by others (Brezonik and Stadelmann 2002). Consequently, it is 
most likely that the contribution of coarse street sediments to heavy metal loads in stormwater 
runoff varies between rain events of different characteristics. Other factors may also influence this 
process, as indicated by Zhang et al. (2016), who tested the influence of surfactants and dissolved 
organic matter on the desorption of heavy metals from street sediment. Both surfactants and 
dissolved organic compounds enhanced the leaching of Cu but in some cases reduced the leaching 
of Zn. Consequently, it would be of interest to test how surfactants and dissolved organic carbon 
affect the release of particulate-bound metals from the coarse sediment fraction during leaching 
tests.  

5.2.3 Stormwater quality implications of three sewer pipe materials 

Due to aging of urban drainage infrastructures, current sewer pipes may be replaced by pipes of 
different materials in the future. This may have some implications for the stormwater quality, and 
consequently, such effects were tested for three sewer pipe materials (PVC, concrete and 
galvanized corrugated steel) in laboratory experiments with simulated stormwater. In these 
experiments, the stormwater was circulated through the test pipes for 20 minutes, which reflected a 
travelled distance of about 500 m. Stormwater quality was tested before and after the circulation, 
and changes in the stormwater chemistry were attributed to the influence of the pipe material.   

The sewer pipe materials affected the transported stormwater quality with respect to pH, particle 
and pollutant concentrations, metal elution, and heavy metal partitioning between the dissolved and 
particulate-bound phases. However, these effects differed among the tested sewer materials and 
three types of simulated stormwater (i.e. synthetic rainwater, synthetic rainwater plus street 
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sediments, and processed stormwater, from which naturally-occurring sediments were removed by 
filtration and replaced by street sediments).  

Concrete sewer pipes have been recognized to have the potential to increase pH of transported 
stormwater (Davies et al. 2010) and, consequently, exert a similar effect in the receiving waters 
(Wright et al. 2011). The same effects were observed in the research presented in this thesis; among 
the three tested sewer pipe materials, concrete showed a high potential to increase pH in the 
simulated stormwater. However, the magnitude of this increase varied among the three types of 
simulated stormwater. The pH increased from an initial value of around 7 to values between 8.1 
(processed stormwater runoff) and 9.3 (synthetic rainwater). This can be attributed to the different 
properties of the tested stormwater (i.e. synthetic rain water and processed stormwater runoff). 
These results compare well with the findings from Davies et al. (2010), who compared the effects 
of concrete pipe on roof runoff and water from an urban creek. For roof runoff the magnitude of 
change was much higher than for the urban creek water. A reason for this were the different initial 
alkalinities of both media, which were based on bicarbonate concentrations (i.e. roof runoff: 0.5 
mg/L; urban creek 36.3 mg/L). After circulation in a concrete pipe, alkalinity increased by 3360% 
for roof runoff and only 14% for the urban creek.    

Particle and heavy metal transport was also affected differently by the tested pipe sections. Due to 
its smooth surface, the PVC pipe could transport particles and heavy metals without any significant 
reductions in turbidity (i.e. around 15 %). On the other hand, the concrete pipe reduced turbidity 
and heavy metal concentrations significantly, and due to deposition, the particles and attached 
heavy metals did not reach the pipe outlet. Particle deposition may be attributed to the rough 
surface of the concrete pipe. Another possible explanation is the adsorption of metals by the 
concrete pipe. Perkins et al. (2005) reported the potential of concrete sewer pipes to adsorb 
dissolved Cu from a Cu-spiked tap water solution (pH 5.6); Cu was reduced by up to 18% in 
concrete pipes. The highest reductions in turbidity and heavy metal concentrations, except for Zn, 
were observed in the corrugated steel pipe. Due to its corrugated surface, the steel pipe functioned 
as a series of particle traps, which provided a form of in-pipe treatment. However, it should be 
noted that this entrapment will become less effective as the corrugations fill up with solids. 
Furthermore, as relatively low flow rates were applied particles may get flushed out during more 
intense rain events and higher flows.  

Metal elution in the galvanized corrugated pipe significantly elevated concentrations of Zn during 
the experiments. Furthermore, Zn concentrations varied with the transport medium; in processed 
stormwater runoff, Zn concentrations were lowest (i.e. 670 μg/L), in synthetic rainwater plus 
sediments, the concentration was highest (i.e. 1400 μg Zn/L); moreover, this difference in 
concentration was significant. A fresh pipe surface was supplied for each type of simulated 
stormwater, which may have been in a different condition and thus, could have caused different 
elution rates. However, a visual inspection of the pipe surfaces revealed no differences. 
Nevertheless, the observed concentrations clearly exceeded the suggested guideline values for 
stormwater discharges, at 75 μg Zn/L (Alm et al. 2010), and therefore, are of environmental 
significance. Ogburn (2012) presented similar results after submerging sewer pipes of different 
materials in tanks filled with roof runoff buffered to pH 5 and 8. Galvanized steel pipes were 
identified to be the greatest source of Zn, with releases of up 720 mg Zn/m2 after one day of 
exposure. However, during that experiment and those presented in this thesis, brand new pipe 
sections were used and such tests do not indicate if elution rates will decrease after some time of 
operation.     
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Finally, Cu leaching was observed only in the case of simulated stormwater 3 (i.e. processed by the 
removal of naturally occurring sediments and their replacement by street sediments). This same 
effect was not observed for Zn. As mentioned earlier, dissolved organic matter and surfactants have 
been recognized to enhance the leaching of Cu from street sediments but not of Zn (Zhang et al. 
2016). The different composition of simulated stormwater 2 (synthetic rainwater) and 3 (processed 
stormwater runoff) may explain this behavior, as dissolved organic matter is usually found in 
runoff from highways and street surfaces (Kayhanian et al. 2007). In other research fields, organic 
matter has been recognized to enhance metal leaching from contaminated soils by forming soluble 
metal complexes that increase their mobility (Alvim Ferraz and Lourenço 2000). Furthermore, Cu 
was recognized to have a high affinity to organic matter (Kumpiene et al. 2008), explaining its 
increased leaching. This also highlights the importance of applying simulated stormwater with 
different compositions in the experiment.    

The laboratory experiments showed that various sewer pipe materials exert different effects on 
transported stormwater quality. However, only brand new sewer pipes were studied during the 
experiments, and therefore, long-term effects should be studied to provide more definite answers. 

5.3 Implications of future trends in stormwater quality for stormwater management 

Future trends in urban stormwater quality were studied through both computer simulations and 
laboratory studies of pollutant transport processes. Based on the findings from the research 
underlying this thesis, several implications for the management of urban stormwater quality should 
be discussed. 

Generally, TSS loads for rainfall events with low to intermediate depths and intensities showed the 
highest sensitivity to changes in rainfall inputs. Furthermore, due to pollutant supply limitations, 
large events, even though they involve a flood risk, will not contribute significantly more to annual 
pollutant loads under changing climate conditions. Therefore, stormwater quality management 
should focus on smaller events. Numerous current BMPs/LIDs are designed to capture 90% of 
annual runoff, which reflects relatively frequent rain events (Roesner et al. 2001). Furthermore, 
BMPs/LIDs targeting TSS should be designed to remove 80% of TSS loads on an annual basis 
(MOE 2003, CDEP 2004). However, as the results presented in this thesis indicate, runoff volumes 
and consequently, TSS loads are likely to change under a changing climate. Thus, BMPs/LIDs may 
not deliver the desired effects and TSS removal rates may drop below the required 80% due to 
hydraulic overloading of management facilities. This may become even worse, since the effects of 
climatic changes on stormwater quality were exacerbated in scenarios that included progressing 
urbanization and significantly increased pollutant loads in addition to the increases imposed by 
climate change.  

On the other hand, well-designed BMPs/LIDs exhibited a potential to mitigate the negative effects 
of changes in climatic and socio-economic factors. In some instances, they were even able to 
improve stormwater quality (compared to the current state). Therefore, future efforts should focus 
on implementing well-designed BMPs/LIDs. However, since the assessment of future trends 
involved huge uncertainties, BMP/LID design should include flexible and adaptable features, 
which would allow for stepwise adjustment to future conditions. This may, however, involve high 
costs, which also need to be considered. Finally, pollutant prevention strategies (e.g. reduction of 
Cu in brake pads) have the potential to improve stormwater quality without secondary impacts. 
Furthermore, coarse street sediments were identified as potential contributors of heavy metal loads 
in stormwater runoff during laboratory leaching tests. This highlights that street cleaning, which 
reduces the total amount of accumulated street sediments, particularly of the coarse fraction, may 
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have beneficial environmental effects (German and Svensson 2002, Rochfort et al. 2009). Thus, 
non-structural measures should be further promoted in the future to gain additional benefits. 

However, another concern is that new materials may be introduced into the urban environment and 
conventional drainage systems. Consequently, the choice of sewer pipe materials should be 
considered when replacing old pipes or installing new ones. These possible changes to conventional 
drainage systems were studied through laboratory testing by assessing how different sewer pipe 
materials influence the quality of transported stormwater. In a Swedish context, this may be of 
particular importance since currently about 80% of the Swedish storm sewer systems consist of 
concrete pipes. A significant share of these pipes were installed during the 1960s and 1970s (as part 
of a public housing programme), and they may need to be replaced in the near future since they are 
nearing the end of their service life (Malm and Svensson 2011). When these concrete pipes are 
renewed, pipes or inserts made of different materials may be implemented because of their real or 
perceived advantages (e.g. lower weight or lower installation costs). These choices may have large 
implications for future stormwater quality and should be taken into account.  

The magnitude of future changes in pollutant loads is likely to vary for different regions. Also, the 
tested catchments were affected differently due to their characteristics (e.g. the degree of 
imperviousness) and the tested local climate samples (distribution of rain events with respect to 
rainfall depth). However, the tested future scenarios included projections for Sweden. Thus, it is 
likely that, depending on the specific region, different responses and trends in the future stormwater 
quality may be identified and reflect the area’s projections for climate, population growth, 
urbanization and environmental practices. Thus, the results presented here are not necessarily 
applicable to other regions, for which a separate regional assessment might be needed.  

The findings from the research underlying this thesis mostly concern the methodology for assessing 
future trends in the stormwater quality and making informed decisions concerning environmental 
interventions and adaptation measures. It should be emphasized that assessments of climate change 
impacts on urban drainage must include socio-economic factors, such as progressing urbanization, 
changing pollutant sources and their distributions, environmental controls and policies. An analysis 
of the simulations of urban drainage responses to future scenarios indicated that the impacts of 
socio-economic factors, with respect to stormwater quality, generally exceeded those of a changing 
climate. Therefore, computer simulations used in planning should utilize locally fine-tuned 
scenarios that reflect downscaled changes in the climate, as well as projected changes in socio-
economic factors. This type of methodology should also provide guidance for the assessment of 
future changes in urban drainage in other regions, and should help stormwater managers make 
informed decisions during the planning of future drainage systems and/or adapting existing ones to 
future conditions.  

Finally, it should be noted that the applied computer models were useful in assessing future trends 
in urban stormwater quality. By applying the SWMM model, physical catchment processes could 
be examined under a changing climate. On the other hand, the WinSLAMM model was well-suited 
for assessing potential changes in pollutant sources and their effects on stormwater quality. A 
comparison of the various sources of uncertainties involved in the simulations indicated that the 
greatest source of uncertainty was the simulation of stormwater quality. Consequently, there are 
opportunities to improve the mathematical descriptions of the stormwater quality processes in 
computer models. Such an approach has also been advocated by others; for example, Wijesiri et al. 
(2015b) studied the inherent variability of street sediments’ build-up patterns and concluded that 
different particle size classes showed different build-up patterns during dry periods. Particles with a 
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size <150 μm generally showed decreasing patterns, whereas particles with a size >150 μm showed 
an increasing pattern. Aiming to reduce model uncertainties, Wijesiri (2015a) suggested that 
different formulations for the build-up and wash-off of different particle sizes should be applied in 
stormwater quality models. Another process that should be further studied was identified based on 
the findings presented in this thesis regarding the role of coarse sediments in rainfall/runoff 
processes, namely, interactions among particles of different size ranges that also affect the transport 
of heavy metals. Further, it was noted that this interaction is influenced by both site- and sediment-
specific characteristics. These types of insights can improve the knowledge about variability in 
pollutant build-up and wash-off processes, potentially helping to create more robust mathematical 
models that can take into account specific features of the local environment to which they are 
applied. 
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6 CONCLUSIONS 

The research underlying this thesis employed the analysis of computer simulations to examine 
future trends in stormwater quality, and such simulations were supplemented by two laboratory 
studies that investigated pollutant transport processes in urban catchments. Based on the findings 
presented in this thesis and the appended papers, a number of conclusions concerning the studied 
topics and thesis objectives are drawn below.  

Simulated stormwater quality, described by TSS, showed various sensitivities to changes in the 
rainfall inputs (i.e. up-scaled rainfall) based on the characteristics and type of storm event. The TSS 
loads simulated for storms with low-to-intermediate rainfall depths and intensities were most 
sensitive to climatic changes, since the runoff contributing area increased with up-scaled storm 
intensities and pervious areas provided more runoff. Furthermore, a sufficient pollutant supply was 
available on the catchment surface at the start of such storms, which resulted in transport limiting, 
rather than supply limiting, conditions for pollution generation. On the contrary, in the case of 
storms with high rainfall depths and intensities, the runoff contributing area did not change and 
pollutant supply was quickly exhausted (supply limitations), which resulted in decreasing TSS 
event mean concentrations.   

Continuous simulations, for catchments of various imperviousness exposed to up-scaled rainfall, 
showed that simulated runoff volumes and consequently, TSS loads, from the test catchments with 
low imperviousness were most sensitive to climatic changes, since the runoff contributing area 
could increase significantly and produce increased runoff contributions from pervious areas. 
However, in terms of TSS loads per hectare, the catchments with low imperviousness generated 
low TSS loads per hectare, when compared to those from highly impervious catchments.   

The percentage changes in simulated runoff volumes and TSS loads also differed between the two 
tested local climate samples from Kalmar and Skellefteå, located in southern and northern Sweden, 
respectively. An explanation for this was found in the different distributions of rainfall events, 
according to their depth intervals and contribution to the annual precipitation, between both 
locations. When compared to the climate sample from Skellefteå, the Kalmar climate sample was 
characterized by a higher share of rain events with small depths. The runoff volumes and TSS loads 
simulated for these events were identified to be sensitive to climatic changes.  

It was also noticed that climate conditions, as well as their future projections, vary among different 
regions in Sweden, and such variation will affect future stormwater quality. Regions that are 
expected to experience increases in precipitation due to climate change will have higher masses of 
pollutants transported by stormwater runoff in the future, which may affect the performance of 
BMPs/LIDs designed for the current conditions.  
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Simulations for scenarios that combined changes in climatic and socio-economic factors, which 
included population growth, urbanization, pollution generation, and environmental controls, 
demonstrated that, compared to the current scenario, significantly more pollutants will be exported 
from urban areas in the future. The factors that most influenced pollution generation were growing 
urban areas, land use intensification, and undersized BMPs/LIDs. On the other hand, well-designed 
BMPs/LIDs showed a potential to mitigate such negative effects and, in some cases, even improve 
the stormwater quality in future conditions. Furthermore, pollution prevention at the source, e.g. 
reduction of Cu content in brake pads, produced additional beneficial effects. Such management 
options, assuming that the associated costs are acceptable, should be implemented to maintain, or 
possibly even improve, stormwater quality.  

Furthermore, the variability in stormwater quality produced by climatic changes was found to be 
generally low compared to the variability produced by socio-economic factors. Statistically 
significant differences between TSS loads simulated for the current and the future climate scenarios 
were not found, because of the relatively high variability between the simulated individual wet 
seasons. Furthermore, socio-economic factors also produced significantly higher variability in 
pollutant loads compared to climatic changes. This suggests that it is essential to consider socio-
economic changes when assessing future trends in stormwater quality, and that climate change 
considerations are more important for predicting runoff quantity than quality.  

The two computer models, SWMM and WinSLAMM, applied in the research underlying this thesis 
produced somewhat different results with respect to the catchment responses simulated for future 
scenarios. This was due to their different approaches to describing the runoff quantity and quality 
processes. The largest source of uncertainty present in the computer models arose from the 
simulations of stormwater quality. Hence, stormwater quality modelling should be improved even 
further. Two processes that could be included in stormwater quality models and were identified in 
the research underlying this thesis are: (i) the storage and release of fine particles, which can bind 
heavy metals, from the surfaces of coarse street sediments, and (ii) the various effects that different 
sewer pipe materials have on the quality of transported stormwater. 

In laboratory tests, coarse street sediments, which may be immobile during low-intensity storms 
and low runoff flows, released fine particles and significant amounts of heavy metals during 
leaching that was designed to mimic the conditions existing on the catchment surface during 
rainfall/runoff. The released heavy metals were predominantly in the particulate-bound phase. 
Finally, the metal burden release depended on site characteristics (traffic intensity and street 
cleaning practices), particle characteristics (i.e. size, organic content), and specific runoff 
characteristics (pH, duration of leaching, and energy input into sediment/water interaction). These 
findings may help improve the description of pollutant build-up/wash-off processes in stormwater 
quality models. 

Different sewer pipe materials (i.e. PVC, concrete and galvanized corrugated steel) also affected 
stormwater quality in various ways. Specifically, pH of the transported stormwater increased 
significantly in the case of concrete. Heavy metal concentrations were mostly unaffected in the 
PVC pipe, were reduced in the concrete pipe (due to particle deposition and metal adsorption on the 
pipe surface), and Cu and Pb concentrations significantly decreased in the corrugated steel pipe 
(due to the corrugations along the pipe invert acting as particle traps), whereas Zn concentrations 
increased due to elution from the galvanized pipe material. The type of stormwater affected the 
partitioning of Cu between the dissolved and particulate-bound phases. For example, in the 
processed stormwater (i.e., actual stormwater first filtered, then enhanced with stormwater 
sediment to a preselected concentration), which included dissolved organic matter, Cu could be 
leached out from sediments. These effects on transported stormwater quality should be taken into 
account both when replacing old sewer pipes and building new drainage systems.   
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The above summarized findings provide insight into future trends in urban stormwater quality, the 
underlying pollutant transport processes, and strategies for adaptation of existing drainage systems 
to future conditions. Therefore, the research underlying this thesis should help stormwater 
managers make informed decisions during the development of mitigation and/or adaptation 
strategies. Furthermore, the developed methodology combining changes in climate and socio-
economic factors in future scenarios, and simulating catchment responses to such scenarios, was 
found effective in assessing the future trends in stormwater quality and its management, and can be 
recommended for applications in other regions with different future scenarios. 
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Abstract:

The effect of changes in rainfall event characteristics on urban stormwater quality, which was described by total suspended solids
(TSS), was studied by means of computer simulations conducted with the Storm Water Management Model for a climate change
scenario for northern Sweden. The simulation results showed that TSS event loads depended mainly on rainfall depth and intensity,
but not on antecedent conditions. Storms with low-to-intermediate depths and intensities showed the highest sensitivity to changes
in rainfall input, both for percentage and absolute changes in TSS wash-off loads, which was explained by the contribution of
pervious areas and supply limitations. This has significant implications for stormwater management, because those relatively
frequent events generally carry a high percentage of the annual pollutant load. Copyright © 2013 John Wiley & Sons, Ltd.
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INTRODUCTION

Progressing urbanization exerts strong impacts on the
environment, including those on the atmosphere, surface
waters, wetlands, soils, groundwater and biota (Marsalek
et al., 2008). Among such impacts, perhaps the best
understood are those on surface waters, characterized by
increased runoff and flooding, impaired receiving waters
quality and ultimately the loss of biodiversity and
impaired beneficial water uses. In this context, urban
runoff, also referred to as urban stormwater, is considered
as a significant source of pollution impacting the water
quality in many receiving waters. Pollutants like total
suspended solids (TSS), heavy metals, polycyclic aro-
matic hydrocarbons, nutrients and faecal pollution
bacteria are causing problems in the aquatic environment
(US EPA, 1983).
The process of pollution of urban stormwater is

primarily explained by the accumulation of pollutants
on the catchment surface and their wash-off by storm-
water during wet weather (Huber and Dickinson, 1988)
and depends on both pollutant sources, in terms of
accumulation, and rainfall/snowmelt characteristics, with
respect to the wash-off. Both underlying processes are
highly dynamic and variable, as noted for individual
discrete events (Brodie and Egodawatta, 2011), and,
consequently, general assessments of stormwater quality
are often conducted over extended time periods, such as a
season, or year (US EPA, 1983), which is acceptable for

conservative pollutants generally exerting chronic im-
pacts (e.g. TSS) (Ministry of the Environment Ontario,
Canada, 2003). With respect to wash-off, the interest
moves from weather conditions for individual events to
climatic conditions, which represent a composite of
weather conditions averaged over such periods as
30 years, in the case of climate normals. While classical
hydrology was based on an assumption of a stationary
climate, extensive literature from the last two decades
indicates that this assumption may no longer be valid, and
researchers are now focusing on climate change and its
impacts on rainfall in various parts of the world, including
urban areas (Willems et al., 2012).
Climate change scenarios for northern Sweden project

an increasing trend in hourly rainfall maxima in the
future, and such changes would be particularly likely
during the spring and autumn (Hernebring and Svensson,
2011; Moghadas et al., 2011). Higher rainfall depths and
intensities and, therefore, higher runoff peak flows will
affect the wash-off process with respect to the
mobilization of pollutants and their transport. Hence, it
is likely that in a changing climate, the quality of
stormwater will change as well, assuming that the
pollutant sources remain the same. Thus, the assessment
of possible future trends in urban stormwater pollution is
essential for assessing the existing stormwater manage-
ment strategies and securing their performance in a
changing climate by employing adaptation measures.
The assessment of stormwater management strategies

in a changing climate needs to be based on computer
simulations of climate change scenarios, by means of
urban runoff models, recognizing that the current
advanced models are capable of simulating the generation
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of urban stormwater runoff for broadly varying condi-
tions, with a high level of certainty (Zoppou, 2001).
Furthermore, these models also mimic fairly well the
processes governing the quality of stormwater and,
therefore, can be used as practical tools for examining
changes in stormwater quality due to climatic changes
(Tsihrintzis and Hamid, 1998; Vaze and Chiew, 2003a).
Process-based stormwater quality models use mathemat-
ical formulations to describe the underlying processes
affecting stormwater quality, according to our current
understanding. Typically, these models simulate dry-
weather accumulations of pollutants and their subsequent
wash-off during rain events.
Earlier research provides valuable guidance for simu-

lation studies of stormwater quality. Concerning the
pollutant build-up, Sartor and Boyd (1972) and Vaze and
Chiew (2002) reported that the rate of pollutant build-up
is not linear, with high rates occurring during the first
several days after a rain event, or street cleaning, and
reduced rates occurring later, as a maximum surface load
is asymptotically approached. The above authors attrib-
uted this decline in accumulations to potential pollutant
removal by wind and vehicular traffic, and decay. During
pollutant wash-off, the accumulated pollutants are eroded
(mobilized) and hydraulically transported to the drainage
system and into the receiving waters. A number of studies
concluded that individual rain events may remove only a
part of the pollutants available on the surface, depending
on rainfall properties and the characteristics of runoff
from both impervious and pervious areas (Sartor and
Boyd, 1972; Vaze and Chiew, 2003b; Brodie and
Egodawatta, 2011). The primary constituent in modelling
stormwater quality is TSS, for which the build-up and
wash-off concepts were developed, and this constituent is
also considered crucial for stormwater quality manage-
ment in a number of jurisdictions (e.g. (Ontario) Ministry
of the Environment, 2003).
Studies of climate change impacts on urban drainage

started with assessing the effects on the quantity of
stormwater and its conveyance by urban drainage systems
(Berggren et al., 2011). However, relatively few studies
addressed the potential impacts on stormwater quality and
its management. He et al. (2011) applied an event-based
statistical model to study climate change impacts on
stormwater quantity and quality. Generally an increase in
runoff volumes and peak flows was predicted and led to
higher pollutant wash-off rates. In another study with a
rainfall simulator, the effects of climate change on the
wash-off of volatile organic compounds were examined.
It was concluded that low, low-to-moderate and high
rainfall intensity events, resulting from climate change,
will affect the wash-off process of volatile organic
compounds (Mahbub et al., 2011). The preceding studies
provide valuable insights into the potential stormwater
quality changes, but with a limited explanation of changes
in the build-up/wash-off processes and their dependencies
on climatic characteristics. A different approach was
reported by Sharma et al. (2011), who studied climate
change impacts (increased rain intensity) on build-up/

wash-off processes and assumed the wash-off of
pollutants to be proportional to rainfall intensity.
However, this assumption may ignore the cases influ-
enced by pollutant supply limitations and the potential
full removal of available pollutants from the surface,
especially for high rain intensity events. Thus, there are
opportunities for further advancement of knowledge on
climate change effects on stormwater quality by focusing
on advanced simulations with process-based models for
selected climate scenarios.
The objective of the study reported herein is to examine

the effects of changes in rainfall characteristics, due to
climate change, on the stormwater quality simulated for a
particular urban catchment. In the first phase of the study
reported here, the current (existing) pollutant sources and
environmental practices are assumed and the stormwater
quality is described by a single constituent, TSS. Thus,
the results presented focus on TSS carried by stormwater
runoff from discrete rain events for the current and future
climate projections.

METHODOLOGY

The overall approach taken is based on comparing sets of
event-based stormwater quality simulations produced for
a test catchment and for the current and future climate
scenarios. Details follow.

Study site

The study catchment is a residential suburb of the city
of Skellefteå located in Northern Sweden (64� 450 000 N,
20� 570 000E). The catchment area is 235 ha, of which
82 ha represent the directly connected impervious area,
thus yielding the imperviousness of i = 35%. The area
houses mostly residential buildings, with a typical lot size
of 600 – 850m2. Front lawns slope toward the streets;
backyards are drained by swales running between the
houses and draining onto streets. The catchment is served
by a separate storm sewer system, made of concrete sewer
pipes ranging in sizes from 0.225 to 1.8m. Sewer flow
measurements were available for several locations; those
used in this study were collected in the main sewer trunk,
short distance (350m) upstream of the drainage system
outfall. This area has been selected as a study catchment
for the following reasons: (1) It represents a typical
Northern Sweden residential development with potential
transferability of results to other locations, (2) availability
of rainfall/runoff data, including a rainfall record with
high temporal resolution and flow measurements in
different parts of the catchment and (3) availability of a
rainfall/runoff model setup for the catchment.

Model description

The Storm Water Management Model (SWMM) of US
EPA was chosen as the simulation engine, recognizing
that other well-established models should produce
comparable results. SWMM has been successfully
applied worldwide for the simulation of stormwater in
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urban areas. Since its development by the U.S. Environ-
mental Protection Agency in the early 1970s, the model
has been continuously maintained and updated. It has the
capability of simulating both stormwater quantity and
quality processes, including surface runoff and transport
through sewers to the outlets discharging into receiving
waters. Furthermore, the simulation of treatment facilities
is also included, but in this study, only surface runoff
processes were simulated. The computation of surface
runoff is based on the theory of non-linear reservoir, and
the hydrologic abstractions considered include surface
depression storage and infiltration on pervious areas.
Runoff occurs from impervious areas if rainfall exceeds
the depression storage depth. Runoff from pervious areas
occurs in the form of the Hortonian overland flow, when
rainfall exceeds the infiltration rate and fills the
depression storage. Using the kinematic wave approach,
a runoff hydrograph is computed for individual subcatch-
ments characterized by such physical properties as the
area, length of overland flow, ground slope, percentage of
imperviousness and surface roughness. Pollutant build-up
is simulated during dry weather and is followed by
pollutant wash-off during rain events. For pollutant build-
up, there are three options: the exponential, power or
saturation functions. For wash-off, there are two options:
an exponential method or a rating curve. Different
pollutants with various build-up and wash-off properties
can be included. Finally, different land uses and street
sweeping in the subcatchments can be also considered
(Huber and Dickinson, 1988).

Model setup

Based on the stormwater drainage system and the local
topography, the test catchment was delineated with a
contributing area of 235 ha. For catchment discretization,
subcatchments were assigned to end manholes and some
additional manholes, as practiced by the Danish Hydraul-
ic Institute (Persson, O., personal communication,
October 2011). Consequently, the catchment area was
divided into 51 subcatchments, which represent a fairly
detailed discretization.

Hydrological parameter estimation and calibration.
The surface slopes of individual subcatchments were
calculated from the catchment digital elevation model.
Following the SWMM manual, individual subcatchments
were approximated by rectangles, and the total width of
the overland flow (i.e. the SWMM input parameter
concerning overland flow geometry) was estimated as
twice the longitudinal dimension of such rectangles.
Subcatchment runoff was input into the sewer system
through the sewer inlet, which was the closest to the
subcatchment area centroid. Impervious fraction, surface
roughness (described by Manning n), depression storage
depth and Horton infiltration parameters were used for
hydrological calibration. Since the observed rainfall/
runoff events were sensitive only to the depression
storage depth, this parameter was adjusted during
calibration. For other parameters, the default values from

the SWMM manual (Huber and Dickinson, 1988) were
adopted. In Table I, the SWMM hydrological parameters
are listed, as well as their default values and calibration
ranges of the depression storage depths.
Over a period of 6weeks, rainfall and the correspond-

ing runoff flows in five nodes of the sewer system were
measured. Temporal resolution of rainfall data was 5min;
the accuracy of flow measurements was estimated
at� 10% (Lindblom and Hernebring, 2007). This period
contained 14 rain events with a total volume of 210mm.
Three such events were rather intense, with 120min
maximum intensities exceeding that with an annual return
period. All other events were fairly small, with return
periods less than one year based on their 120min max
intensity. Further information about the rainfall/runoff
measurements can be found elsewhere (Lindblom and
Hernebring, 2007).
The first eight events, containing 58% of the total

rainfall depth, were used for calibration purposes, and a
verification run was performed over the remaining period
of observations. Objectives for the hydrological calibra-
tion were to match the measured and simulated event
runoff volumes and peak flows within some limits
comparable to the calibration results published by others
(Tsihrintzis and Hamid, 1998; Temprano et al., 2006).
Thus, the target values for these matches were chosen as
�10% for runoff volumes and �20% for runoff peak
flows. Furthermore the timing and the shape of the
modelled hydrographs should match the measured ones.
Rising and falling hydrograph limbs should be practically
identical, within a few minutes.
Calibration of runoff volumes was done in two steps.

First, roads and roofs were considered for estimating the
catchment imperviousness fractions. Subsequently, small
rain events which produce runoff from impervious
surfaces but not from pervious surfaces were simulated.
The simulation results were compared to flow measure-
ments for those events, and the impervious fractions were
adjusted to match the measured and simulated volumes.
This assures that all impervious surfaces in the model are
directly connected to the drainage system. Second, the
depression storage depths were adjusted both for pervious
and impervious areas. This is done by simulating the rain
events considered for calibration and comparing the

Table I. SWMM hydrological parameters

Parameter Value

Surface roughness
Impervious n 0.014
Pervious n 0.08
Horton infiltration parameters
Maximum infiltration rate 25mm/h
Minimum infiltration rate 5mm/h
Decay coefficient 5 h�1

Depression storage depth
Pervious 2.5 – 5.5mm
Impervious 1 – 2.5mm
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modelled flow in manholes with the corresponding
measured flows. To evaluate the verification run,
simulated values of event volumes and peak flows were
plotted against the measured values for all the nodes
where flow measurements were available. The goodness
of fit was assessed by linear regression in the form ys = a
ym (ys = simulated value; ym =measured value). The
regression function, as well as the correlation coefficient,
were evaluated. The slope a of the regression function
should be close to 1 (perfect fit), and the R2-value which
determines the goodness of fit should be as close to 1.0 as
possible. Such a procedure is used commonly to evaluate
model verification (Tsihrintzis and Hamid, 1998).

Parameter estimation for water quality processes. A
number of different parameter pairs for TSS build-up and
wash-off can be defined based on the earlier studies
published in the literature (e.g. Vaze and Chiew, 2002,
2003b; Egodawatta and Goonetilleke, 2006; Egodawatta
et al., 2007; Brodie and Egodawatta, 2011; Li and Yue,
2011). Specifically, two different parameter values for
pollutant build-up (slow and fast rates) and three different
parameters for wash-off (low, intermediate and high rates)
were tested, yielding six different parameter pairs.
Exponential functions expressed by Equations (1) and
(2) were used to describe the build-up and wash-off:

Build-up : B ¼ b1 1� e�b2�t� �
(1)

where B = build-up of solids (TSS), b1 =maximum build-
up possible, b2 = build-up rate constant and t = elapsed
time.
Fast build-up rates as well as slow build-up rates were

tested. Intermediate rates were not considered; as
discussed later, in the rainfall series used, antecedent
dry days did not have a significant influence on the wash-
off loads. With the fast rate, 80% of the maximum build-
up was reached in less than 2 days, and with the slow rate,
it took 5.5 days to reach 80% of the maximum build-up.
The maximum build-up mass was held constant and set to
35 kg of TSS/ha. Testing different maximum build-up
masses was not needed, since wash-off patterns were
independent of the maximum build-up; the fraction
removed by a single rain event remained the same, so
the produced results could be directly scaled up.

Wash-off : W ¼ w1q
w2B (2)

where W=wash-off load of solids (TSS), w1 =wash-off
coefficient, q = runoff rate and w2 =wash-off exponent.
To represent different wash-off rates the wash-off

coefficient in Equation (2) was varied. The wash-off
exponent showed only a minor sensitivity for the range of
values reported in the literature and was set to 1.15. To
get a best estimate of practical values of parameters in
Equation (2), the wash-off rates were adjusted to yield
standard EMC values of TSS representing Swedish urban
conditions, which were described by Larm (1997) as
about 100mg TSS/l. Incidentally, this TSS EMC is
identical to the US EPA (1983) best estimate for a median

urban site of 100mg/l, as derived in the nation-wide
urban runoff program (NURP). This adjustment was
achieved by a wash-off coefficient of 0.04. Using this
value as the best estimate, two more wash-off rates were
defined representing a low practical value and a high
practical value, respectively. The low practical value
(w1 = 0.013) was chosen to yield about three times lower
TSS EMCs, and the high practical value (w1 = 0.12)
yielded about three times higher TSS EMCs, compared to
the TSS EMC standard value. These choices covered one
order of magnitude of TSS EMCs, and the upper value
was comparable to the 90th percentile for a median urban
site as defined in the NURP report (US EPA, 1983).
Finally, different parameter pairs applied in simulations
are summarized in Table II, and the notation defined in
the table is then used throughout the rest of the paper.

Historical climate data and climate change scenarios

A historical rainfall record can serve as a sample of the
current climate. Only liquid precipitation in the form of
rain was studied; snowfall was considered outside of the
scope of this study. The available rainfall data were
recorded over a period of 15 years (1996–2010) using a
tipping bucket rain gauge, with a bucket volume
corresponding to 0.2mm of rainfall. The rainfall record
also served for determining maximum intensities for the
durations of 5, 10, 15, 20, 30, 40, 50, 60, 90 and 120min
and estimating the corresponding return periods for
individual events, on the basis of local Intensity–
Duration–Frequency curves. Furthermore, the rainfall
depth, duration and antecedent dry days for every event
were noted. The rainfall record and its statistics were
described in more detail elsewhere (Hernebring, 2006).
From the sample of the current climate, 56 discrete rain

events were selected based on two criteria: (1) a minimum
depth of 6mm, and (2) the minimum inter-event dry
period of 5 h (0.2 days). The rain events used in
simulations have return periods ranging from 0.08 years
to 1.7 years (for the 120min max intensity duration).
More extreme events were not considered in this
evaluation, because they would influence too much the
data set statistics. Furthermore those events are not of
high interest in this study of stormwater quality; note that
stormwater quality controls focus on smaller events. In
fact, most best management practices are designed to
capture 90% of the annual runoff, which is produced by

Table II. Stormwater quality simulation parameter pairs

Notation Parameter values

SL Slow Build-up (b2 = 0.3); low wash-off rate (w1 = 0.013)
SI Slow Build-up (b2 = 0.3); intermediate wash-off rate

(w1 = 0.04)
SH Slow Build-up (b2 = 0.3); High wash-off rate (w1 = 0.12)
FL Fast build-up (b2 = 0.9); low wash-off rate (w1 = 0.013)
FI Fast build-up (b2 = 0.9); intermediate wash-off rate

(w1 = 0.04)
FH Fast build-up (b2 = 0.9); high wash-off rate (w1 = 0.12)
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relatively frequent rain events with short return periods
(Roesner et al., 2001).
To reflect climate change, future climate projections are

used, and the historical rainfall records are rescaled to
serve as an input to the stormwater TSS simulations.
Among the future projections, the A1B scenario, defined
in the IPCC report (Nakicenovic and Swart, 2000), was
selected. Only one scenario was used, since the aim of
this study was examination of the sensitivity of storm-
water TSS simulations to climatic changes rather than
differences in climate change scenarios. It is a medium
severity scenario, based on a more integrated world with
fast economic and technical development and stabilizing
world population. To generate the future projections, the
global circulation model ECHAM was used (Roeckner,
1996), and the downscaling for the test catchment was
performed by means of the regional climate model RCA 3
(Kjellström, 2005). The future projections span from
2011 until the year of 2100, but for this study, only the
projections for the end of the 21st century (2071 – 2100)
were selected. The rainfall records were rescaled using the
delta change method as described in Olsson et al. (2012).

Model runs and analysis

To address the antecedent conditions, the discrete single
events were extracted from a continuous simulation to
establish the actual initial conditions for every event, which
included: The pollutant mass available on the surface, the
filling of surface depression storage and soil infiltration
capacities at the onset of individual events. In the current
SWMM version, it is not possible to extract a time series of
the available pollutant mass from the modelling results,
which was needed for further analysis. To overcome this
problem, the runoff quantity was simulated separately from
the runoff quality. Runoff quantity was simulated continu-
ously with the SWMM, and the simulated flows were
entered into an Excel spreadsheet, in which runoff quality
(TSS) was calculated, using the equations for pollutant
build-up (Equation (1)) and wash-off (Equation (2)). In this
process, the available pollutant masses and wash-off loads
were calculated for every time step.
For the current climate scenario (baseline events) as

well as for the far-future projection (modified events), the
runoff volume, initial build-up mass and the wash-off
load were noted for every single event, for all the six
parameter pairs described earlier. The wash-off loads of
TSS were calculated for both baseline (reference) events
and the modified events, and the differences in loads were
calculated in terms of both absolute values and relative
changes expressed in percent.

Statistical analysis

Selection of an appropriate duration of rainfall intensity
for assessing TSS wash-off. The maximum rainfall inten-
sities of rain events are defined for different durations, as
described in Section onHistorical Climate Data and Climate
Change Scenarios. To determine which duration is the most
appropriate (influential) to describe the TSS wash-off load

within the dataset used, correlations between the TSS wash-
off loads and different duration intensities were performed.

Correlations among the rainfall characteristics. To
check if different rainfall characteristics (depth, duration,
intensity and antecedent dry periods (ADPs)) are correlated
to each other, a correlation matrix was generated, and the
results are presented in the next section.

Explanatory principal component analysis for rainfall
characteristics. To determine which rainfall characteris-
tics influence the most the wash-off process, the
simulation results were analysed using a principal
component analysis (PCA), which is a multivariate
technique serving to analyse interrelationships among a
large number of variables (Hair et al., 2010). In the water
quality research, PCA has been used as a pattern
recognition technique (Settle et al., 2007; Miguntanna
et al., 2010; Mahbub et al., 2011). One outcome of a PCA
is a loading plot, in which different variables (i.e.
different rainfall characteristics together with the wash-
off loads for the different parameter pairs) are represented
as vectors. The vectors forming acute angles are
considered as correlated variables, but if the angle is
orthogonal, the variables are uncorrelated. The length of
the vectors represents the significance of the variable
within the single principal components and can be used as
a measure for how much variability in the dataset a
certain variable can explain.
The ADPs were defined in several ways, depending on

the antecedent rainfall depths. These multiple definitions
were needed, since small events do not have a sufficient
capacity to wash off sediments from catchment surfaces,
and therefore do not exert a significant effect on the initial
(antecedent) conditions of the following event. On the
other hand, large rain events, which remove larger
fractions of the available pollutants, will be more
significant. To evaluate the influence of the antecedent
rainfall depths, the ADPs were determined for every event
based on the days after an event with at least 2, 6 and
10mm of rainfall.

TSS simulation sensitivity to changes in rainfall inputs.
Scatter plots were used to examine the sensitivity of the
stormwater TSS simulations to changes in climatic
variables due to climate change projections. The
changes in wash-off load of TSS were then plotted
against the most important rainfall characteristics of the
baseline (reference, unmodified) events for pattern
analysis and observation.

RESULTS AND DISCUSSION

Hydrological parameter estimation and calibration

After minor adjustments, the directly connected
imperviousness of the test catchment was selected as
35%, and using the earlier described calibration proce-
dure, the depression storage depths were determined as 1
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and 5mm for impervious and pervious areas, respective-
ly. An example of typical hydrographs (in terms of the
goodness of fit) of measured and simulated runoff flows
from the verification run is shown in Figure 1. The
example was chosen for a node close to the storm sewer
system outlet (further referred to as N1), and the
hydrograph spans a period of 3 days.
In the verification runs, the simulated hydrographs

generally agreed well with the measured ones, with
respect to the timing, and event runoff volumes and peak
flows. Detailed evaluations of the verification runs are
shown in Figure 2 for node N1.
At N1, the runoff volumes were reproduced well

(R2 = 0.99), and the peak flows were slightly over-
estimated (R2 = 0.95). All the other nodes showed
comparable results. Such results are slightly better than
those reported by others (Tsihrintzis and Hamid, 1998;
Temprano et al., 2006).

Appropriate duration of rainfall intensity for assessing the
wash-off process

Themaximum intensity for duration of 120min (i Max 120)
yielded the highest correlation with wash-off loads for all
the six parameter pairs in Table II. Some of the rain events
studied were shorter than 120min; this might weaken the
descriptive capability of i Max 120 for those events. However,
this was found acceptable because the average intensity of
rain events showed a very low correlation with the wash-off
load. Therefore, i Max 120 will be used for the statistical
evaluations later on.

Correlations of rainfall characteristics

In Table III, the correlation matrix for the rainfall
characteristics is displayed. The r-value stands for the
correlation coefficient, the p-value serves to asses if the
correlation is significant and the significant values are bolded.
The data in the table show that the rain depth is highly

correlated to the duration of a rain event, having a high
r-value and a p-value below0.05. Furthermore, themaximum
120min intensity is weakly correlated to the rain depth. It is
therefore crucial to apply a multivariate data analysis method
to analyse the data set instead of regression techniques.

Explanatory rainfall characteristics

TSS loads simulated for various values of rainfall
characteristics (i.e. intensity, duration and depth), the
associated ADPs and six pairs of values of build-up and
wash-off parameters, were subject to PCA. In this
process, a number of (possibly) correlated variables are
transformed into a smaller number of uncorrelated
variables referred to as principal components. In this
particular case, the first component accounted for 61% of
the variability in the data, and the second component
accounted for 19%. The results of the PCA analysis, in
the form of TSS loading plots, are presented in Figure 3.
Since the loading vectors for rainfall depth, intensity and

duration are forming acute angles with the TSS wash-off
loads derived for the six different parameter pairs, it can be
noted that those loading vectors are correlated with the
TSS wash-off loads. The strength of this correlation varies
among the rainfall characteristics, with the correlations for

Figure 1. Comparison of measured and simulated runoff flows at node N1

Figure 2. Evaluation of the verification run; exemplified for node N1
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duration and depth being stronger than that for the rainfall
intensity. The vector of the depth is longer than that of the
duration, allowing the conclusion that the rainfall depth is
the most influential rainfall characteristic with respect to the
wash-off load. This finding is in agreement with Brezonik
and Stadelmann (2002), who identified the rain depth and
intensity as the ‘most explanatory’ variables in multiple
regression models predicting event loads for TSS and other
pollutants. On the other hand, there was practically no
correlation between the antecedent dry days and the wash-
off load, though the vectors for the antecedent dry days with
6 and 10mm rain depths were closer to the wash-off loads.
Again, these results are in good agreement with the findings
published in the literature, where stormwater quality was
generally dictated by the ability of a rain event to wash-off
pollutants rather than the available pollutant mass on the
surface, implying that ADP has limited influence (Deletic
and Maksimovic, 1998; Vaze and Chiew, 2002; Liu et al.,
2012).
Several tendencies can be noted in the series of wash-off

loads produced for the individual parameter pairs from
Table II. Firstly, the wash-off loads for parameter pairs
containing higher wash-off coefficients (particularly FH and
SH) are generally less well correlated to the rainfall
characteristics, as indicated by forming larger angles (with
rainfall characteristics load vectors) than the wash-off loads
for parameter pairs with lower wash-off coefficients
(particularly FL and SL); the latter ones form an acute
angle. Furthermore, wash-off loads for parameter sets
containing high wash-off coefficients show generally a
weaker correlation to each other, whereas wash-off loads for
parameter pairs with low wash-off coefficients are closely

correlated (i.e. their vector plots are closely spaced). This
can be explained by the influence of the available pollutant
mass (i.e. build-up) on the catchment surface. Since for high
wash-off coefficients the washed off fraction is generally
higher and the shortfall with respect to the maximum build-
up increases, there may be less pollutants available for the
following event to be washed off if the build-up rate is not
fast enough. Overall, for the conditions studied, the load
vectors indicate low influence of build-up parameters (see
vectors FL, SL, FI, SI), but higher influence of wash-off
parameters (vectors SH, FH).

Sensitivity to changes in the climatic input to runoff
simulations

In Figure 4, the percent changes in the TSS wash-off
loads are plotted versus the rainfall depth of the unmodified
(reference) events, for all the six parameter pairs. For visual
guidance, linear regression lines (dashed lines) were
inserted for two ranges of the depths; below the maximum
change and above the maximum change, except for the FH
and SH scenarios with high variability for small events,
where no regressions were done below the maximum
change.
In Figure 5, the percent changes in the wash-off loads

are plotted versus the maximum 120min intensity of the
unmodified events, exemplified for two parameter pairs.
In general, the same triangular pattern can be observed

for all the parameter pairs in both Figures 4 and 5,
whereas the shape is more diffused in Figure 5 (TSS load
vs rain intensity), especially for higher wash-off coeffi-
cients; no linear regression could be established here. As
described before, the maximum 120min rainfall intensity
had only a minor power to explain wash-off loads and
showed a correlation to the rain depth. Furthermore, the
same pattern can be observed for the duration of rain
events, which is not shown here. A reason for that is the
high correlation between the rain depth and duration.
The greatest changes can be observed for short duration

storms (about 5 h), with low to intermediate depths and
intensities of approximately 15mm and 8mm/h, respect-
ively. It is noticeable that the amplitude is changing for
different parameter pairs. Significant differences can be
seen for parameter pairs with different wash-off coeffi-
cients. For the pairs with low wash-off coefficients (FL,
SL), changes between 14 and 48% are observed, and
changes between �15 and +25% are noted for the pair
with high wash-off coefficients (FH, SH). Negative
changes may be caused by altered initial conditions,
when antecedent events washed off high fractions of the
available build-up. No clear differences in the shape of
the plots can be noted between the pairs with slow and
fast build-up (i.e. comparing (SL, SI SH) and (FL, FI,
FH)); merely, the amplitudes are different, and this
difference increases with the increasing wash-off coeffi-
cients.
The above discussion leads to three general findings:

(1) the tested rain events show different sensitivities to
climatic changes depending on their characteristics (rain

Table III. Correlation matrix for the rainfall characteristics

ADP (2mm) Duration Depth

Duration r-value �0.147
p-value 0.278

Depth r-value �0.17 0.848
p-value 0.209 0.001

Max 120min
intensity

r-value �0.171 �0.083 0.385
p-value 0.206 0.542 0.003

Figure 3. TSS loading plot obtained by the PCA
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depth, intensity and duration), (2) rain events with low to
intermediate depths and intensities are the most sensitive
and (3) these findings can be observed independently of
the different build-up and wash-off parameter pairs tested.
The contribution of pervious surfaces as well as different
regimes affecting the wash-off process should be
discussed in this context. At low rain depths and
intensities, pervious areas do not contribute to runoff
flow, since depression storage and infiltration uses up all
rainfall (thus, there is no excess rainfall). For intensities
higher than the infiltration rate, the depression storage on
pervious areas can get filled, and such areas start to
contribute to runoff flows, which increases the wash-off
load. At this point, the model is very sensitive to changes
in rainfall. The test catchment studied has a high fraction
of pervious areas (65%), so in this critical region of water
balance, the contributing area could change dramatically.

The maximum response in generation of runoff was noted
for an intermediate intensity event, when the runoff
volume increased by approx. 45%, in response to the rain
depth increase of only 22%. More intense rain events
show only minor sensitivities of generated runoff to rain
intensity changes, since the contributing areas do not
change.
In Figure 6, the relationship between the rain depths of

the unmodified (reference) events and the change of the
runoff volume is shown, with the dashed regression line
derived similarly as in Figure 4.
Furthermore, the different regimes affecting the

generation of TSS loads in stormwater are also important.
Low rainfall intensities and depths result in low runoff
flows, and low capacities of runoff to mobilize and
transport TSS on the catchment surface. Thus, there is a
higher load of pollutants (in this case TSS) on the

Figure 4. Relationship between percent changes in TSS wash-off loads and the rainfall depth

Figure 5. Relationship between percent changes in the TSS wash-off loads and the maximum 120min intensity for two parameter pairs
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catchment surface than the runoff flow can transport. For
these conditions, the wash-off load is transport limited; or
in other words, the primary control of the wash-off load is
exerted by the runoff flow. Higher rain intensities and
depths lead to increased runoff flows, which are effective
in removing pollutants from the catchment surface, but at
a certain threshold, the transport limitation shifts to a
pollutant supply limitation. At this point, there are not
enough pollutants on the catchment surface to meet the
transport capacity of the runoff flow. This results in a
dilution of pollutants and reduced constituent concentra-
tions. Generally, supply limitations can be observed for
events with high depths and intensities, when the change
in wash-off loads is smaller than the change in runoff
volumes, and there are not enough pollutants on the
surface that the runoff flow could wash-off. Consequent-
ly, the event mean concentrations are smaller for the
climate change modified events compared to the original
(reference) events, while the change in wash-off loads is
still positive. This trend becomes more obvious with
increasing wash-off coefficients.
For build-up and wash-off parameter pairs containing

intermediate and high wash-off coefficients, supply
limitation can be observed even for smaller events. Clear
evidence for the existence of supply limited regimes was
given in some earlier studies. Brodie and Egodawatta
(2011) conducted wash-off experiments and concluded
that the wash-off load was increasing with the average
rainfall intensity up to a certain threshold intensity, above
which a constant wash-off load was reached. Higher
intensities did not lead to higher wash-off loads, since the
supply was exhausted. This finding is in a good agreement
with the present study. Furthermore, the existence of
supply limited regimes is discussed in studies dealing with
the first flush phenomena. Deletic (1998) defined the first
flush as the case where significantly more than 20% of the
cumulative pollutant load is washed off with the first 20%
of the cumulative runoff volume. Consequently, this
results in higher pollutant concentrations in the early parts
of a rainfall/runoff event. The reason may be that
accumulated pollutants have been exhausted in the early
part and dilution occurs in the later stage of the rain event.
Clear evidence of the existence of the first flush was given
by Sansalone and Buchberger (1997) as well as Deletic
(1998).
In Figure 7, the absolute change in wash-off load

(caused by a changing climate) versus the rainfall depth is

displayed, for the SI build-up/wash-off parameter set. The
dashed line is derived in a similar way as in Figure 4.
It is noticeable that the maximum absolute changes are

observed in the same depth range for intermediate wash-
off rates, whereas the maximum value is slightly
displaced. The same pattern was observed for the
parameter pairs containing high wash-off rates, but for
brevity, they are not shown here. For low wash-off rates,
such a variation was not noted. The reason is that for low
wash-off rates, fewer events with supply-limited regimes
can be found. It has to be kept in mind that the events
with high rain depths and intensities have capacities to
wash off high fractions of the available build-up.
However, those events are less sensitive to the changes
in rainfall than the intermediate intensity events. Since
these intermediate intensity events are very frequent, they
contribute a significant percentage of the annual rainfall
and the annual pollutant loads. This has important
implications for stormwater management and the design
of stormwater pollution control measures. Annual wash-
off loads are likely to increase in a changed climate, but
high intensity events, while causing flood risks, will not
necessarily contribute significantly more to the annual
pollutant loads, because of pollutant supply limitations.

CONCLUSIONS

This study focused on the impact of climatic changes on
simulated stormwater quality described by TSS concen-
trations. Within the limitations of the simulation setup and
the specific dataset and the test catchment, the following
conclusions may be drawn:

• Rainfall depth, intensity and duration were identified as
explanatory variables for the simulated wash-off loads
of TSS.

• Rainfall depth affects the most the wash-off load in
stormwater quality (TSS) simulations, whereas the
ADP has limited influence.

• Independent of the constituents describing stormwater
runoff quality, specific patterns for the simulated
stormwater quality sensitivity to changes in rainfall
input can be observed.

• Relatively frequent storms with low-to-intermediate
depths and intensities showed the highest sensitivity to

Figure 6. Percent change in simulated runoff volume versus the rain depth Figure 7. Absolute change in TSS wash-off loads from the test catchment,
due to changed climatic inputs, versus the rainfall depth, exemplified for

the parameter set SI
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changes in rainfall inputs, both with respect to relative
(percent) and absolute changes in TSS wash-off loads.
This was explained by TSS supply limitations and the
contributions of pervious areas.

• Pervious areas are likely to have a significant influence
on the runoff and pollution generation processes in a
changing climate and should, therefore, be examined
more closely.

• The preceding findings have significant implications
for stormwater quality management and control, since
frequent storms carry a high percentage of the annual
runoff and the wash-off load.
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ABSTRACT 

The effect of climate change on urban stormwater quality was studied by means of computer 
simulations conducted with the Stormwater Management Model (SWMM) for common climate 
change scenarios developed for northern Sweden. The simulation results showed that stormwater 
quality depended on rainfall characteristics; a climate scenario implying increased rainfall depths and 
intensities produced higher pollutant loads carried by stormwater, but reduced concentrations, 
particularly for medium to high intensity storm events.  This type of stormwater quality response was 
explained by pollutant supply limited transport processes and the resulting dilution of such pollutants.  
Medium intensity events showed the highest sensitivity to climatic changes, since such events strongly 
affected the contributions of pervious surfaces. This has significant implications for stormwater 
management, because those relatively frequent events generally carry a high percentage of the annual 
pollutant load.    
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1 INTRODUCTION 
Urban stormwater runoff is considered as a significant source of pollution impacting the water quality 
in many receiving waters. Pollutants like total suspended solids (TSS), heavy metals, polycyclic 
aromatic hydrocarbons (PAHs) and nutrients are causing problems in the aquatic environment (US 
EPA, 1983). Among others, the quality of stormwater is influenced by the accumulation and the wash-
off of pollutants. These processes depend on pollutant sources and climatic factors like rainfall 
characteristics. For northern Sweden an increasing trend in hourly rainfall maxima is projected for the 
future. Significant changes are particularly likely during spring and autumn (Hernebring and 
Svensson, 2011; Moghadas et al., 2011). Higher rainfall intensities and, therefore, higher runoff peak 
flows will affect the mobilization of pollutants on street surfaces and their transport. Hence it is likely 
that in a changing climate the quality of stormwater will change as well, assuming that the pollutant 
sources remain the same, and the assessment of possible future trends is essential in order to develop 
management strategies and adaptation measures considering the impacts of climate change.

The assessment of climate change needs to be based on computer simulations for climate change 
scenarios, using the most advanced urban runoff models. The current most advanced urban runoff 
models are capable of simulating the generation of urban stormwater runoff, with a high level of 
certainty, for broadly varying conditions (Zoppou, 2001). Furthermore, these models mimic well the 
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processes governing the quality of stormwater and, therefore, can be used as practical tools for 
examining changes in water quality due to climatic changes (Tsihrintzis and Hamid, 1998; Vaze and 
Chiew, 2003a). Process-based stormwater quality models commonly use mathematical formulations to 
describe the underlying processes according to our current understanding. Typically, these models 
simulate a dry-weather accumulation of pollutants and their subsequent wash-off during rain events. 
The pollutant build-up is a dynamic process involving continuous pollutant accumulation and removal. 
On the catchment surfaces pollutants accumulate depending on local sources and may be removed due 
to re-suspension by wind and vehicular traffic, or by rainfall/runoff. The earlier studies concluded that 
pollutant build-up is fast during the first several days after a rain event (or street cleaning) and then 
slows down as it approaches some maximum surface load. Therefore, pollutant build-up is often 
described by a non-linear relationship (Sartor and Boyd, 1972; Vaze and Chiew, 2002). Pollutant 
wash-off occurs during rain events. The accumulated pollutants are eroded (mobilized) and 
transported to the drainage system and into the receiving waters. A number of studies concluded that 
storm events typically remove only a small part of the available pollutants on the surface. 
Furthermore, it was reported that wash-off is governed by rainfall properties and the characteristics of 
runoff from both impervious and pervious areas (Sartor and Boyd, 1972; Vaze and Chiew, 2003b; 
Brodie and Egodawatta, 2011).  

Significant research has been done on assessing the climate change effects on the quantity of 
stormwater as well as the operation of urban drainage systems (Berggren et al., 2011). However, there 
are only a few studies addressing the effect of projected changes in rainfall characteristics on urban 
stormwater quality. He et al. (2011) applied an event-based statistical model to study climate change 
impacts on stormwater quantity and quality. Generally an increase in runoff volumes and peak flows 
was predicted and led to higher pollutant wash-off rates (He et al., 2011). In another research study a 
rainfall simulator was used to study climate change effects on the wash-off of volatile organic 
compounds. It was concluded that low, low-to-moderate and high rainfall intensity events, resulting 
from climate change, will affect the wash-off process of volatile organic compounds (Mahbub et al., 
2011). In those studies, a limited attention was paid to the underlying processes and their dependencies 
on climatic characteristics. Thus, process-based models could potentially contribute to a better 
understanding of possible impacts of climate change on stormwater quality.  

The overall aim of this study is to develop a modeling strategy for examining climate change effects 
on the simulated urban stormwater quality in northern Sweden. In the first phase of the study reported 
here, the current (existing) pollutant sources are assumed, and the research focuses on pollutant loads 
carried by stormwater runoff from storm events with increased intensities reflecting future climate 
projections. Towards this end, it is furthermore required to investigate which rainfall characteristics, 
including rainfall depth, duration and intensity, affect the most the wash-off processes in stormwater 
quality simulations.  

2 METHODOLOGY 
The overall approach taken in this study phase is based on comparing sets of stormwater quality 
simulations produced for a test catchment (A = 1,372 ha) and the current and future climate scenarios. 
Details follow.

2.1 Study site  

To support the ongoing collaboration, the climate scenario corresponding to the location of the 
municipality of Kiruna was chosen. Kiruna is located 150 km north of the polar circle and has about 
18,000 inhabitants.  
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2.2 Model description 

The Storm Water Management Model (SWMM) was chosen as the simulation engine, recognizing that 
other well-established models should produce comparable results. SWMM has been successfully 
applied worldwide for the simulation of stormwater processes in urban areas. Since its development by 
the U.S. Environmental Protection Agency in the early 1970s the model has been continuously 
maintained and updated. It has the capability of simulating both stormwater quantity and quality 
processes, including surface runoff and transport through sewers to the outlets discharging into 
receiving waters. Furthermore, the simulation of treatment facilities is also included, but in this study 
only surface runoff processes were simulated. The computation of surface runoff is based on the 
theory of non-linear reservoir, and the hydrologic abstractions considered include surface depression 
storage and infiltration on pervious areas. For every single subcatchment a hydrograph is computed 
considering the physical properties of the subcatchment, including the area, length of overland flow, 
ground-slope, percentage of imperviousness, surface roughness, depression storage depth and 
infiltration. Pollutant build-up is simulated during dry weather and is followed by pollutant wash-off 
during rain events. For pollutant build-up, there are three options: the exponential, power, or saturation 
functions. For wash-off, there are two options: an exponential method or a rating curve. Different 
pollutants with various build-up and wash-off properties can be included. Finally, different land uses 
and street sweeping in the subcatchments can be considered (Huber and Dickinson, 1988).  

2.3 Model setup 

The test urban catchment with an area of 1,372 ha was adopted from the earlier studies. For catchment 
discretization, Thiessen polygons were assigned to the end manholes, as practiced by the Danish 
Hydrological Institute (Persson, O., personal communication, October 2011). Consequently, the 
catchment area was divided into 545 subcatchments.   

2.3.1 Estimation of hydrological process parameters 

Roads and roofs were considered for calculating the catchment imperviousness. All impervious 
surfaces were assumed to be directly connected to the drainage system. According to the Swedish 
Water Association, runoff coefficients of roads and roofs were taken as 0.8 and 0.9, respectively 
(Svensk Vatten, 2004). Using a GIS layer for roads and roofs, the imperviousness was derived for 
each subcatchment, resulting in a mean imperviousness of 18.9%. The surface slopes of individual 
subcatchments were calculated from the catchment elevation model; the maximum slope was 17% and 
the minimum was 0.8%, with a mean value of 5%. The length of overland flow was approximated by 
the distance from the subcatchment boundary to the inlet to the drainage system. Surface roughness, 
depression storage depth and Horton infiltration parameters were estimated on the basis of 
recommendations in the SWMM manual (Huber and Dickinson, 1988). The surface roughness was 
described by the Manning coefficients for impervious and pervious subareas. For impervious areas,  
Manning n of 0.014 and a depression storage depth of 1.5 mm were adopted; for pervious areas, the 
corresponding values of Manning coefficient of 0.15 and a depression storage depth of 4 mm were 
adopted. The catchment soil was described as a shallow sandy loam, with a slow to moderate 
infiltration capacity, described by the following characteristics: the maximum (initial) conductivity of 
10 mm/h and the saturated conductivity of 3.5 mm/h, which was reached after 1 hour of continuous 
infiltration.

2.3.2 Parameter estimation for water quality processes 

Since only wash-off processes were considered in this phase of the study, all simulations were 
performed with the same amount of available pollutant (i.e., solids) build-up set to 100 kg/ha. 
Regarding wash-off processes the model parameters were adjusted according to the earlier studies 
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published in the literature (Vaze and Chiew, 2003b; Egodawatta et al., 2007; Brodie and Egodawatta, 
2011; Li and Yue, 2011). Specifically, an exponential equation (Eq. 1) was applied to simulate wash-
off processes. The wash-off load of solids, L, is then given by the product of runoff q raised to some 
power (C2) and the amount of remaining build-up B, multiplied by the wash-off coefficient: 

           (1) 

The wash-off coefficient C1 was estimated as 0.08 and the exponent C2 was set to 1.15. 

2.4 Rain events and their modifications 

A 27-month rainfall record from Kiruna was obtained from the Swedish Institute of Space Physics. 
The rain data had a temporal resolution of 5 minutes. The record contained 21 significant rain events, 
which were further processed, by determining maximum intensities for the durations of 5, 10, 15, 20, 
30, 40, 50, 60, 90 and 120 minutes and calculating the corresponding return intervals (in most cases 
less than 1 year). While this record is relatively short, it should be borne in mind that in stormwater 
quality considerations, relatively frequent storms producing 80-90% of annual runoff are of interest 
(US EPA, 1983).    

In order to reflect climate change effects, the rain events were modified by increasing their intensities 
by 20%. This is in agreement with the climate change projections for northern Sweden by the Swedish 
Water Association (Hernebring and Svensson, 2011). 

2.5 Data processing and analysis  

The individual events and the modified events were simulated separately, and the runoff volume and 
the wash-off load were noted for every simulation. The percentage changes of the modified events 
compared to the original events were calculated for the runoff volume, the wash-off load and the event 
mean concentration (EMC). This was done by dividing the modified event value by the value obtained 
for the original event (prior to any modifications). Furthermore the absolute change for the wash-off 
load was also calculated by subtracting the original event load from that for the modified event. The 
percentage and absolute changes are plotted for different rainfall characteristics of the original event, 
including the rainfall depth, duration and maximum intensity over different durations. It was noted that 
various maximum intensity durations produced different changes in EMCs, described by correlations 
coefficients varying from 0.28 (for a duration of 5 min) to 0.93 for a duration of 60 minutes (see 
Fig. 1). Consequently, the duration of 60 min was adopted as the most appropriate for describing the 
stormwater quality changes in the test catchment studied.  

3 RESULTS AND DISCUSSION 
Generally higher rainfall depths and intensities result in higher runoff volumes and wash-off loads of 
solids in simulated stormwater runoff, as shown for selected events in Table 1. No significant 
correlation can be established between the duration of the rain events and solids loads, whereas a high 
correlation coefficient is observed for the rainfall depth vs. the solids wash-off load. As mentioned 
earlier, the 60 min max intensity turned out to be the most appropriate duration for plotting the 
changes in solids loads produced. As seen in Fig. 1, the duration of 60 minutes provides the best 
correlation between the rain intensity and the percentage change of EMC of solids. This is also valid 
for the correlation of the solids wash-off load vs. the 60 min max intensity. This duration is obviously 
related to the catchment hydrological response time, which can be defined in various ways, including 
the time concentration (Ven Te Chow, 1964). High intensity bursts of durations shorter than the time 
concentration produce the corresponding steady state runoff from only some part of the catchment and 
hence do not necessarily produce the maximum runoff (note the time-area curves used in hydrology). 
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Some estimate of the test catchment response time was obtained by simulating catchment runoff for 
block rainfall inputs with a corresponding intensity of 10 and 20 mm/h, respectively. With the duration 
of 120 minutes the highest steady state runoff was produced. Hence, high intensity bursts of durations 
much shorter than 120 min will not produce high steady state runoff values, and a similar finding 
seems to be true for changes in stormwater quality. Thus, the catchment functions as a filter which 
when producing runoff balances out many short duration rainfall intensity peaks. The selected duration 
of 60 min may not be adequate for event No. 4 (Table 1), which was characterized by a very short 
duration (35 min) and relatively high rainfall depth. The 60 min max intensity underestimates such an 
event by spreading the rain volume over a duration exceeding the storm duration. Consequently, this 
event was excluded from further consideration,.  

Table1. Runoff volume and solids wash-off load for selected rain events. The rainfall characteristics 
are related to the original events.    

Event Depth 
[mm]

Duration
[h]

60 min max 
Intensity 
[mm/h]

Runoff
original
[mm]

Load
original
[kg*103]

Runoff
modified
[mm]

Load
modified
[kg*103]

1 6 7.8 4.6 0.6 5 0.8 7

2 14.9 3.3 8.1 2.3 23 4 40

3 39.4 8.3 18.8 16 107 22.7 123

4 10 0.59 9.97 1.14 18 2.1 26

Event 1 is characterized by a relatively low rainfall depth and 60 min max intensity, whereas event 3 
was the most severe event during the recording period in Kiruna. With climate change scenario 
modification of the events, the runoff volume increases by 33% for event 1 and 41% for event 3, 
whereas the solids wash-off load increases by 40% for event 1 and only 14% for event 3. This implies 
that the EMC of event 1 increases by modification and decreases for event 3 respectively. But the 
highest percentage increase is observed for event 2, a medium intensity event, for which both runoff 
volume and wash-off load are almost doubled. This leads to two findings: (a) the climate change 
modification of a low intensity event leads to an increased EMC, whereas (b) for a high intensity 
event, a decreased EMC is noted. Furthermore the rain events show different sensitivities to changes 
in rainfall depending on their depth and intensity. On the right side of Fig. 1, the 60 min max intensity 
is plotted vs. the percentage change of EMC. The same negative correlation is observed for rainfall 
depths also with a comparably high correlation coefficient.    
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Figure 1. Relationship between the duration of the maximum intensity and the correlation coefficient 
(calculated for EMC change vs. max intensity duration)(left).  Relationship between 60 min max 
intensity and percentage change of EMC (right) 

Different regimes affecting the wash-off process should be discussed in this context. Low rainfall 
intensities and depths result in low runoff flows; there are more pollutants on the catchment surface 
than the runoff flow can transport. At these conditions the wash-off load is transport limited; or in 
other words, only the runoff flow controls the wash-off load. Higher intensities and depths lead to 
increased runoff flows, but at a certain threshold the transport limitation shifts to a pollutant supply 
limitation. At this condition there are not enough pollutants on the surface for the runoff flow to 
transport. This results in a dilution of pollutants and decreased constituent concentrations. A study by 
Sharma (2011) showed seemingly contradictory findings. A climate change scenario was simulated 
with increased intensity of extreme events and it was concluded that concentrations of pollutants 
would increase due to increased rainfall intensities. However, the model used in that study assumed 
the pollutant wash-off being proportional to rainfall intensity (Sharma et al., 2011). By doing so 
supply limitations are neglected, which might be the case for soil erosion, but not for pollutant 
accumulations on impervious surfaces. Clear evidence for the existence of supply limited regimes is 
given by other earlier studies. Brodie and Egodawatta (2011) conducted wash-off experiments and 
concluded that the wash-off load was increasing with the average rainfall intensity up to a certain 
threshold intensity, above which a constant wash-off load was reached. Higher intensities did not lead 
to higher wash-off loads, since the supply was exhausted (Brodie and Egodawatta, 2011). This finding 
is in good agreement with the present study. Furthermore the existence of supply limited regimes is 
discussed in studies dealing with the first flush phenomena. Deletic (1998) defined the first flush as 
the case where significantly more than 20% of the cumulative pollutant load is washed off with the 
first 20% of cumulative runoff volume. This consequently results in higher pollutant concentrations in 
the early part of a rain event. The reason may be that accumulated pollutants have been exhausted in 
the early part and dilution occurs in the later stage of the rain event. Clear evidence of the existence of 
the first flush was given by Sansalone and Buchberger (1997) as well as Deletic (1998). 

As mentioned before it was observed that the sensitivity of loads to general changes in rainfall 
depended on specific rainfall characteristics. In Fig. 3 the runoff volume and the wash-off load are 
plotted over the 60 min max intensity. A similar triangular shape was observed for the runoff volume, 
which is not displayed here. 
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Figure 2. Relationship between the 60 min max intensity and percentage change (left) and the absolute 
change (right) of the solids wash-off load.  

In general, rainfall events of an intermediate intensity are very sensitive to climatic changes, resulting 
in high percentage changes of wash-off loads. The explanation for that can be found by examining the 
contribution of pervious areas representing a large part of the test catchment (81%). At low intensities 
pervious areas do not contribute to runoff flow, since infiltration uses up all rainfall. With intensities 
higher than the infiltration rate the depression storage on pervious areas can get filled and they 
contribute to runoff flow. This again increases the wash-off load. At this point the model is very 
sensitive to changes in rainfall. The test catchment studied has a high fraction of pervious areas, so the 
contributing area could change dramatically. At the maximum response, a 20% increase of rainfall 
intensity causes almost an 80% increase in the wash-off load. A further increase of the intensity has 
only a minor effect on runoff volume and wash-off load, since the contributing areas do not change. It 
is noticeable that the maximum absolute changes are observed in the same intensity range, with the 
maximum only slightly displaced. It has to be kept in mind that high intensity events lead to high 
wash-off loads, as seen in Table 1. But those events are less sensitive to changes in rainfall than the 
intermediate intensity events. Since these intermediate intensity events are very frequent, they 
contribute a significant percentage (80-90%) of the annual rainfall and the annual pollutant loads. This 
has important implications for stormwater management and the design of pollutant control measures. 
Annual wash-off loads are then likely to increase in a changed climate, but high intensity events, while 
causing flood risks, do not necessarily contribute significantly to the annual pollutant loads, because of 
pollutant supply limitations.  

Since frequent rain events with short return periods turn out to be very sensitive to changes in rainfall 
input it appears crucial to study the influence of anteceded dry days and build-up processes. Long-term 
simulations should be performed in order to get a better insight into the climate change effects on 
annual pollutant loads. Another important issue is the contribution of pervious areas. For certain 
rainfall intensities the SWMM model shows high sensitivities to changes in rainfall, due to the 
contribution of pervious areas. Deletic (2005) reported that grassed surfaces can trap particles 
depending on their diameter. Detachment processes are not considered in the SWMM model, which 
might influence the simulation results. In further studies, it should be examined how models can 
consider those processes, in order to increase the reliability of simulation results.  
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4 CONCLUSIONS  
Within the limitations of the simulation experiments conducted, the following conclusions may be 
drawn:

A changing climate characterized by higher intensity storms influences the simulated 
stormwater quality. 

Rainfall depth and intensity were identified as explanatory variables for the wash-off loads. 
Intermediate-to-long duration maximum intensities of rain events are more appropriate for 
explaining stormwater quality changes in the catchment studied than the short duration 
intensities.

Rain events with a high intensity and volume show decreasing EMCs for the climate change 
scenario studied, and this was explained by a pollutant supply limitation.   

Stormwater quality for frequent low-to-medium intensity storms with return periods less than 
one year was more sensitive to climate changes than that for high intensity storms with longer 
return intervals. This has significant implications for stormwater management, since the 
frequent storms carry a high percentage of the annual runoff and wash-off load. 

In catchments with low imperviousness, pervious areas are likely to have a significant 
influence on the runoff and pollution generation processes and should, therefore, be examined 
more closely.  
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Continuous simulations of urban stormwater runoff and

total suspended solids loads: influence of varying climatic

inputs and catchment imperviousness

Matthias Borris, Anna-Maria Gustafsson, Jiri Marsalek

and Maria Viklander

ABSTRACT

Potential implications of climate change for future stormwater management were addressed by

undertaking continuous simulations of runoff and total suspended solids (TSS) loads for three urban

catchments, with imperviousness varying from 23 to 63%, which were exposed to five rainfall

regimes during the snow-free part of the year: the current climate and four climate change scenarios

projecting higher rainfalls. Simulated runoff volumes increased in all the future scenarios, particularly

in the sub-arctic climate and the fixed uplift scenario (plus20) indicating appreciable rainfall

increases. Simulated runoff volumes increased depending on the projected increases in rainfall and

increasing runoff contributions from pervious areas when more intense future rainfalls exceeded

hydrologic abstractions. The increased runoff volumes then contributed higher TSS loads, which

were highly variable for the rainfall regimes tested. In cold climate regions, residues of solids from

winter road maintenance may contribute to high initial accumulations of TSS on the catchment

surface and high washed off loads. In general, the study suggests that intermediate design-life

stormwater management facilities require flexible design allowing for future step-wise adaptation by

gradually increasing design capacities and modifying treatment trains.
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INTRODUCTION

Studies of climate change impacts on urban drainage have

so far focused mostly on a single issue, the management of

flood risks arising from exceedance of design hydraulic load-

ing (Berggren et al. ; Willems et al. ). Yet the current

practice demonstrates that urban drainage systems are

planned, designed and adapted to perform other tasks of

urban water management as well, including the protection

of water quality in receiving waters (MOE ). This

latter task is achieved by implementing modern stormwater

management measures, which are frequently referred to in

the literature as Best Management Practices (BMPs) or

Low Impact Development measures serving to prevent or

mitigate the urbanization impacts on stormwater generation

and its quality (Marsalek ). Thus, from the environ-

mental protection point of view, it is of interest to examine

how well the urban drainage systems will cope with future

changes in pollutant loads carried by stormwater (Borris

et al. ), and the changes in pollutant removal by hydrau-

lically overloaded BMPs.

Investigations of future urban stormwater quantity and

quality need to be based on computer simulations reflecting

future rainfall and catchment physiographic data. The selec-

tion of simulation models for such a purpose is important

and raises the question of robustness of stormwater simu-

lations. In this connection, Elliott & Trowsdale () and

Zoppou () noted that the current advanced urban

593 © IWA Publishing 2014 Journal of Water and Climate Change | 05.4 | 2014

doi: 10.2166/wcc.2014.121



runoff models can simulate stormwater quantity with a high

level of certainty, and even the stormwater quality models

simulate fairly well the processes governing stormwater

quality and can therefore be used as practical tools for exam-

ining the changes in urban stormwater quality due to

climatic changes (Tsihrintzis & Hamid ; Vaze &

Chiew a). Simulations of changes in urban stormwater

quality due to rainfall regime changes were conducted,

among others, by He et al. (), Sharma et al. (),

Mahbub et al. () and Borris et al. (), who all con-

cluded that increased rainfall intensities did affect the

simulated quality of stormwater. Such a quality was

described by various constituents, with total suspended

solids (TSS) being most common. The use of TSS as a storm-

water quality indicator is justified by their impacts on

receiving waters ecology, including interference with photo-

synthesis resulting from reduced sunlight penetration;

blanketing gravel substrates where fish spawn, rear their

young, and where algal and invertebrate food sources live;

filling up of pools where fish feed, take refuge from preda-

tors and rest; abrasion of gills and other sensitive tissues of

aquatic organisms; reduced visibility for catching food and

avoiding predators; and, transport of hydrophobic contami-

nants (Horner et al. ). Consequently, a number of

environmental agencies in Canada and the USA use TSS

as the critical constituent in stormwater quality control

(e.g. the Province of Ontario (MOE ) and the State

of Connecticut (CDEP )), and similar action has

been proposed, for example in Switzerland (Rossi et al.

, ).

A common trait of the studies by He et al. (), Sharma

et al. (), Mahbub et al. () and Borris et al. () was

the investigation of the effects of climatic changes on pollu-

tant transport only by discrete rain event simulations. Using

different models, He et al. () and Mahbub et al. ()

observed that increased runoff contributed to increased

wash-off of catchments, and therefore increased concen-

trations and loads of washed off constituents in

stormwater. Catchment imperviousness influenced not

only runoff generation, but also the accumulation and con-

sequent wash-off of pollutants (Hatt et al. ). Sharma

et al. () investigated the effects of increased rainfall inten-

sity on pollutant build-up and wash-off processes under an

assumption that the pollutant wash-off was proportional to

rainfall intensity; thus, neglecting the cases when wash-off

was limited by pollutant supply limitations. Borris et al.

() allowed for supply limitations and noted another

cause of changes in stormwater quality – resulting from

changes in the runoff contributing area. Increased rainfall

depths and intensities allowed contributions of pervious

areas, which under the old rainfall regime either produced

less runoff or no runoff at all. Thus, rain events of intermedi-

ate intensity are particularly sensitive to climate changes,

and may produce significantly higher pollutant loads in a

changed climate. Since those rain events contribute a high per-

centage of the annual rainfall (Roesner et al. ), it is also

likely that annual pollutant loads may change significantly.

A common limitation of the above studies arises from

the nature of discrete event simulations, in which the initial

catchment conditions, including soil moisture and pollutant

accumulation on the catchment surface, may be misrepre-

sented. To mitigate such a limitation, this study was

undertaken with the overall aim of examining, by means

of continuous simulations, the climate change scenario

effects on the urban stormwater quality in three urban catch-

ments of various imperviousness, assuming the current

(existing) pollutant sources and design practices (e.g. imper-

vious fractions). The study focused on TSS concentrations

and loads in stormwater runoff simulated for climatic

series with increased rainfall intensities and temperatures

reflecting future climate projections in the sub-arctic and

temperate climate regions.

METHODS

Continuous simulations of stormwater runoff and TSS loads

in three test catchments were carried out for two recent rain-

fall series and the projected future climate scenarios, and

analyzed with respect to the quality of urban runoff from

these catchments in a changing climate. The catchments

were selected to represent urban developments with various

degrees of imperviousness (23–63%), and the climate scen-

arios represented both downscaled results of a regional

circulation model (FC1, FC2 and FC3), as well as a rec-

ommendation of the Swedish Water Agency, which

assumes a constant climate factor (CF) of 1.2 for future rain-

fall depths (hence referred to as scenario plus20). This CF
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value is comparable to those abstracted by Willems et al.

() from studies carried out in Canada, Denmark and

Sweden, for durations and return periods typical for design

of minor drainage systems (return periods 2–10 years, dur-

ations 1–3 hours). A potential influence of high TSS

accumulations at the end of the melting period, resulting

from winter road maintenance, was also considered in

additional model runs with high TSS accumulations at the

beginning of simulations.

Catchments studied

Three test catchments of greatly varying imperviousness

were selected for this study, namely a residential suburb of

Kalmar, which is located on Baltic coast in the south of

Sweden (56W 400 02″ N/16W 170 51″ E), a residential catch-

ment in Skellefteå in the north of Sweden (64W 450 0″ N/

20W 570 0″E), and a highly-developed western subarea of

the Skellefteå catchment, with high imperviousness. Further

details follow.

Kalmar residential catchment (KRC)

The KRC is a residential suburb of the City of Kalmar

(36,400 inhabitants in 2010) situated by the Baltic Sea in

the south-east region of Sweden with a temperate climate.

The catchment area is 140 ha, of which 32.3 ha are directly

connected impervious surfaces yielding a relatively low

imperviousness of 23%. The area comprises residential

properties, with a typical lot size of 1,000 m2. Surface drai-

nage of the catchment is provided by lawns, impervious

areas and swales sloping towards sewer inlets. Subsurface

drainage is provided by separate concrete storm sewers, ran-

ging in diameter from 0.15 to 1.0 m. In an earlier study

conducted by Danish Hydraulic Institute (DHI) (Strander

& Andréasson ) for the municipality of Kalmar, flow

meters were installed at multiple points in the sewer

system and used to measure runoff flows. Furthermore, a

rainfall record of 13 years’ duration (October 1991–October

2004) was also available for this catchment. Such rainfall

and runoff flow measurements were used in this study.

The annual precipitation in Kalmar is 484 mm, based on

the 1960–1991 climate normal. The main reasons for includ-

ing the KRC catchment in the current study were the

geographical catchment location (representing low-density

residential developments and temperate climate conditions),

availability of rainfall/runoff data of suitable properties, and

availability of the catchment and sewer system discretization

for rainfall/runoff modelling.

Skellefteå residential catchment (SRC)

The SRC was used in an earlier study by Borris et al. ()

and consequently its description below is abbreviated. It is a

residential part of the City of Skellefteå (32,800 inhabitants

in 2010) comprising 235 ha, of which 82 ha are directly con-

nected impervious surfaces, thus yielding an intermediate

imperviousness of 35%. The catchment is served by separate

storm sewers ranging in diameter from 0.225 to 1.8 m. Simi-

larly as in KRC, in an earlier study conducted by DHI

(Lindblom & Hernebring ) runoff flows were measured

at a number of points in the sewer system. Furthermore, a

rainfall record of almost 14 years’ duration (September

1996–July 2010) was available for this catchment. The

mean annual precipitation for Skellefteå is 589 mm, based

on the 1960–1991 climate normal. The main reasons for

including the SRC catchment in the current study were the

geographical catchment location (representing an inter-

mediate density residential developments and sub-arctic

climate conditions), availability of rainfall/runoff data of

suitable properties, and availability of the catchment and

sewer system discretization for rainfall/runoff modelling.

Skellefteå highly impervious catchment (SHIC)

The SHIC is a highly-impervious (I¼ 63%) 34 ha subarea of

the SRC catchment, with impervious surfaces attributed to

roofs, streets, sidewalks and parking lots. The catchment is

served by concrete storm sewers ranging in diameter from

0.5 to 1.8 m. Other conditions are similar to those listed for

SRC. The main reason for including the SHIC in the current

study was the high imperviousness of the catchment; second-

ary reasons were similar to those for the SRC catchment.

Catchment discretization

For modelling purposes, the catchments studied were sub-

divided into a number of subcatchments representing the
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physical drainage system, adopting the discretization done

in the earlier studies by the DHI (Persson ). Essentially,

in the DHI approach, subcatchments were assigned to end

manholes and additional manholes were added as inlet

points to reflect the local drainage patterns. Using this

approach, KRC, SRC and SHIC catchments were discretised

into 47, 51 and 9 subcatchments, respectively, with the aver-

age subcatchment areas ranging from 3.0 to 4.6 ha.

Historical rainfall records for the study areas and their

changes projected for future climate change scenarios

Simulations of runoff from the test catchments were con-

ducted for two types of rainfall data: (a) historical rainfall

records representing the current (reference) climate and

(b) four climate change scenarios. In Kalmar, rainfall was

recorded by a tipping bucket rain gauge, with a bucket

capacity of 0.2 mm, during snow free periods (April–Octo-

ber) over 13 years (October 1991–October 2004), as

reported in Berggren et al. (). For the same period,

daily minimum and maximum temperatures were also avail-

able. In Skellefteå, rainfall was recorded by the same type of

rain gauge during snow free periods (April–October) over

almost 14 years (September 1996–July 2010), and daily mini-

mum and maximum temperatures were also available.

To describe the changing climate, four future climate pro-

jections were used to re-scale historical rainfall and

temperature data for further use as inputs to simulations.

Those future projections included an emission scenario

defined in the Intergovernmental Panel on Climate Change

(IPCC) report as a medium emissions scenario (A1B),

which reflects a more integrated world with fast economic

and technical development and stabilizing world population

(Nakicenovic & Svart ) and projects an intermediate

increase in global temperatures. The implementation of

future climatic projections for A1B was carried out by the

Swedish Meteorological and Hydrological Institute (SMHI)

using the global circulation model ECHAM (Roeckner )

and performing downscaling for the study area by the regional

climate model RCA 3 (Kjellström ). The future projec-

tions reached until the year 2100 and were divided into

three different time periods: near-future climate (2011–2040)

further referred to as FC1, intermediate-future climate FC2

(2041–2070) and far-future climate FC3 (2071–2100). All

three scenarios, FC1–FC3, were used to examine the sensi-

tivity of stormwater quality simulations to various climatic

changes. Using the procedure described in Olsson et al.

(), rainfall records were rescaled with a delta change

method for different time periods. In this method, various

magnitudes of rainfall intensity are rescaled differently (i.e.

using variable CFs) and produce higher maximum rainfall

intensities, while the total rainfall depths may decrease. The

method also changes the seasonal inter-event periods, which

in the cases studied contributed to dryer summers and more

rainfall during the rest of the year. Some basic statistics of

the rainfall records and their future scenarios are presented

in the Results section. Temperatures were rescaled in a similar

way, with different increases assigned to different temperature

levels, but constant increases for temperatures above 0 WC.

Finally, the Swedish Water Association scenario plus20

(Hernebring & Svensson ) was also implemented for

both rainfall records by increasing the recorded rainfall

intensities by 20%, without making any other changes to

the rainfall records.

Storm Water Management Model (SWMM): calibration

and analysis of simulation results

All rainfall/runoff simulations for the catchments studied

were carried out with the SWMM, respectively its surface

runoff module, which computes rainfall excess and simu-

lates overland flow using a non-linear reservoir. Runoff

hydrographs are computed for individual subcatchments

and routed through the sewer network using a modified kin-

ematic wave approach. Runoff quality processes include

linear or non-linear build-up of dust and dirt (solids), or

other constituents during dry weather, and such accumu-

lations can be reduced by decay or street sweeping. In wet

weather, pollutants are fully or partly washed-off (Huber

& Dickinson ). Detailed descriptions of the SWMM

model can be found elsewhere (Rossman ).

SWMM hydrological calibration and runoff quality
parameter value choices

The selection of model process parameters was guided by

default values from the model manual (Huber & Dickinson

) and model calibration, in which the parameter values
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were adjusted to reach acceptable agreement between the

measured and simulated runoff hydrographs. As used

in this study, the following SWMM model parameters

were considered in hydrological calibration: the width of

overland flow, impervious fraction, surface roughness

(described by Manning coefficients, for impervious and per-

vious surfaces, respectively), depression storage depths (for

impervious and pervious surfaces, respectively), and

Horton infiltration parameters.

Individual subcatchments were approximated by rec-

tangles, of which longitudinal axis represented the sewer

drain collecting lateral overland flow. Thus, the total width

of overland flow W, which is a SWMM input parameter, is

twice the longitudinal dimension of the rectangle and the

length of overland flow is the subcatchment area divided

by 2 W. This procedure implies that the parameter W

could be considered as a calibration parameter, but in this

study it was taken as a measured descriptor of the catchment

properties. Subcatchment runoff entered the sewer system

through sewer inlets which were the closest ones to the sub-

catchment area centroids.

Simulated runoff volumes and peaks were calibrated in

two steps, by adjusting the catchment imperviousness and

surface depression storage. The initial value of impervious-

ness was determined from catchment data (accounting for

directly connected roads and roofs). Subsequently,

catchment runoff was simulated for small rain events, pro-

ducing runoff only from impervious areas, and the

imperviousness was adjusted to obtain agreement between

the simulated and observed runoff flows. Next, all rain

events were used in calibration of the depression storage

depth, which was the only remaining parameter affecting

simulation results. For the rest of the parameters, default

values from the SWMM manual were adopted (Huber &

Dickinson ). This procedure agrees with the findings

of Krebs et al. (), who applied genetic parameter optim-

ization to SWMM calibration and found that the depression

storage was the key calibration parameter, with all the

others showing no or only a minor influence on simulation

results. The SHIC catchment is a part of the Skellefteå

catchment, and, therefore, it did not require separate cali-

bration. Finally, catchment characteristics, SWMM

hydrological parameters (default values) and the calibrated

parameters (impervious fraction and surface depression

storage depths) are shown in Table 1. In verification runs,

the goodness of fit was assessed by linear regression (Tsih-

rintzis & Hamid ) with satisfactory results.

Calibration data in Kalmar comprised 2 months

(July–August 2004) of runoff flow measurements at three

nodes of the Kalmar sewer system, as well as the corre-

sponding rainfall. This period contained 17 events with a

total rainfall depth of 182 mm and was divided into two

parts: the first part containing nine rain events (about

56% of the total rainfall) was used for calibration and the

second part with eight events (44% of the total rainfall)

was used for verifications.

In Skellefteå, calibration data comprised 6 weeks (during

July and August 2007) of rainfall and runoff flow measure-

ments at five nodes in the sewer system. This period

contained 14 rain events with a total rainfall depth of

210 mm and was also divided into two parts: the calibration

part included eight events (58% of the total rainfall) and the

verificationpart contained six events (42%of the total rainfall).

Further information on these rainfall/runoff measurements

can be found elsewhere (Lindblom & Hernebring ).

In both cases, calibration and verification data covered a

relatively short period of the year, which might lead to some

Table 1 | Physiographic and hydrological characteristics of the catchments studied

KRC SRC SHIC

Contributing area (ha) 140 235 34

Impervious fraction (ha) 32.3 (23%)a 82 (35%)a 21.3 (62.6%)b

Subcatchments 47 51 9

Surface roughness

Impervious n 0.018 0.014 0.014

Pervious n 0.10 0.08 0.08

Horton infiltration
parameters

Maximum infiltration
rate

25 mm/h

Minimum infiltration rate 5 mm/h

Decay coefficient 5 h–1

Depression storage depth

Pervious 2.5–5.5 mm

Impervious 1–2.5 mm

aThe value shown was adjusted by calibration.
bThe value determined from the catchment map.

597 M. Borris et al. | Continuous simulations of urban stormwater runoff and TSS loads Journal of Water and Climate Change | 05.4 | 2014



uncertainties while running the model during other periods

of the year.

Besides hydrological calibration, the operation of the

SWMM model also required estimation of parameters con-

trolling runoff quality processes. The procedure applied

followed that of Borris et al. () and was largely based

on the earlier research on pollutant (TSS) build-up and

wash-off (Vaze & Chiew , b; Egodawatta & Goo-

netilleke ; Egodawatta et al. ; Brodie &

Egodawatta ; Li & Yue ). The parameters requiring

estimation pertain to the equations of build-up and wash-

off, which are expressed in the SWMM model as follows:

Build-up: B ¼ b1 1� e�b2�t
� �

(1)

where B¼ build-up of solids (TSS), b1¼maximum build-up

possible, b2¼ build-up rate constant, and t¼ elapsed time;

and

Wash-off: W ¼ w1qw2B (2)

where W¼wash-off load of solids (TSS), w1¼wash-off

coefficient, q¼ runoff flow rate, w2¼wash-off exponent,

and B¼ build-up of solids defined by Equation (1).

Recognizing the difficulties with estimating the parameters

in Equations (1) and (2), and that these parameters cannot be

calibrated for future conditions, ranges of build-up and wash-

off parameters were adopted. In the case of build-up, both

fast and slow build-up rates were tested. For fast rates, 80% of

the maximum build-up was reached in less than 2 days, but

for the slow rate, the same build-up took 5.5 days to reach. In

routine runs, the maximum build-up mass, representing the

initial condition in continuous simulations, was held constant

and set to 35 kg of TSS/ha, which produces a standard TSS

event-mean-concentration (EMC) value of 100 mg/L, rec-

ommended for example for Sweden (Larm ) and the

USA (US EPA ). To test the influence of the initial TSS

build up, a second value of 200 kg of TSS/ha (Viklander

) was used in a special run. This high value reflects north-

ern climate conditions, in which high applications of sand and

grit in winter road maintenance may result in great accumu-

lations of solids on urban streets and roads during the

winter months.

Various wash-off rates can be obtained by varying the

wash-off coefficient (w1) in Equation (2). The literature indi-

cates that the wash-off exponent w2 varies only slightly

(Egodawatta et al. ) and, accordingly, it was set equal

to 1.15. Furthermore, the wash-off rates were adjusted to

yield standard EMC values of TSS as 100 mg TSS/L, yield-

ing a wash-off coefficient of 0.04. Taking this value as the

best estimate, two more wash-off coefficients were defined

as low practical and high practical values, respectively.

The low practical value (w1¼ 0.013) yielded TSS EMC of

33 mg/L; the high practical value (w1¼ 0.12) yielded TSS

EMC of 300 mg/L. Thus, these values allowed TSS EMC

variation within an order of magnitude.

For testing the sensitivity of stormwater TSS simulations

to build-up and wash-off parameters, six pairs of different

parameter values were chosen and applied in simulations

(see Table 2), and will be referred to in the following

sections.

Model runs and their analysis

Continuous model runs were performed for snow-free sea-

sons of the year, spanning from April to October of each

record year. In the Kalmar rainfall record, this resulted in

12 simulation periods, containing on average 68% of the

annual precipitation, and in the Skellefteå record, the com-

parable values were 13 simulation periods and 59% of the

annual precipitation. Both climate samples and the corre-

sponding climate scenarios were simulated for all the three

test catchments, thus allowing examining results in both

Table 2 | Stormwater quality simulation build-up and wash-off parameter pairs

Parameter values

Build-up Wash-off

Notation Rate of build-up b2 Rate of wash-off w1

BSWL Slow 0.3 Low 0.013

BSWI Slow 0.3 Intermediate 0.04

BSWH Slow 0.3 High 0.12

BFWL Fast 0.9 Low 0.013

BFWI Fast 0.9 Intermediate 0.04

BFWH Fast 0.9 High 0.12
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climates, temperate and sub-arctic, for three values of catch-

ment imperiousness. When simulating runoff from

catchments with climate scenarios from the other location,

such catchments can be viewed as hypothetical test catch-

ments. Notation for simulation runs is shown in Table 3.

For each model run, the rainfall depths, runoff volumes

and TSS wash-off loads were recorded.

TSS wash-off loads simulated for various climate scen-

arios were analyzed for variance, in order to determine

the statistical significance of differences in simulation results

for five different climate inputs. This analysis was carried

out for all three test catchments as well as for all six

parameter pairs listed in Table 2, and the results were

graphically displayed in the form of box plots. Additionally

a paired t-test was performed comparing each simulation

for the TC scenario with its corresponding simulation for

the future scenarios. When comparing different recorded

or simulated parameters (rainfall, runoff and TSS wash-off

loads) for different scenarios, deviations of the average par-

ameter values (i.e. for the whole simulated periods) from the

reference values (for the current climate (TC)) were also

expressed in percent of the reference values and displayed

graphically.

Finally, additional model runs were performed to

demonstrate the influence of increased accumulation of

TSS on road surfaces at the start of simulation periods

(April 1; typically representing the end of the melting

period). In those runs, the initial pollutant build-up was

increased from 35 to 200 kg/ha after Viklander (),

which corresponded to the mass of TSS per curb metre of

0.8 kg, at the end of the winter season. This build-up was

then taken as the initial condition in continuous simulations

of TSS wash-off.

RESULTS

The presentation of results starts with model calibration and

verification, followed by analysis of changes in precipi-

tation, runoff and TSS loads for an average snow-free

period.

Model calibration and verification

As the first step of calibration, catchment directly-connected

imperviousness values were adjusted as needed. Generally

only small adjustments were made, since the initial esti-

mates produced good results. In the case of KRC, the

adjusted value was 23%, and for SRC, a calibrated value of

35% was adopted from an earlier study (Borris et al. ).

Finally, for SHIC, such calibration was not possible (it is a

‘nested’ subcatchment of SRC, located at the downstream

end of SRC) and the value determined from maps (63%)

was adopted. The depression storage depths for impervious

surfaces were set to 1 mm for all the catchments. The per-

vious depression storage depth was set to 5.5 mm for KRC

and 5 mm for SRC, respectively. Examples of verification

runs and the goodness of fit achieved for one node in the

Kalmar sewer system, located close to the catchment

outlet, are shown in Figure 1.

The other two nodes in KRC showed comparable

results, but are not shown here for brevity. A similar good-

ness of fit was reported for SRC by Borris et al. ().

Changes in precipitation and runoff

Descriptive statistics of precipitation data for two climate

samples, temperate (Kalmar) and sub-arctic (Skellefteå)

and the corresponding four future scenarios, limited to the

runoff simulation during the snow-free period, are summar-

ized in Table 4.

Several observations of interest can be made concerning

the data in Table 4: (a) precipitation during the snow-free

period (mostly rainfall) greatly varies, particularly in the

case of the sub-arctic climate (Skellefteå), where the maxi-

mum values almost double the record average, (b) the

minimum precipitation somewhat decreases in the temper-

ate climate (Kalmar), but slightly increases in Skellefteå,

Table 3 | Model runs and the notation used

Catchment Climate sample Notation

KRC Temperate KRC(T)

KRC Sub-arctic KRC(S)

SRC Sub-arctic SRC(S)

SRC Temperate SRC(T)

SHIC Sub-arctic SHIC(S)

SHIC Temperate SHIC(T)
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compared to TC, and (c) standard deviations increase for

future scenarios. Plus20 scenario values are equal to the

TC data multiplied by the CF of 1.2 and are shown here

just for completeness.

Besides seasonal precipitation statistics, the distribution

of precipitation according to the event depth is also of inter-

est. Thus, the distributions of total precipitation into six

classes, according to the event precipitation depth (2–5,

5.1–10, 10.1–20, 20.1–30, 30.1–40, and >40 mm), were

determined and are shown in Figure 2 for TC, FC3 and

Plus 20.

Both climate samples have different distributions of pre-

cipitation events with certain rainfall depths. In the

temperate (Kalmar) TC climate sample, small events with

depths between 2 and 5 mm, represent a much higher per-

centage of the total precipitation (24.6%) than in the sub-

arctic (Skellefteå) TC climate sample (14.6%), and a similar

tendency was noted for FC3 as well (20.4 and 12.4%,

respectively). In future climate scenarios, the number of

these smallest events declined in the temperate climate

sample, but increased in the sub-arctic climate sample. The

largest events (>40 mm) displayed a reversed trend,

contributing a higher percentage of the total precipitation

in future scenarios. Thus, climate change projections indi-

cate a redistribution of precipitation events in the direction

towards greater-depth events in the future.

Changes in precipitation resulted in changes in

runoff simulated for various climate change scenarios,

Table 4 | Statistics for rainfall depths of the temperate (KRC) and sub-arctic (SRC) climate samples and future scenarios for snow-free periods (April–October)

Temperate (Kalmar) Climate samplea Sub-arctic (Skellefteå) Climate sampleb

TC FC1 FC2 FC3 Plus20 TC FC1 FC2 FC3 Plus20

Average (mm) 329.1 334.2 335.8 338.8 395 347.8 358.6 374.3 408.8 417.4

Standard deviation (mm) 61.4 68.3 70.0 74.7 73.6 114.1 119.1 118.9 130.3 137

Max (mm) 480.6 507 516.8 526.3 576.7 672.4 693.2 711.3 764.9 806.9

Min (mm) 239.4 235.5 236 228.9 287.3 205.2 209.5 222.5 238.6 246.2

aN¼ 12 (¼length of the record in years).
bN¼ 13 (¼length of the record in years).

Figure 1 | Evaluation of the verification runs for Kalmar: Runoff volumes and peaks at node 1 (near the outlet).

Figure 2 | Distribution of total precipitation according to event precipitation depth

intervals.
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with somewhat different responses in the two climate

samples studied. Whereas for the sub-arctic climate

sample (Skellefteå) sample the percentage changes in

runoff follow the changes in precipitation with minor

differences, a different response can be observed for the

temperate climate sample (Figure 3), in the temperate cli-

mate sample and a low imperviousness catchment

(KRC), the change in runoff, attributed to increased

contributions of pervious areas, exceeded that in precipi-

tation, and reached a maximum difference of about 9%

for FC3.

Changes in simulated TSS loads

Using the calibrated SWMM model, simulations of TSS

loads were produced and plotted in Figure 4, where TSS

loads for TC (current climate) and the four earlier defined

future climate scenarios are exemplified by box plots for

slow build-up and intermediate wash-off (BSWI). The dot

points above the whiskers represent outliers. Similar plots

were produced for the remaining five pairs of build-up and

wash-off parameters and displayed similar trends as in the

figure below, but are not shown here for brevity.

Figure 3 | Simulated TSS loads: box and whisker plots.
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Examination of data in Figure 3 indicates fair variation

in TSS loads and some presence of outliers (dot symbols).

Based on the analysis of variance, no significant difference

could be found between the current and future climate

scenarios at a 95% confidence interval for individual

cases, even when comparing the results for TC with those

for plus20. This was the case for all the catchments and

parameter pairs. The paired t-test showed somewhat differ-

ent results. For all the three test catchments, the test

showed statistically significant differences between TC

and plus20 at a 95% confidence interval. For low-imper-

viousness catchment (KRC) only, and BSWH and FC1, no

statistically significant differences were found, whereas for

the intermediate and high imperviousness catchments

(SRC and SHIC) this was the case even for FC2 and

FC3, for both parameter pairs containing high wash-off

rates (i.e. BSWH and BFWH) and the BSWI parameter

pair. Furthermore, it should be noted that the mean

values of all simulations of the TSS loads increased for

the future scenarios compared to the current scenario for

Figure 4 | Relative (percent) changes in TSS loads, precipitation and runoff for slow build-up rates and three rates of wash-off, in the test catchments studied.
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all the three test catchments in Kalmar and Skellefteå

catchments.

To reduce variation in TSS loads simulated for the three

catchments of broadly varying size and generalize the

results, the simulated TSS loads were normalized by divid-

ing the catchment loads by the corresponding impervious

area, and focusing on two types of climate (temperate and

sub-arctic) and three climate scenarios: today’s climate,

FC3 and plus20. An example of such results is presented

in Table 5, for BSWL.

The data in Table 5 provide a useful summary of

simulation results, obtained for the chosen build-up and

wash-off parameters (BsWl). Catchment imperviousness

contributes to lower normalized loads; this is caused by con-

tributions of runoff and TSS loads by the pervious parts of

the catchment in today’s climate and even more so in the

two future climates (FC3 and plus20). The sub-arctic climate

indicated somewhat higher standardized loads, but this

difference was not statistically significant. Finally, the high-

est loads were noted for the two future scenarios tested,

FC3 and plus20, with the latter one producing the maximum

values (statistically significant compared to TC, but not

when compared to FC3).

It was also of interest to examine relative changes in

basic simulation inputs (precipitation) and outputs (runoff

and TSS loads for three rates of wash-off) for various climate

scenarios (FC1–3, plus20) and compare them to those for

TC. Such results were produced for the three catchments

studied (low to high imperviousness, KRC, SRC, and

SHIC, respectively) and the current temperate and

sub-arctic climate samples, as shown in Figure 4 for slow

build-up. Analogous simulations were produced for fast

build-up as well, but the results were practically identical

to those in Figure 4 and consequently are not shown here.

Note that whenever one of the catchments is used with cli-

matic inputs from the other location, it effectively represents

a hypothetical catchment created for that climatic location.

The main reason for such numerical experiments was

to examine whether varying catchment imperviousness

would produce some new insight into the catchment

response with respect to TSS simulations.

A number of observations concerning the tendencies in

data in Figure 4 can be made. In general, climate change

scenarios produced higher average precipitation, by 2–20%

and higher runoff, by 4–29%, compared to the current

climate. Thus, a generally non-linear response of runoff

simulations to climatic changes can be noted. Furthermore,

a visual comparison of the graphs in Figure 4 indicates that

the two climate samples, temperate and sub-arctic, produced

different simulation results. For the temperate climate

sample (Kalmar in southern Sweden), minimal changes

(<5%) in FC1, FC2 and FC3 runoff volumes can be noted,

and the plus20 scenario produced distinctly higher values

for precipitation, runoff, and TSS loads. It can be also

stated that the runoff results for FC1–FC3 are within the

uncertainty of the hydrological calibration (selected for

runoff volumes as ±10%). The sub-arctic climate (Skellefteå)

produced a different response. The values of TSS loads, pre-

cipitation and runoff were increasing from FC1–FC3, and

the plus20 scenario represented another step in this series,

with a marginal increase in runoff and TSS loads compared

to FC3. In this case only the scenarios FC1 and FC2 pro-

duced results within the uncertainty of hydrological

calibration; FC3 and plus20 scenarios showed larger

changes.

A comparison of the two climate samples, temperate

and sub-arctic, shows that the precipitation increases for

the future scenarios FC1, FC2 and FC3 differ significantly;

for the temperate climate sample (Kalmar) a precipitation

depth increase of 3% is projected for FC3, whereas the com-

parable value for the sub-arctic climate (Skellefteå) is 17.5%.

Furthermore, significant differences between the results

for the different wash-off rates can be observed. Percentage

changes are generally lower for high wash-off rates. When

Table 5 | Normalized TSS loads (kg/impervious ha/season) for two types of climate and

three climate scenarios

Normalized TSS loads
(kg/impervious ha/season)

Type of climate Catchment imperviousness TC FC3 Plus20

Temperate Low (23%)a 305 334 388
Intermediate (35%)b 282 299 348
High (63%)c 268 278 324

Sub-arctic Low (23%)a 339 404 432
Intermediate (35%)b 311 359 376
High (63%)c 288 325 342

aKRC (Kalmar).
bSRC (Skellefteå, whole catchment).
cSHIC (Skellefteå, high-imperviousness subcatchment).
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comparing different build-up rates, slightly higher percen-

tage changes are observed for fast-build-up.

Examining the results for the three catchments studied,

it can be noted that the highest changes occur for the least

impervious catchment (KRC) and the lowest for the most

impervious catchment (SHIC), regardless of the climate

sample applied.

In the case of TSS loadings from urban catchments,

there is another important issue concerning the initial

build-up of solids on the catchment surface at the end of

the winter period. Such a build-up represents an initial con-

dition for the continuous runoff simulations (performed in

this study) and it is particularly important for cold climate

regions, where large quantities of anti-skid materials (sand

and grit) are applied during winter road maintenance. This

material is further pulverized by vehicle tires and its particle

size distribution and chemical composition may change

during the winter period. To demonstrate this effect, two

initial build-up values were considered, 35 and 200 kg/ha,

where the first one corresponds to the mean TSS concen-

trations in stormwater of 100 mg/L and the latter value is

based on literature data (Viklander ). Both initial

values were applied in a numerical experiment carried out

for a 5.8 ha subcatchment of SHIC, assuming BSWI and

the current sub-arctic climate (Skellefteå, TC). A cumulative

wash-off of TSS from the catchment is plotted for those two

initial conditions in Figure 5, together with the difference

(delta) between both simulated load curves. It can be

noted that the effect of the high initial build-up persisted

for about 100 days (i.e. throughout the spring season) and

produced a load increase of about 650 kg, over this period.

DISCUSSION

The discussion comprises of two parts: runoff and TSS mod-

elling results and their implications for future urban

stormwater management.

Modelling results

The TSS loads simulated for both Kalmar and Skellefteå

catchments and the five climate scenarios did not differ stat-

istically from each other, based on the analysis of variance.

This was explained by huge variance in rainfall inputs, and

consequently in the simulated TSSwash-off loads, for various

simulation periods. Contrarily, the paired t-test showed sig-

nificant differences in TSS loads between TC and the four

future scenarios, with some exceptions. This would imply

that themean loads for the different scenarios differed signifi-

cantly, with a general trend of mean loads increasing in the

future scenarios. Thus, further discussion addresses ten-

dencies in simulated TSS loads, resulting from different test

catchment characteristics, climatic inputs, and TSS build-up

and wash-off parameters.

Comparing the three test catchments, different responses

to climatic changes were observed. The non-linear response

in runoff generation is given by increasing runoff contributing

areas in future scenarios, with some pervious parts starting to

generate runoff when exposed to higher rainfall depths and

intensities (Borris et al. ). Probability of this condition

occurring is higher in less impervious catchments and the lar-

gest relative increase in runoff volume was noted in the least

impervious catchment (I¼ 23%, KRC). This further indicates

the importance of pervious catchment elements in studies of

climate change impacts on runoff generation. Furthermore,

percentage changes in TSS loads were higher for areas with

low imperviousness (Figure 4), as a result of expanding

runoff contributing areas in future climates. Absolute TSS

loads varied depending on the catchment area and imper-

viousness, in accordance with the reported effects of

impervious surfaces on both stormwater quantity and quality

(Hatt et al. ; Jacobson ).Figure 5 | TSS export in runoff from a catchment with high initial TSS build up.
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Climate change scenarios produced different tendencies

for the two locations studied, indicating more future precipi-

tation (rainfall) and higher year-to-year variations in the sub-

arctic region (Skellefteå, located 900 km north of Kalmar),

but only small changes in the temperate climate location

(Kalmar). Even though these results may be affected by rela-

tively short precipitation records applied in this study, they

agree with the findings of Moghadas et al. () indicating

higher future precipitation increases in northern Sweden,

compared to the temperate climate region of southern

Sweden.

For both climate samples, the results of the downscaled

scenarios, in the form of runoff volumes and TSS loads,

were below those corresponding to the plus20 scenario rec-

ommended by the Swedish Water Agency. However, the

comparison of the two climate samples and their future

scenarios may be influenced by limiting the simulation

period to the snow-free period from April to October; the

climatic changes for the full year may be higher, because

climate scenarios generally project increased precipitation

during winter months (Moghadas et al. ). In any case,

FC3 projections were closer to those for the plus20 scenario

in the sub-arctic location (Skellefteå) than in the temperate

climate region of Kalmar. The preceding comparisons

suggest that the plus20 scenario is realistic and readily

implementable by Swedish municipalities.

Besides differences in seasonal precipitation, differences

in total precipitation distribution into events with various

rainfall depths are also important and are displayed in

Figure 2. In the temperate climate (Kalmar), a higher per-

centage of total precipitation is contributed by smaller

events than in the sub-arctic region (Skellefteå). This distri-

bution of rain events then contributes to increased

volumes of runoff, and since stormwater quantity is the

main driver for stormwater quality, it has an important

effect on changes in TSS loads as well. In the Kalmar cli-

mate, relatively small changes in total precipitation led to

significant changes in TSS loads; for example, a 3% increase

in precipitation caused a 13% increase in the TSS load for

the BFWL parameter pair and FC3.

Concerning the number of rain events during the simu-

lation period, differences can be observed between the two

climate samples. According to the projections used here

for the temperate climate region of southern Sweden

(FC3), small rain events do become even smaller and

larger rain events are likely to become more intense, particu-

larly in summer. Consequently, percentage changes in TSS

loads can be negative as noted for the highly impervious

test catchment (SHIC and temperate climate). In the sub-

arctic region (Skellefteå), changes in storm event rainfalls

are distributed more evenly. Another interesting finding

can be made by comparing FC3 with plus20 for the Skellef-

teå climate. Whereas the projected changes in precipitation

are almost the same (þ17.5% for FC3; þ20% for plus20), the

resulting changes in runoff volume and consequently the

changes in wash-off loads show greater differences. This is

most obvious for the low-imperviousness (23%; KRC) simu-

lated in the sub-arctic (Skellefteå) climate. For FC3 the

resulting change in runoff is about þ20% and for plus20

about þ30%. This again documents the great importance

of addressing the distribution of the individual events with

respect to their characteristics (i.e. depth and intensity) in

future scenarios.

Considering the uncertainties in selecting the wash-off

and build-up rates for TSS simulations, six combinations of

such rates were tested and produced varying results. High

wash-off rates induce relatively frequent and thorough

scour and cleaning of the catchment surface; thus, for par-

ameter pairs BSWH and BFWH (high wash-off rates),

practically no changes in wash-off loads can be detected in

computer simulations. The differences between slow and

fast pollutant build-up can be explained by the influence of

TSS supply-limited conditions. For high wash-off rates, the

available TSS mass on the surface is exhausted quickly. A

further increase in runoff, therefore leads to ‘supply limited

conditions’ and relatively small changes in TSS loads. In

addition the available TSS mass is lower for successive

rain events, if TSS build-up is not fast enough to reach the

maximum amount during the dry weather period. Contra-

rily, there is an increased probability of encountering

transport limited conditions for low wash-off rates and fast

build up. The percentage changes for BSWL and BFWL par-

ameter pairs followed the trend of changes in runoff,

whereas the results for parameter pairs containing higher

wash-off rates (BSWH and BFWH) showed always smaller

changes than those for runoff, meaning that supply limited

conditions took place. In regions with high use of sand

and grit in winter road maintenance (Viklander ), the
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selection of appropriate initial conditions with respect to

TSS accumulations on the catchment is important. High

initial values have a most profound effect on TSS simu-

lations, producing much higher TSS loads than the routine

runs.

Implications for future stormwater management

While the presented modelling results indicate increased

runoff and export of TSS from the catchments studied in

future climate scenarios, there are two underlying questions

concerning the implications of such increases for environ-

mental protection of the receiving waters against

stormwater discharges: (a) likelihood of environmental

effects and (b) consequences for planning stormwater man-

agement. An assessment of ecological risks caused by future

stormwater discharge is beyond the scope of this paper and

possibly the current level of knowledge in this field (Marsa-

lek ), as each particular case is described by the type of

urban area, production and quality of TSS in the catchment,

level of controls, and receiving water properties (sensitivity,

type and size, aquatic habitat features, biodiversity), both

now and in the future, and will require locally devised sol-

utions. However, it is possible to identify the influential

parameters affecting the discharge/impact processes and

promising approaches to stormwater management planning.

Concerning the former issue, two fundamental points were

made already in the introduction: TSS exert broad impacts

on receiving waters quality and their aquatic habitats and,

consequently, control of TSS in urban stormwater has

been adopted by a number of jurisdictions (MOE ;

CDEP ) in their stormwater management programs.

Control objectives in these programs can be defined by con-

centration limits on TSS discharges, or by prescribed

average removal of TSS from stormwater, and in both

cases, such limits depend on the quality of receiving

waters. A great deal of ambiguity is introduced into this pro-

cess by the fact that the existing guidelines (or in some cases

standards) for acceptable TSS concentrations in receiving

waters broadly vary, as noted in an US EPA overview

(US EPA ) indicating that 50% of jurisdictions had no

numeric standard for TSS, 25% had standards comparing

discharge concentrations to background, 20% used an absol-

ute threshold, and the rest used other approaches (e.g. a

narrative standard). Furthermore, some standards or refer-

ences (e.g. Rossi et al. , ) define the limiting

concentrations as being dependent on discharge duration.

Thus, the assessments of receiving waters are site-specific

and no generalization of the obtained results is possible.

The latter approach, based on prescribed removals of

TSS from stormwater, is more flexible in allowing further

discussion of implications of increased runoff volumes and

TSS loads for adaptation planning. For good quality receiv-

ing waters, average TSS removals of 80% are applied (MOE

; CDEP ) and can be readily achieved with

traditional BMPs, like stormwater ponds and sand filters

(TSS removals 82–90%), or more recent bioretention facili-

ties and permeable pavements (TSS removals 80–86%,

Urbonas & Olson ). Because the performance of these

BMPs also depends on runoff flows and volumes, future

adaptation planning requires consideration of increases in

both runoff flows and TSS loads; without accommodating

higher runoff flows, the performance of BMPs may drop

below the required level of 80% and such facilities would

no longer meet the prescribed performance criterion.

Thus, the planning of new stormwater management

measures may require accounting for climate changes by

increasing the design capacity, with respect to both, runoff

flows/volumes, and pollutant fluxes/loads.

The planning horizon for stormwater management

measures differs from that for the conveyance infrastructure.

While the design life of concrete sewers may be as long as

100 years, the corresponding periods for the earlier listed

BMPs vary from 15 to 35 years (Urbonas & Olson ).

This has significant implications for urban drainage plan-

ning; sewers need to be designed for far-future climates

(e.g. FC3 or plus20), but BMPs can be planned in a step-

wise progression of 15–35 year intervals.

Where municipalities do not have access to the down-

scaled climate change scenarios, they may follow interim

recommendations based on constant precipitation uplifts,

as demonstrated here by the recommendations of the Swed-

ish Water Agency (i.e. the plus20 scenario) for Swedish

municipalities, and also recommended elsewhere (Willems

et al. ). This scenario mimicked fairly well the climate

conditions in northern Sweden, but somewhat overesti-

mated the changes in southern Sweden (Kalmar).

Recognizing large uncertainties in climate projections, and
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the benefits of environmental overdesign (better flow

reductions and/or pollutant removals), the plus20 scenario

is not unreasonable. Where local managers are concerned

about the additional costs of designing for plus20, they

may consider acquiring a downscaled GCM scenario, or

allow for the implementation of additional stormwater man-

agement adaptation measures in the catchment in the future

(Waters et al. ).

Examination of data in Figure 4 indicates that for all six

cases displayed (i.e. three imperviousness and two climates),

TSS loads increased either as much or less, than runoff

volumes. Thus, one can expect higher loads of TSS to be dis-

charged into receiving waters, but not at higher average

concentrations. Typically, these increases in loads (and

runoff) ranged from 1.09–1.21 and 1.12–1.32 for FC3 and

plus20 scenarios, respectively, in the sub-arctic climate,

and 0.99–1.12 and 1.14–1.30 for FC3 and plus20 scenarios,

respectively, in the temperate climate. Thus, the plus20 scen-

ario indicated higher TSS load increases in all the cases,

compared to FC3, and such differences were particularly

marked in the temperate climate. The issue remains how

to deal with these additional TSS loads, and whether such

measures can be generalized. Maintaining the current level

of protection of receiving waters (typically stipulated as an

average removal of 80% of TSS from stormwater) will

require gradual adaptation of the existing stormwater man-

agement systems to the ongoing changes. It is worthwhile

to note that Urbonas & Olson () estimated rehabilitation

cycles for common stormwater BMPs as ranging from 15–35

years, with the short cycle corresponding to bioretention

and the long cycles corresponding to stormwater manage-

ment ponds. Thus, these cycles represent opportunities for

adaptation steps, with each step serving to accommodate

additional 5–10% of runoff volume and TSS load, depending

on the choice of future climate scenario and BMP measures.

Information gained from considerations of the increased

initial pollutant build-up after winter (Viklander ) shows

the importance of catchment cleaning after the winter to

remove large solids residues from winter road maintenance

in cold climate regions. Such cleaning has to take place

before the first large storm comes and washes surface

solids into the sewers. Simulations of TSS wash-off from

catchments with high initial solids build-up demonstrated

that most of the additional build-up was washed off by a

few rain events, which occurred early in the simulated

period. Furthermore, it can be noted that the total load

washed-off almost doubled in simulation runs with the

increased initial pollutant build-up. Hence, these results

indicate that the period of transition from the winter to

spring can be of great importance for stormwater quality

and the maintenance of storm sewers and stormwater man-

agement facilities (e.g. stormwater ponds). Finally, it should

be recognized that future stormwater management will also

be affected by other factors than just climatic changes. Such

factors include changes in pollutant sources as well as in

environmental practices (e.g. street cleaning).

CONCLUSIONS

Continuous simulations of stormwater TSS loads for three

catchments, six pairs of TSS build-up and wash-off par-

ameters, and rainfall inputs from two current climate

records, as well as the four projected future climate scen-

arios, during snow-free periods (April–October),

demonstrated that changes due to perturbation in the cli-

matic inputs cause high variability of simulation results.

Consequently, no statistically significant differences

between the current and future loads of TSS were found

based on the analysis of variance. However, simulation

results suggest that average TSS loads washed off from

urban catchments similar to those studied are likely to

increase in the future, because of the projected climatic

changes. A constant precipitation uplift (þ20%) climate

change scenario recommended by the Swedish Water

Agency for Swedish municipalities (plus20 scenario) seems

realistic for northern Sweden (sub-arctic climate), but may

overestimate the changes produced by downscaled scen-

arios for southern Sweden, where in Kalmar, the

downscaled climate change scenarios did not differ much

from the current conditions. However, on an annual basis

covering winter conditions as well, higher changes in pre-

cipitation and TSS wash-off can be expected.

Comparisons of responses of three different catchments

for two climate samples and downscaled future scenarios

showed that a variety of factors influenced the simulation

results. Catchment hydrological responses were affected

by the imperviousness; the catchment with a low
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imperviousness (Kalmar, 23%) produced higher percentage

changes in runoff volumes and TSS loads, when compared

to catchments with higher imperviousness (35 and 63%,

respectively). The relative changes were explained by increas-

ing runoff contributing area, resulting from pervious elements

runoff contributions for higher rainfall, but unit area runoff

volumes and TSS loads increased with increasing impervious-

ness. Furthermore, significant differences between the two

climate samples (temperate and sub-arctic) were observed.

Because of different distributions of the rain events of various

depths, runoff volumes and consequently TSS loads were

affected differently in the future climate scenarios. A high pro-

portion of small rain events (<5 mm) was noted in the

temperate climate sample and caused a difference between

changes in total precipitation and the corresponding runoff

volume. Since stormwater quantity is the main driver for

quality, changes in runoff affected the TSS loads as well.

Therefore, relatively small changes in precipitation input

caused high changes in TSS loads. Those patterns could be

observed independently of the build-up and wash-off par-

ameter pairs describing stormwater quality processes.

Finally, the catchment initial conditions at the end of the

winter period with respect to TSS accumulations caused by

winter road maintenance can have a great impact on

annual TSS (and associated pollutant) loads and should be

controlled by timely catchment cleaning.

Relatively short design lives of stormwater BMPs (15–35

years) allow the planning of stormwater management in

future climates in a step-wise progression of 15–35 years,

with each step increasing the stormwater management

capacity by less than 5–10%. Compared to the concrete

infrastructure, with a design life of 100 years and the need

to plan for far future climate scenarios, the adaptation pro-

cess for stormwater BMPs offers more flexibility with

respect to the selection and updating of climate change

scenarios and the financing of gradual BMP adaptation.
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ABSTRACT

The effects of climatic changes, progressing urbanization and improved environmental controls on

the simulated urban stormwater quality in a northern Sweden community were studied. Future

scenarios accounting for those changes were developed and their effects simulated with the Storm

Water Management Model (SWMM). It was observed that the simulated stormwater quality was

highly sensitive to the scenarios, mimicking progressing urbanization with varying catchment

imperviousness and area. Thus, land use change was identified as one of the most influential factors

and in some scenarios, urban growth caused changes in runoff quantity and quality exceeding those

caused by a changing climate. Adaptation measures, including the reduction of directly connected

impervious surfaces (DCIS) through the integration of more green spaces into the urban landscape,

or disconnection of DCIS were effective in reducing runoff volume and pollutant loads. Furthermore,

pollutant source control measures, including material substitution, were effective in reducing

pollutant loads and significantly improving stormwater quality.
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INTRODUCTION

The impacts of urbanization on surface waters have been
historically managed by building drainage infrastructure,

providing multiple benefits in the form of flood protection,
land-use convenience through avoiding water ponding, and
protection of receiving waters against the pollution con-

veyed by runoff. In recent decades, this approach has
been further expanded by including the maintenance of
local water balance, beneficial uses of blue/green areas

and subpotable use of stormwater among the goals of
urban drainage systems (UDSs). From the hydrological
point of view, these systems have been designed on the
basis of historical rainfall data, assuming the stationarity

of precipitation data and air temperatures. However, the
evidence of the last two decades indicates that this assump-
tion may no longer be valid in view of the large degree of

climate variability attributed to anthropogenic causes lead-
ing to climate change. Thus, there is a need to assess the
vulnerability of existing UDSs in a changing climate and

to develop risk management measures focusing on adap-
tation measures.

The vulnerability of UDSs is particularly critical with
respect to flooding, and much of the earlier research has
focused on such issues (Willems et al. ). Towards this

end, the climate change scenarios have been derived from
the scaled-down results of global circulation models and
used in assessing the functionality of the existing UDSs

with respect to flow conveyance and storage. This research
resulted in a plethora of reports and papers typically indicat-
ing larger runoff flow rates and volumes in the future.
However, so far such efforts have not resulted in the

recommendation of universally accepted methods or
approaches for selecting the global circulation models
(GCM) models for climate projections, downscaling

methods providing the data needed in fine scales appropri-
ate for urban areas, and drawing robust practical
conclusions from these results with respect to adaptation.
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Much less attention has been paid to the potential

impacts of climate change on urban stormwater quality,
which even though closely related to stormwater quantity,
represents a different issue with less acute impacts than,

for example, flooding. Thus, the problem here could be for-
mulated as: what is the vulnerability of the existing UDSs,
with stormwater quality measures and structures, to a chan-
ging climate; and how could one maintain (or improve) the

performance of the existing systems in a changing climate?
When addressing this issue, one needs to consider two driv-
ing forces, changing climate and progressing urbanization,

and consider the ongoing and future changes in stormwater
management as a part of adaptation measures.

Stormwater quality research in a changing climate has

so far focused on the accumulation and wash-off of pollu-
tants from catchment surfaces, which depend on pollutant
sources and rainfall characteristics (He et al. ; Sharma
et al. ; Borris et al. ). Changes in the rainfall

regime do affect the quality of stormwater (described, for
example, by total suspended solids), as noted by the afore-
mentioned authors. Similarly, progressing urbanization

impacts on catchment characteristics, causing higher rates
and volumes of runoff, as well as greater accumulation of
pollutants due to increased intensity of land use (e.g.,

increased intensity of traffic). Thus, the potential effects of
these driving forces, described by a higher degree of urban-
ization and greater sources of pollutants, need to be

considered. The outcomes of these forces can be mitigated
by environmental controls, which include pollution source
controls (Marsalek & Viklander ) as well as other storm-
water best management practices (BMPs), which can be

viewed as adaptation measures for mitigating the impacts
of a changing climate on stormwater quality. In this
regard, it should be recognized that, besides the potentially

worsened stormwater quality (primarily caused by more effi-
cient wash-off), the performance of BMPs may be also
reduced because of higher flows and volumes of stormwater

to be treated in the future.
For northern Sweden, an increasing trend in hourly rain-

fall maxima is projected for the future, with significant

changes particularly likely during spring and autumn
(Moghadas et al. ). Consequently, higher runoff flows
carrying higher pollutant loads are expected, especially for
low-to-medium intensity rain events that were found to be

sensitive to climate changes (Borris et al. ). Hence, it is
necessary to assess the likely changes in stormwater quality
and the feasibility of designing adaptation measures preser-

ving or improving the performance of existing UDSs with
respect to the protection of water quality.

The analysis of future stormwater quality needs to be

based on computer simulations, recognizing that the most
advanced current urban runoff models can simulate the gen-
eration of urban runoff, with an acceptable level of certainty,

for broadly varying conditions (Zoppou ). Furthermore,
these models mimic fairly well the processes governing the
quality of stormwater and, therefore, can be used as practi-
cal tools for examining changes in water quality due to

climatic changes and changing pollutant sources (Tsihrintzis
& Hamid ). For addressing various combinations of
changes in the climate, urban area characteristics, and

BMPs, different future scenarios can be devised and
simulated.

The objective of this paper is to examine future trends in

simulated stormwater quality in a northern Sweden commu-
nity by examining future scenarios, which account for: (a)
climatic changes projected for the study area for the
period when the catchment is snow free (i.e. from April to

October), (b) increased pollutant generation due to progres-
sing urbanization and intensification of urban land-use
activities, and (c) ongoing and future efforts in controlling

sources of the selected pollutants (total suspended solids
(TSS) and two metals).

METHODS

The stormwater quality was examined by analyzing simu-
lation results obtained for seven scenarios combining
variations in three influential factors: (a) climate, (b) pro-

gressing urbanization (characterized by the total area and
its land use), and (c) selected pollution control measures.
Descriptions of scenarios follow.

Future scenarios

Future scenarios were defined by Nakicenovic & Swart
() as images of how the future might unfold, which
can assist in the understanding of possible future develop-

ments of complex systems. To develop meaningful
scenarios, the system studied needs to be described in a
structured way. For stormwater quality, this has to be
done for different constituents of interest, which were

represented in this study by three examples: TSS, Cu
(copper) and Zn (zinc). When describing stormwater
quality processes, different physical, regulatory, social,

economic, environmental and technical dimensions
need to be taken into account, as illustrated in Figure 1.
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According to Figure 1, three general types of changes
may occur in the future and affect stormwater quality: (a)

changing atmospheric inputs (i.e. both precipitation and
deposition), (b) changing catchment sources (e.g. more vehi-
cular traffic due to increasing intensity of land-use and the
change in catchment surfaces (e.g., more impervious sur-

faces due to progressing urbanization), and (c) changing
control measures (e.g. improved source controls).

Since the focus of this preliminary study phase is on TSS

and heavy metals, scenarios affecting those constituents are
of particular interest. In urban areas, traffic and the corrosion
of metal surfaces are known to be the main sources of heavy

metals in stormwater runoff (Davis et al. ; Fuchs et al.
). Fuchs et al. () evaluated these sources and their
relative contributions. Based on their study, it is assumed

that copper is released in nearly equal amounts by traffic
and metal surfaces. For zinc this is different, since metal sur-
faces contribute more than traffic. Therefore in the
corresponding scenarios it is assumed that the contribution

of metal surfaces is twice the contribution of traffic. In
total, a reference scenario reflecting the current situation
and six future scenarios have been developed.

Scenario 0: Represents the current situation (described
in the sections on hydrological parameter estimation and
calibration and parameter estimation for quality processes

representing the current scenario (S0)) and serving as a
reference for comparison with the other scenarios.

Scenario 1: A business-as-usual scenario, in which only
the climatic input was changed.

Scenario 2: Assumes redevelopment of the study area
and a greater uptake of adaptation measures, including the
integration of more green spaces into the urban landscape.

Consequently, the area of directly connected impervious sur-
faces (DCIS) is reduced.

Scenario 3: Increasing fuel prices and public education

result in changed driving habits and fewer kilometres driven.
This results in a lower production of particulates (TSS) due
to traffic and a lower release of heavy metals. A greater

reduction in copper concentrations, compared to those of
zinc, can be expected, since traffic is only a minor contribu-

tor of zinc.
Scenario 4: Use of alternative materials in brake pads

due to restrictions on copper. The current copper content
in brake pads is relatively high and contributes greatly to

copper loads in urban stormwater. While some jurisdictions,
including the State of Washington, legislated for great
reductions in the copper content of brake pads (not more

than 0.5% by 2025) (Stormwater ), in Sweden no such
regulation has been introduced yet and a high reduction
potential exists.

Scenario 5: Assumes an increasing population, resulting
in a more densely built-up urban area. By 2050, the Swedish
population is expected to grow by 15% (Statistics Sweden

) and this may result in more impervious areas, which
may contribute to more surface runoff and faster accumu-
lations of solids on catchment surfaces, further
contributing to higher heavy metal releases. It is assumed

that the contributions by traffic and metal surfaces would
increase in the same manner.

Scenario 6: Assumes an increasing population (as in

Scenario 5), which causes peripheral growth of the affected
urban area (urban sprawl). Urban dwellers move away from
the city centre to the suburbs, or to outlying rural areas.

This increases dependency on car transportation, which is
reflected in the increased number of cars per household
and the distances travelled (Behan et al. ). Consequently,
the pollutant emissions due to traffic are likely to increase,

resulting in higher solids build-up rates and increasing
metal concentrations. It was assumed that the larger urban
area has the same imperviousness as the present catchment.

Table 1 summarizes the future scenarios.

Study site

A suburb of the city of Skellefteå in northern Sweden,
characterized by a mixed urban land use, was chosen as a

Figure 1 | General factors influencing stormwater quality. (LID¼ low impact development.)
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test catchment, because of the earlier studies done there
(Borris et al. ), which contributed to the setting up of

an urban drainage model for the catchment and the collec-
tion of good physiographic and hydrometeorological data,
including a rainfall record with high temporal resolution

and flow measurements in the sewer system.

Model description

The Storm Water Management Model (SWMM) was chosen

as the simulation engine. In SWMM, the computation of sur-
face runoff is based on the theory of a non-linear reservoir,
and the hydrologic abstractions considered include surface

depression storage and infiltration on pervious surfaces.
Using the kinematic wave approach, a runoff hydrograph is
computed for each subcatchment, considering the physical
properties of the subcatchment. Pollutant build-up is simu-

lated during dry weather and is followed by pollutant wash-
off during rain events. Different pollutants can be included
and some may be adsorbed on the other constituents

(solids). In the latter case, potency factors are used to compute
suchpollutants as a fraction of TSS (Huber&Dickinson ).

Model setup

As described in Borris et al. (), the test catchment of
235 ha was divided into 51 subcatchments, which represent
a fairly detailed discretization.

Hydrological parameter estimation and calibration

The hydrological calibration and validation of the model
was done in an earlier study (Borris et al. ) and yielded

the following calibrated parameter values: catchment imper-
viousness: 35%; surface roughness (n) for impervious and

pervious areas: 0.014 and 0.08, respectively; Horton maxi-
mum and minimum infiltration rates: 25 and 5 mm/h,

respectively; infiltration decay coefficient: 5 h�1; and,
depression storage depths on impervious and pervious
areas: 1–2.5 and 2.5–5.5 mm, respectively.

Parameter estimation for quality processes representing
the current scenario (S0)

TSS build-up, B, and wash-off, W, are described in SWMM

by Equations (1) and (2):

B ¼ b1 1� e�b2�t
� �

(1)

where B¼ build-up of solids (TSS), b1¼maximum build-up
possible, b2¼ build-up rate constant, and t¼ elapsed time.

W ¼ w1qw2B (2)

whereW¼wash-off load of solids (TSS), w1¼wash-off coef-
ficient, q¼ runoff rate and w2¼wash-off exponent.

The parameters in Equations (1) and (2) were chosen on

the basis of literature data (Egodawatta et al. ; Li & Yue
) and adjusted to match Swedish conditions.

For the chosen build-up rate of 0.3, 80% of the maxi-

mum build-up is reached in 5 days. The maximum build-up
mass was set to 35 kg of TSS/ha (Viklander ) and held
constant, because wash-off patterns were independent of
the maximum build-up and the fraction removed by each

rain event remains the same.
The wash-off exponent showed only a minor sensitivity

for the range of values reported in the literature and was

set equal to 1.15. To get a best estimate of practical values
of parameters in Equation (2), the wash-off rates were

Table 1 | Future scenarios

Scenario 1 2 3 4 5 6

Climate Futurea Future Future Future Future Future

Population Current Current Current Current Increased Increased

Land development Current LIDb Current Current Current area, more
impervious

Larger area, urban
sprawl

Traffic & Buildings Current Current Less km
driven

Current Increase More km driven

Newly legislated source
controls

None None None Less Cu in brake
pads

None None

aMore rainfall, higher rainfall intensities.
bLID¼ low impact development.

2085 M. Borris et al. | Simulating future trends in urban stormwater quality Water Science & Technology | 68.9 | 2013



adjusted to yield standard event mean concentration (EMC)

values of TSS representing Swedish urban conditions,
which were described by Larm () as about 100 mg TSS/
l. This adjustment was achieved by applying a wash-off coeffi-

cient of 0.04.
The potency factors were also based on prior studies

analyzing heavy metal concentrations in sediment build-up
on different urban surfaces (Duong & Lee ) and on

runoff quality characteristics recommended by Larm ()
for different urban land uses in Sweden. Consequently, the
potency factors for Cu and Zn were chosen as 0.4 and 0.2,

respectively, and the corresponding mean concentrations
were 40 and 200 μg/l.

Implementation of the future scenarios

The potential changes described in the section on Future scen-
arios were simulated for the six future scenarios by altering the

model inputs and parameters, namely the climatic input, the
impervious fraction, the catchment area, the build-up rate con-
stant (b1) for TSS and the potency factors for the heavy metals
studied. For imperviousness, catchment area, and build-up

rate, three parameter values were tested to consider a range
of likely values and to address the uncertainty involved.
These are derived as follows: (a) imperviousness: S2, 0.85,

0.9 and 0.95 times the S0 value (35); S5, 1.05, 1.10, and 1.15
times the S0 value (35); (b) catchment area: S6, 1.05, 1.10,
and 1.15 times the S0 value (235); and, (c) build-up rate: S3,

0.85, 0.9 and 0.95 times the S0 value (0.3). For the potency fac-
tors single changes were tested, since strictly linear responses
can be expected. Table 2 summarizes the parameters and their

variation in the model for the future scenarios.

Historical climate data and climate change scenarios

A 15-year rainfall record was used as a sample of the current
climate. Only liquid precipitation in the form of rain was

studied; snowfall was considered outside the scope of this

study. To reflect climate change, future climate projections
were used and the historical rainfall record was rescaled to
serve as an input to the stormwater runoff simulations.

Among the future projections, a medium severity scenario
AIB was used, as defined in Nakicenovic & Swart ().
The future projections span 2011 to 2100, but for this study,
only the projections for the middle of the 21st century

(2041–2070) were selected, since this period was considered
to be reaching as far into the future as could be handled with
some confidence. The rainfall records were rescaled using

the delta change method described in Olsson et al. ().

Model runs

Wet weather periods were selected from the available rain-
fall record (April–October) and continuous model runs

were performed for the current and the six future scenarios.
For each model run, the runoff volume and loads of TSS and
heavy metals were noted. The percentage changes for the

future scenarios compared to the current scenario (S0)
were then calculated for all three stormwater quality con-
stituents studied.

RESULTS AND DISCUSSION

For the modelled periods, the rainfall depth increased on
average by 9% for the future scenarios, compared to the cur-

rent scenario. In Table 3 the runoff volumes simulated for
the different scenarios and the constituent loads are
shown as average values for the parameter ranges tested.

Figure 2 shows the percentage changes compared to
Scenario 0. The error bars indicate the min and max
values for the parameter ranges tested.

It can be observed that the runoff volume shows a high
sensitivity to scenarios considering a progressing

Table 2 | Implementation of the current scenario in SWMM simulations and alterations for future scenarios

Scenario 0 1 2 3 4 5 6

Climatic input Current Future Future Future Future Future Future

Imperviousness (%) 35 35 29.8; 31.5; 33.3 35 35 36.8; 38.5; 40.3 35

Area (ha) 235 235 235 235 235 235 246.8; 258.5; 270.3

Build-up rate 0.3 0.3 0.3 0.255; 0.27; 0.285 0.3 0.3þ 15% 0.3þ 10%

Potency Factor Cu 0.4 0.4 0.4 0.4–10% 0.4–25% 0.4þ 15% 0.4þ 10%

Potency Factor Zn 2 2 2 2–5% 2 2þ 15% 2þ 5%
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urbanization with changing imperviousness and the catch-
ment area (Scenarios 2, 5 and 6). The runoff volume is

almost linearly dependent on the area and imperviousness.
Through a reduction of the impervious surface by 10%
(Scenario 2) the influence of climate change could be coun-

terbalanced with a reduction of the runoff volume by 8%
compared to Scenario 1. In contrast, Scenarios 5 and 6
show a significant increase in runoff, by about 20%. It can
be noted that a 10% higher imperviousness produces

runoff volumes comparable to those from a 10% larger
area. This indicates that pervious areas have only a minor
influence on the runoff volume and impervious areas are

the main contributors, for the catchment and rain series
studied here.

For scenarios with no changes in the quality parameters

(Scenarios 1 and 2), the changes in the TSS load followed
the changes in runoff volume, since runoff quantity is the
main driver for quality. For Scenario 2 the TSS load could

therefore decrease significantly and that is explained by
reduced runoff flows. The change in runoff is higher than
the change of wash-off, and this can be explained by
transport limited conditions. The Scenario 1 results indicate

that the change in TSS is slightly smaller than the change in

runoff, and this can be explained by the occurrence of
supply limited conditions, indicating that there are not
enough pollutants on the catchment surface to meet the trans-

port capacity of the runoff flow. The same effect can be seen
clearly in the results for Scenarios 5 and 6. Even though the
build-up rate of TSS has been increased, the change in TSS
is still smaller than, or equal to, the changes in the runoff

volume. However, it can be noted that considerably higher
amounts of TSS were produced for those scenarios, when
almost 20% more of TSS were as transported.

Concerning runoff volumes, it can be stated that progres-
sing urbanization is an important factor, which affects the
TSS load significantly. Scenario 3 shows only a minor

change in the TSS load. The build-up rate for TSS was
decreased by 10% because of less traffic, which results in
about 1% lower TSS load. Based on these data, the build-
up rate can be identified as a parameter of minor importance

with respect to stormwater quality, as also noted for scen-
arios 5 and 6.

For Scenarios 1 and 2, the metal load strictly followed

the changes observed for TSS, since the potency factors
were not changed here. For the remaining four scenarios,
high sensitivities to changes in model parameters can be

seen. With reduced traffic (Scenario 3) the metal loads
were reduced considerably compared to scenario 1 (only
climatic changes) and the simulated loads were compar-

able to those obtained for the current scenario (S0); for
copper, even lower loads were noted. The use of alternative
materials in brake linings, as assumed in Scenario 4, highly
reduced the copper load, by �18%, compared to the

Table 3 | Runoff volumes and percentage changes in constituent loads

Scenario 0 1 2 3 4 5 6

Runoff [m3] 202 221 204 221 221 242 243

TSS load [t] 22.2 24.3 22.6 24 24.3 26.5 26.8

Cu Load [kg] 8.9 9.7 9.1 8.6 7.3 12.2 11.8

Zn load [kg] 44.4 48.5 45.4 45.6 48.5 61.1 56.3

Figure 2 | Percentage changes for the future scenarios.
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current scenario. Therefore such pollutant source control

measures can be effective for improving stormwater qual-
ity. Based on these results, a general finding can
formulated that pollutant source controls and less traffic

have a strong potential for reducing heavy metal loads in
stormwater and thereby counterbalance the effects of the
climate change simulated here. This can be further corro-
borated by some prior studies reporting that the quality of

runoff is associated with traffic intensity and suggesting
that higher traffic intensities tend to produce higher con-
stituent loads, including TSS and heavy metals (Viklander

; Kayhanian et al. ), and vice versa. Furthermore,
past success in source controls shows that the resulting
benefits can be highly significant. Phasing lead (Pb) out of

gasoline is a good example of that; Marsalek & Viklander
() estimated that this measure contributed to removing
about 97% of Pb from freeway runoff.

Progressing urbanization and increasing releases of

heavy metals (Scenarios 5 and 6) produced high pollutant
loads, which were in some cases almost 40% higher than
the reference load (S0). This suggests in particular that

combined effects of changes in urban development
(increasing urban area and its imperviousness) and higher
releases of heavy metals due to more intensive land-use,

increase heavy metal loads significantly. The impervious-
ness of the catchment is therefore not only a very
important parameter regarding stormwater quantity

( Jacobson ), but also stormwater quality. The latter find-
ing was also noted in the studies reporting that loads of
various pollutants were strongly correlated with the magni-
tude of directly connected impervious areas (Hatt et al.
).

The scenarios tested indicate that pollutant loads may
vary significantly in the future, since high sensitivities of

stormwater quality simulations to changes in several influen-
tial factors were shown. However, the scenarios and
numerical results have to be viewed with caution since

they involve huge uncertainties. More scenarios for the
forces driving future changes and different climatic regions,
including additional test catchments, should be tested to

support the results presented here. So far, only single
values for the model parameters were used to describe
stormwater quality, namely those describing the build-up
and wash-off. Simulations of ranges of parameter values

would allow exploration of the nature of changes in the
objective function values, concentration and loads, and to
increase the reliability of the results. Furthermore, the feasi-

bility of incorporating pollutant source-based approaches in
stormwater quality modelling should be considered, as well

as an expanded list of pollutants to increase the analysis

comprehensiveness.

CONCLUSIONS

The effects of future changes on the simulated stormwater
quality in northern Sweden were addressed for the snow-
free part of the year. Toward this end, the effects of changes

in the climate, urban development, intensity of land use
activities and pollutant control measures have been tested.
Within the limitations of this simulation setup, the following

tentative conclusions may be drawn.
In regions where rainfall will increase due to climatic

changes, as exemplified here for northern Sweden, more

pollutants will be transported. In addition, progressing
urbanization, due to increasing population, may contribute
to increasing urban areas and their imperviousness, and

may significantly influence the quantity and quality of storm-
water. This is therefore identified as one of the most
important factors; in some instances, rapid urban growth
will produce greater runoff changes than those attributed

to a changing climate. Adaptation measures, like the
reduction of DCIS through the integration of more green
spaces into urban landscape was identified as an effective

measure serving to reduce runoff volume, peaks and pollu-
tant loads. Similarly, pollutant source controls, like
limiting copper content in brake pads, appear to be effective

tools in reducing pollutant loads and significantly improving
stormwater quality.
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Abstract The assessment of future trends in urban

stormwater quality should be most helpful for ensuring the

effectiveness of the existing stormwater quality infras-

tructure in the future and mitigating the associated impacts

on receiving waters. Combined effects of expected changes

in climate and socio-economic factors on stormwater

quality were examined in two urban test catchments by

applying a source-based computer model (WinSLAMM)

for TSS and three heavy metals (copper, lead, and zinc) for

various future scenarios. Generally, both catchments

showed similar responses to the future scenarios and pol-

lutant loads were generally more sensitive to changes in

socio-economic factors (i.e., increasing traffic intensities,

growth and intensification of the individual land-uses) than

in the climate. Specifically, for the selected Intermediate

socio-economic scenario and two climate change scenarios

(RSP = 2.6 and 8.5), the TSS loads from both catchments

increased by about 10 % on average, but when applying the

Intermediate climate change scenario (RCP = 4.5) for two

SSPs, the Sustainability and Security scenarios (SSP1 and

SSP3), the TSS loads increased on average by 70 %. Fur-

thermore, it was observed that well-designed and main-

tained stormwater treatment facilities targeting local

pollution hotspots exhibited the potential to significantly

improve stormwater quality, however, at potentially high

costs. In fact, it was possible to reduce pollutant loads from

both catchments under the future Sustainability scenario

(on average, e.g., TSS were reduced by 20 %), compared to

the current conditions. The methodology developed in this

study was found useful for planning climate change

adaptation strategies in the context of local conditions.

Keywords Source-based modeling � Stormwater quality �
Future scenarios � Climate change � Socio–economic

factors

Introduction

It is a broadly accepted fact that a number of future

changes in physical (e.g., glaciers and permafrost soils),

biological (terrestrial and marine ecosystems) and human-

managed systems (e.g., livelihoods, food production and

economics) may be attributed to climatic changes (Barros

et al. 2014). Consequently, one can refer to those changes

as climate change impacts and there is a huge interest in

assessing such impacts, in order to develop adaptation and/

or mitigation strategies. Such assessments are usually

based on future scenarios, which reflect conceivable future

developments. The goal of applying scenarios is not to

predict the future, but rather to discover the underlying

uncertainties, in order to make informed decisions of a

robust nature under a wide range of possible futures

(Schwartz 1996). Berkhout et al. (2002) further state that

those scenarios should account for both future changes in

climate as well as changes in socio–economic factors, since

only by combining those two groups of influential factors it

is possible to evaluate the impact of climate change on

future societies. Towards this end, Van Vuuren et al.

(2012) suggested developing scenarios for climate change

impact assessment around a matrix consisting of radiative

forcing levels (and the associated climate signal) and socio-

economic conditions. The application of this framework
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across all disciplines would facilitate the development of a

more consistent and comparable research on climate

change impacts (Van Vuuren et al. 2012).

Berkhout et al. (2002) pointed out that changes in socio-

economic systems are often not sufficiently incorporated in

climate change impact assessment studies, and their argu-

ment can be supported by examples from urban stormwater

management, where many of the earlier studies focused

just on increased risks of flooding due to future climatic

changes, without considering changes driven by socio-

economic factors (Waters et al. 2003; Berggren et al. 2011;

Jung et al. 2015). A relatively small number of studies in

that field highlighted the importance of taking socio–eco-

nomic factors into account, by for example addressing

changes in land-use and the capacity of drainage systems

(Semadeni-Davies et al. 2008; Lafontaine et al. 2015).

Recently, also the importance of assessing future cli-

mate change impacts on stormwater quality was suggested,

in order to ensure the effectiveness of the existing

stormwater quality infrastructure in future climates (He

et al. 2011; Sharma et al. 2011; Borris et al. 2013; Borris

et al. 2014b; Wu and Malmström 2015). The need for such

assessments follows from the fact that urban stormwater is

recognized as an environmentally significant source of

conventional as well as priority pollutants (US EPA 1983;

Björklund et al. 2009; Zgheib et al. 2012), and adversely

impacts water quality in many receiving environments

(Marsalek et al. 2008). Pollutant accumulation on catch-

ment surfaces during dry periods and wash-off during wet

weather depend on climate characteristics (e.g., rainfall

intensity) (Vaze and Chiew 2003b), as well as on pollutant

sources (Davis et al. 2001; Gobel et al. 2007; Petrucci et al.

2014). The type and strength of pollutant sources, as well

as the catchment characteristics, depend on land-use and

intensity of related activities (Gobel et al. 2007). At the

same time, there are ongoing efforts to control pollutant

discharge with stormwater runoff into the receiving waters

through environmental management as source controls and

many other management interventions referred to as

stormwater best management practices (BMPs) or low

impact development (LIDs) measures (Elliott and Trows-

dale 2007). Hence, more realistic scenarios should recog-

nize that in the future, the stormwater pollution generation

is likely to change not only because of climate change, e.g.,

changing rainfall characteristics, but also because of pro-

gressing urbanization, contributing to changes in the cur-

rent land-use patterns and pollutant sources, and because of

environmental controls.

Recognizing that stormwater quality strongly depends

on stormwater quantity (Marsalek et al. 2008), the

approach to stormwater quality changes in the future cli-

mate focused on quantity impacts and socio-economic

factors were barely addressed in studies of future trends in

stormwater quality. So far, such studies focused on climate

change impacts on stormwater quantity and the resulting

implications for stormwater quality (He et al. 2011; Sharma

et al. 2011; Borris et al. 2014b; Wu and Malmström 2015),

with few exceptions. In a large watershed, El-Khoury et al.

(2015) studied combined effects of changes in climate and

land-use on nutrient loads, and identified both as important

with respect to water quality and quantity variables. For an

urban catchment, Borris et al. (2013), beside climatic

changes, also considered changes in land-use and envi-

ronmental management, and identified the latter changes as

highly important, within some limitations of their study.

Among such limitations, one could list at least two: (a) the

chosen modeling approach, with stormwater quality

parameters lumped for the whole catchment, without the

possibility of tracking major pollutant sources, and

(b) considering only one catchment, without actual

stormwater quality data. Hence, only limited conclusions

could be drawn from that study. Thus, there are opportu-

nities for further advancement of knowledge on combined

effects of changes in climate and socio-economic factors

on stormwater quality.

The objective of the presented work is to examine the

combined effects of potential changes in climate and socio-

economic factors on stormwater quality in two urban

catchments, on the basis of simulations with a source-based

computer model. Furthermore, the sensitivity of stormwa-

ter quality changes to variations in climate and socio-

economic factors was also addressed, and the use of two

catchments, one centrally located and the other one in

suburbs, allowed examination of different methods of

adaptation applicable in different locations within the

urban area. Thus, the methodology developed in this study

can be used for planning climate change adaptation

strategies in the context of local conditions.

Methods

Four scenarios were simulated for two mixed land-use

urban catchments; a base scenario reflecting the current

conditions and three future scenarios mimicking different

future developments of climate change and socio–eco-

nomic factors.

Study Sites

The two study sites were located in Östersund, a Swedish

city with about 45,000 inhabitants. The first catchment in

central Östersund is characterized by high imperviousness

and mostly commercial and institutional land-uses, and is

further referred to as the ‘‘central’’ catchment. The second

catchment is a low imperviousness mixed land-use
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catchment in a suburb of Östersund, further referred to as

the ‘‘suburban’’ catchment. The main reason for choosing

these catchments was the availability of stormwater quan-

tity and quality data. Furthermore, the catchments differed

significantly in size, layout and the mix of land-uses, which

allowed testing responses of different catchments to pos-

sible future changes. Table 1 summarizes the characteris-

tics of the two catchments.

Rainfall was recorded by a tipping bucket (0.2 mm

resolution) located about 900 m from the central catchment

and about 2 km from the suburban catchment. The record

contains 87 individual events with a total rainfall depth of

755 mm, in the 2012 and 2013 snow-free periods com-

bined. The minimum/maximum rainfall depths of those

events were 2 and 40 mm, respectively. Precipitation in the

form of snow was not recorded. Based on the 30-year

average (1961–1990), Östersund receives annually

350 ± 72 mm of precipitation as rain during those months.

Therefore, the rainfall record implied slightly wetter con-

ditions, than indicated by the climate normal.

Base Scenario

In the base scenario, the model setup represents the current

situation, including the areas and distribution of various

land-uses. The model parameters were calibrated against

field measurements performed in 2012 and 2013.

Future Scenarios

A new scenario framework for climate change research

was used in order to develop future scenarios. Within this

framework, a matrix of representative greenhouse gas

emissions and concentration pathways (RCPs) and shared

socio–economic pathways (SSPs) was developed by Van

Vuuren et al. (2012). The RCPs describe the evolution of

greenhouse gas concentrations in the atmosphere and the

consequent changes in climate factors (e.g., temperature

and precipitation). Within the SSPs, the future develop-

ment of socio-economic driving forces is described for

example by economic development, population growth,

technology development, and environmental policies. This

new framework allows for a comparison across various

combinations of SSPs and RCPs extending until the end of

the 21st century. The application of this framework would

help develop a consistent and comparable research within

and across different research communities (Van Vuuren

et al. 2012). Following this general approach, three future

scenarios, denoted as Sustainability, Security and Inter-

mediate (i.e., between sustainability and security) scenar-

ios, were developed here and supplemented by

environmental strategies, which would be developed

locally and as such may be somewhat independent of cli-

mate change. Note, however, that it is climate change, and

the need for adaptation, which provide impetus for devel-

oping such environmental strategies.

Sustainability Scenario

This scenario was developed in accordance to the SSP1

scenario defined by Kriegler et al. (2014) and mimics a

world, where the adoption of sustainable development pro-

ceeds at high pace. This includes rapid technological chan-

ges towards environmentally friendly processes and

environmental protection due to awareness of environmental

degradation. Generally the population is well educated and

grows slowly. Carbon dioxide emissions can be reduced,

fossil fuel dependency is decreasing, and consequently, cli-

mate change is somewhat controlled. Furthermore, this

scenario is analogous to Östersund’s plans for developing

their city in the future (Östersund Municipality 2014).

It is, therefore, assumed that the study catchments

develop in a way that stormwater quality is controlled by

mitigation strategies. Well-designed structural stormwater

BMPs/LIDs are installed, targeting pollution hotspots.

Generally, the urban settlements become denser and some

well-planned new settlements may develop. Due to low

population growth, low urban sprawl and alternative

transportation, traffic intensities are stagnating.

Security Scenario

This scenario was developed in accordance to the SSP3

scenario defined by Kriegler et al. (2014) and represents a

Table 1 Characteristics of the

test catchments
Land-use Central catchment (ha) Suburban catchment (ha)

Roofs (connected to sewer system) 1.43 (65 %) 1.54 (8 %)

Roofs (not connected to sewer system) n.a. 5.76 (31 %)

Streets 0.12 (6 %) 1.09 (6 %)

Parking areas 0.20 (9 %) 0.86 (5 %)

Green areas 0.25 (11 %) 7.83 (42 %)

Other unpaved areas 0.20 (9 %) 1.40 (8 %)

Total area 2.20 18.5
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vision of the world, where focus is placed on energy and

food security. Such a world is struggling to maintain the

living standards for a strongly growing population, and

economic goals are prioritized before environmental goals,

which results in relatively low investments in technology

development and education. The fossil fuel dependency is

high and most emissions are not mitigated, which results in

relatively large climatic changes.

The study catchments are growing intensively, because

of the high population growth. New settlements are not

well planned, which causes urban sprawl contributing to

increased traffic intensities and overburdened roads. Only

some conventional BMPs may be installed and become

quickly undersized.

Intermediate Scenario

This scenario was developed in accordance to the SSP2

scenario defined by Kriegler et al. (2014) and reflects an

intermediate pathway between the Sustainability and the

Security scenarios.

Finally, the features of the Sustainability and Security

scenarios are summarized in Table 2.

Stormwater Quality Model Description

The source-based stormwater quality model WinSLAMM

was chosen as a simulation engine. It was developed in the

late 1970s, and continuously updated and expanded (Pitt

and Voorhees 1989; Pitt 2008). WinSLAMM is strongly

based on actual field observations and includes a variety of

source areas as well as different management options.

During the model development, special emphasis was

placed on small storm hydrology and particulate wash-off,

since large percentages of annual pollutant loads are

transported with such small storms.

Stormwater quantity is computed for individual events

by the application of event runoff coefficients for each type

of land-use. Furthermore, such coefficients depend on

rainfall depths, with generally low coefficients for small

rain events and higher coefficients for larger events.

Total suspended solids (TSS) are calculated continu-

ously for street contributions and on the basis of events for

the remaining land-use surfaces. For street surfaces, TSS

loads are computed by TSS build-up and wash-off func-

tions. During dry periods, a fast build-up occurs in the

beginning, but the rate of build-up decreases over time and

eventually becomes zero. During rain events, an expo-

nential wash-off function is used and produces a first flush.

Furthermore, a wash-off reduction coefficient is applied,

reflecting the situation, in which particles may be dis-

lodged, but not transported to the sewer inlet. This coeffi-

cient depends on the rainfall depth; high reductions apply

to small events.

For the remaining land-uses (roofs, parking lots, green

areas, etc.) particulate solids concentrations are applied for

the individual land-uses to compute TSS loads on per event

basis, by multiplying the respective concentrations by

event runoff volume from the individual land-uses. The

total TSS load is then calculated as the sum of individual

land-use contributions. The particulate solids concentra-

tions available in the model are based on TSS measure-

ments in runoff for different rain events and land-uses.

Finally, loads of three heavy metals of concern (copper,

lead, and zinc) are computed for each land-use either as a

fraction of TSS (particulate metals) or as concentrations in

runoff from the individual land-uses (dissolved metals).

Both the fraction of heavy metals in particulates and the

dissolved standard concentrations are based on runoff

measurements, and are processed in a similar way as

described earlier for particulate solids (Pitt and Voorhees

1989).

Model Setup, Calibration, and Validation

Using GIS-software and high-resolution local maps, the

types and sizes of land parcels with different land-uses

were identified, as summarized in Table 1.

Table 2 Summary of scenario features (sustainability and security)

Scenario features Scenario

Sustainability Security of energy and food

Environmental education Prioritized Lower priority

Transition towards sustainable development Rapid Slow

Environmental technology advancement Fast Slow

Population growth Low High

Type of urban (re)development Densification of existing developments Urban sprawl

Type of stormwater management Proactive—LID Conventional BMPs

Dependency on fossil fuels and CO2 emissions Reduced and declining Uncontrolled

Contributions to climate change Controlled Uncontrolled
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For calibration and validation, two sets of five moni-

tored rainfall/runoff events were available. The calibration

procedure was performed as suggested in Pitt (2008),

starting from the model default values and then adjusting

model parameters to obtain good fit. First stormwater

quantity was calibrated by altering runoff coefficients until

a good agreement was achieved. This was followed by

calibration for TSS and finally for the heavy metals (cop-

per, lead, and zinc). Recognizing that the model focuses on

processes, the model calibrated for the central catchment

was validated in the suburban catchment and the goodness

of fit of validation runs was assessed by linear regression in

the form ys = sym (ys = simulated value; ym = measured

value; s = line slope), as done e.g., by Tsihrntzis and

Hamid (1998). Both the regression function and the cor-

relation coefficient were evaluated; the slope of the

regression line should be close to 1 (perfect fit) and the R2

value, which determines the goodness of fit, should also be

close to 1. Since WinSLAMM calculates runoff volume on

an event basis, other goodness of fit measures based on

hydrographs (e.g., Nash–Sutcliffe) were not applicable.

Implementation of the Future Scenarios

and Uncertainty Assessment

The projections of both the SSPs and RCPs span until the

end of the 21st century. In this study, only the projections

for the middle of the 21st century were selected, since this

period was considered reaching as far into the future as

could be handled with some confidence. Both projections

for climate change (RCPs) and socio-economic changes

(SSPs) involve large uncertainties. Furthermore, computer

simulations by themselves are uncertain and, therefore,

also contribute to the overall uncertainty of results. The

above three general sources of uncertainty were assessed

and pooled, in order to provide insights of possible ranges

of pollutant loads within the future scenarios.

RCPs

Downscaled climate scenarios for the Östersund region

were acquired from the Swedish Meteorological and

Hydrological Institute (SMHI). Data were available for a

low climate change scenario, further referred to as RCP

2.6, an intermediate climate change scenario (RCP 4.5),

and a high climate change scenario (RCP 8.5). Within the

individual RCPs, ensembles of datasets were available. For

RCP 2.6, three different datasets were available, and for

each RCP 4.5 and 8.5, nine datasets were available. Those

datasets differed mainly by the choice of the climate

models (SMHI 2015). The use of ensembles provides

valuable insights into the uncertainty of climatic changes.

Besides other information, those datasets contain annual

information on how much precipitation may change in the

future. The data were averaged over a 30-year period in the

middle of the 21st century (2035–2064). Those percentage

changes were applied to the measured rainfall record by

multiplying the rainfall intensities by the factor corre-

sponding to the projected change (SMHI 2015). Table 3

summarizes the RCPs.

SSPs

According to the Östersund Masterplan, the municipality is

planning to grow with respect to the number of inhabitants

by about 8 % until the middle of the 21st century (Öster-

sund Municipality 2014). This is within the range of the

projections for whole Sweden by the year 2050, which are

between 6.5 and 18 % (average 13 %) (Statistics Sweden

2009). Furthermore in the Östersund Masterplan (Öster-

sund Municipality 2014), it is also stated that the land

development in central parts of the city will be further

intensified, in order to benefit from the existing infras-

tructure, including existing road and drainage infrastruc-

tures. On the other hand, some suburban areas will be

expanded to offer more space for single family housing.

Within the SSPs, this is reflected by an increasing area of

the suburban catchment. This is however unlikely to hap-

pen in the central catchment, because of space limitations

and Östersund’s plans for their future development.

Therefore, the catchments land-uses were assumed to show

higher pollutant generation in future scenarios, due to

intensification of land-uses.

In order to implement the three SSPs (Sustainability,

Intermediate and Security), different parameters in the

model were altered in order to mimic changes in: (1) size

of the individual land-uses within the catchment (applied to

the suburban catchment), (2) pollutant generation (i.e.,

constant concentrations values) due to land-use intensifi-

cation (applied to the central catchment), (3) pollutant

generation through traffic (i.e., pollutant build-up rate)

caused by urban sprawl and (4) the control of stormwater

pollutants through BMPs/LIDs. As those developments are

highly uncertain, an ensemble of model setups was

developed in order to consider the underlying uncertainty.

Table 3 Summary of the percentage change of rainfall intensities in

three RCPs ensembles

Average Minimum Maximum

RCP 2.6 (N = 3) 6.8 3.1 12.5

RCP 4.5 (N = 9) 11.8 4.3 18

RCP 8.5 (N = 9) 14.6 8.1 19
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Furthermore, this procedure offers the possibility to iden-

tify the most influential factors in future stormwater quality

Land-Use Areas in the Test Catchments

Based on the future projections for population growth, it was

assumed that the individual land-uses of the suburban

catchment, with respect to impervious areas, may grow in a

similar manner (6.5, 13, and 18 % for Sustainability, Inter-

mediate, and Security scenarios, respectively). Additionally,

the land-use distribution within the test catchments may

change in the future, since either new areas develop or

existing areas redevelop and this development may involve a

huge uncertainty. In order to consider this, 21 model setups

with random distribution of land-uses were developed for

each test catchment and each SSP. The size of each land-use

was allowed to vary within the range of plus/minus 20 %

starting from the value for the respective SSP.

Intensification of Land-Uses

For the central catchment, densification was projected,

which was reflected by an increased pollutant generation in

the individual land-uses. At the same time, the size of the

catchment remained constant. The pollutant generation

(i.e., particulate solids concentration values and concen-

tration values for dissolved heavy metals) of the individual

land-uses (except streets) was increased by 6.5 % for the

Sustainability scenario, 13 % for the Intermediate scenario

and 18 % for the Security scenario. These changes were

directly proportional to the increases in population. In order

to consider the underlying uncertainties, the pollutant

generation was varied within the range of plus/minus 20 %

starting from the value for the respective SSP. This was

done in 21 model setups.

Pollutant Generation Through Traffic Activities

Traffic is recognized as a major source of pollutants

transported by urban stormwater (Davis et al. 2001; Fuchs

et al. 2006; Gobel et al. 2007). This is the reason why

special emphasis was placed on street surfaces as sources

of traffic related pollution. Traffic intensities are likely to

change in the future, as for example the population and

their dependency on vehicular traffic changes. In growing

cities, the distances traveled may also change. This effect is

known as urban sprawl (Van Metre et al. 2000; Behan et al.

2008). Therefore, depending on the SSP, the pollutant

generation due to vehicular traffic may change significantly

in the future. Within the model setups, this was represented

by altering the pollutant build–up rate on street surfaces.

Consequently, the following changes in pollutant build-up

rate were assumed: Sustainability: no changes;

Intermediate: the rate was increased by 30 %; Security: the

rate was increased by 50 %. Undoubtedly, such changes in

pollutant generation are highly uncertain. This fact was

treated by the randomization of land-use sizes, including

streets, for the suburban catchment. In case of the central

catchment this was treated by the variation of pollutant

generation by ±20 % (starting from the respective value)

due to land-use intensification.

BMPs/LIDs

In future scenarios, installations of BMPs/LIDs were

assumed within the catchments at different levels of plan-

ning and design, and consequently, produced varying pol-

lutant reduction capacities. Furthermore, maintenance of

such facilities is a critical issue, since if not properly

maintained, their performance may be significantly reduced

(Al-Rubaei et al. 2014). A proper maintenance is costly and

needs personnel, which is why their long-term performance

may vary in the future. This fact was considered by vari-

ation of their infiltration capacity, which can be reduced, if

not maintained, due to for example clogging. For all three

scenarios, the initial infiltration capacity was varied

between 100 % (perfect maintenance) and 0 % (total fail-

ure). Similar to the before described randomization of the

distribution of land-uses, infiltration capacity was gener-

ated randomly within this range for the 21 model setups for

each SSP. With the help of WinSLAMM, street surfaces

were identified as pollution hotspots producing major

shares of heavy metals and TSS for both test catchments.

Furthermore, connected roof surfaces produced significant

amounts of heavy metals. Therefore, grassed swales for

streets and biofilters for roof runoff were installed here,

serving as examples of commonly applied BMPs/LIDs.

Sustainability

Within the Sustainability scenario, it was assumed that

grassed swales were implemented for street surfaces and

biofilters for roof surfaces, respectively. Both measures

were designed in order to capture about 80 % of the pol-

lutants from the respective land-use. With respect to TSS,

this is in accordance to some stormwater management

manuals (Ministry of the Environment 2003).

Intermediate

Within the Intermediate scenario, it was assumed that only

grassed swales were implemented for runoff from street

surfaces. Those measures were designed to capture about

40 % of the generated pollutant loads from street surfaces.

Consequently, reduction was assumed to be 50 % lower

compared to the sustainability scenario.

Environmental Management

123



Security

Within the Security scenario, a similar setup as in the

Intermediate scenario was chosen (only grassed swales for

street surfaces). However, those swales were poorly

designed by only capturing about 10 % of the generated

pollutant loads from street surfaces.

Model Uncertainty

Assessing uncertainty in urban drainage modeling is cur-

rently a research topic. There are numerous methods

described in the literature, many of which are complex,

poorly understood, or still under development (Dotto et al.

2012; Vezzaro and Mikkelsen 2012). Thus, there are no

standard procedures for assessing model uncertainty. In the

case of WinSLAMM, this problem becomes more com-

plex, since WinSLAMM consists of both categorical

parameters, as the type of land-use, and numerical

parameters as runoff coefficients. This makes it difficult to

apply traditional uncertainty assessment techniques and,

therefore, an alternative method was applied here.

In order to assess the uncertainty of WinSLAMM model

outputs, result prediction intervals were calculated from the

linear regressions derived in the model validation analysis

and were used to assess uncertainty for each model run.

Assuming normal distribution of data in the prediction

interval, such data were sampled 100 times, and the

resulting 100 values, distributed normally within the pre-

diction interval, were used in uncertainty analysis.

Model Runs and Statistical Analysis

In order to simulate the future scenarios, the RCPs were

combined with the SSPs and every possible combination

was simulated within the scenarios. Table 4 shows the

combinations of the RCPs and SSPs which were simulated

within the scenarios.

Following this matrix, 441 individual model runs were

done for each scenario. For each simulation, the accumu-

lated runoff volume, accumulated TSS load, and accumu-

lated heavy metal loads were noted and compared with

those for the base scenario. An analysis of variance

(ANOVA) was done in order to ascertain whether scenario

results differed significantly from each other.

The source-based modeling approach allows determin-

ing the most important factors within the SSPs, for which a

correlation analysis was done. The respective area and

intensity of pollutant production of the individual land-uses

as well as the infiltration capacity of the BMPs was cor-

related to pollutant loads. The correlation coefficient r and

p level were noted and used to compare the relative

importance of the individual land-uses and performance of

the BMPs with respect to pollutant loads.

Table 5 summarizes the implementation of the RCP/

SSP-matrix in WinSLAMM

Results and Discussion

Calibration and Validation

Figure 1 shows the evaluation of the validation runs for

runoff volume, TSS, copper, zinc, and lead by linear

regression. The 1:1 line represents a perfect fit. Both

dashed lines show the upper and lower prediction interval.

In general, the simulated values for runoff volumes,

TSS, and the heavy metals matched well the observed

values. The worst fit was noted for zinc loads, which were

underestimated. However, the differences between the

observed and simulated values were within the range of

those reported in other studies with WinSLAMM (Pitt

2008). For example, in the case of zinc, errors of up to

70 % were reported for some sites and the median error

was about 40 %. It was also noted in the literature that

other stormwater quality models produced comparable

ranges of the goodness of fit (Tsihrintzis and Hamid 1997;

Vaze and Chiew 2003a).

Calibration and validation of simulation models are

typically done with separate datasets from the same

catchment (Sun and Bertrand-Krajewski 2012). However,

in this study, the shortage of calibration/validation data

contributed to the decision to adopt, with some modifica-

tions, the Pitt (2008) procedure consisting in conducting

calibration on one test catchment and validating the cali-

brated model performance on another catchment with

generally different characteristics. Such an approach may

introduce additional uncertainties into the calibration/vali-

dation procedure, mostly because of potential implications

of different characteristics of the two catchments. No rec-

ommendations were found in the literature concerning the

minimum number of calibration events (Liu and Han

2010), even though such a number may significantly

influence the performance of calibrated models in the

validation process, especially when the calibration data set

is small (Sun and Bertrand-Krajewski 2012). Conse-

quently, to avoid splitting the observed events (N = 5) into

calibration and validation sets, all the five events were used

Table 4 Combining RCPs and SSPs in the model runs

Sustainability Intermediate Security

RCP 2.6 X X X

RCP 4.5 X X X

RCP 8.5 X X X
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Fig. 1 Evaluation of the validation runs for the suburban catchment (runoff volume, TSS, and heavy metals)

Table 5 Summary of the future scenarios and their implementation in WinSLAMM

Scenario Land-use BMPs/LID Climate

Central Suburban

Current Used for calibration Used for validation No BMPs/LIDs Current

climate

sample

Sustainability Change of pollutant generation

between -13.5 % and ?26.5 % for

all individual land-uses;

Change of size for all individual land-

uses (except green areas) between

–13.5 % and ?26.5 %

Swales for streets and biofilters

for connected roof surfaces,

designed to remove 0–80 %

of pollutants

RCP 2.6,

4.5, and

8.5

Intermediate Change of pollutant generation

between -7 % and ?33 % for all

individual land-uses; traffic

between ?10 % and ?50 %

Change of size for all individual land-

uses (except green areas) between

-7 % and ? 33 %; pollutant

generation from traffic ?30 %

Swales for streets designed to

remove about 0–40 % of

pollutants

RCP 2.6,

4.5, and

8.5

Security Change of pollutant generation

between -2 % and ?38 % for all

individual land-uses; traffic

between ?30 and ?70 %

Change of size for all individual land-

uses (except green areas) between

-2 and ?38 %; pollutant generation

from traffic ?50 %.

Swales for streets designed to

remove about 0–10 % of

pollutants

RCP 2.6,

4.5, and

8.5
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to calibrate the model on the Central catchment and then to

validate it on the Suburban catchment. To test the accept-

ability of this procedure, it was repeated in the reversed

order (calibration on the Suburban catchment, validation on

the Central catchment), and yielded acceptable results.

Within the constraints of limited calibration/validation

data, these results were considered as acceptable.

Loads Simulated for Individual Scenarios

TSS and total Zn loads in the two test catchments are

shown in Figs. 2 and 3 for the four scenarios simulated, in

the form of boxplots. Values obtained for the future sce-

narios include all model setups for the respective SSP (i.e.,

N = 21) and climate inputs from the RCPs as listed in

Table 4. For brevity, the plots of Cu and Pb were omitted,

because both metal loads were highly correlated with TSS

loads (correlation coefficient[0.9; p levels\0.001) and,

therefore, their boxplot shapes were almost identical to

those of TSS. In these boxplots, the base denotes the first

quartile (Q1, 25 %), the line in the central part of the box

indicates the median (50 %), and the roof marks the 3rd

quartile (Q3, 75 %). The lower and upper limits of the box

are extended by the whiskers, whose extent was set equal to

1.5 9 (Q3 - Q1). Furthermore, negative data, which were

produced in some cases by calculations of prediction

intervals based on the fitted linear regressions from vali-

dation runs, were excluded from those plots and further

analysis, because there was no physically based justifica-

tion of their existence.

Generally, the TSS and metal loads for individual sce-

narios show large variability for all four scenarios, as

indicated by the upper and lower ends of the whiskers.

Uncertainties attributed to three general sources were

assessed: (1) climate input (RCPs); (2) social-economic

factors (SSP); and (3) catchment response modeling.

Cumulative uncertainties in TSS loads for the three sources

are exemplified in Fig. 4 for the suburban catchment and

the Intermediate scenario.

Data in Fig. 4 demonstrate that the uncertainty attrib-

uted to the catchment modeling process was significantly

higher than those attributed to the RCPs and SSPs. The

results of the validation runs showed that the runoff vol-

umes were reproduced with the highest accuracy (s = 1.05

and R2 = 0.85). Therefore, most of the uncertainty can be

attributed to the simulations of stormwater quality (pollu-

tant loads). In order to determine if further analysis of

simulated loads would be meaningful in the context of high

uncertainties noted, the load results for individual scenarios

were compared to the base scenario and the differences

were assessed for statistical significance using the ANOVA

procedure at a 95 % confidence level. The comparisons of

average pollutant loads to the base loads are summarized in

Table 6 for three scenarios, and the load differences are

expressed as percentages of the Base scenario loads. Fur-

thermore, the loads which the ANOVA analysis identified

as not being significantly different from those corre-

sponding to the Base scenario are marked with an asterisk.

This designation applied to five cases in the Intermediate

scenario simulations; TSS, Cu, and Pb loads in the Central

catchment, and TSS and Cu loads in the Suburban

catchment.

Comparisons of loads from the two catchments studied

for different scenarios indicate similar trends; with refer-

ence to the base loads, the loads of all pollutants signifi-

cantly decrease in the Sustainability scenario, somewhat

increase in the Intermediate scenario, and significantly

increase in the Security scenario. Based on the ANOVA

analysis, the differences in loads among the three future

scenarios were statistically significant in all the cases, and

the Sustainability and Security scenarios produced loads

significantly different from those associated with the Base

scenario. However, for the earlier listed five cases in the

Intermediate scenario, the differences from the Base

Fig. 2 TSS and zinc loads from the Central catchment simulated for the current (base) and three future scenarios
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scenario loads were not statistically significant, and the

changes in pollutant loads produced by climatic and socio-

economic factors (4–10 %) were insignificant, mostly

because of high uncertainties in the catchment modeling

process. Furthermore, in both catchments, the Intermediate

scenario included relatively well functioning BMPs/LIDs

of limited extent, which could compensate for the effects of

climatic changes as well as the adverse changes in socio-

economic factors. One exception to such controls were

loads of zinc from both catchments, where roof surfaces

contributed relatively high fractions of the catchment loads

(up to 50 and 70 %, for the suburban and central catch-

ments, respectively), but no BMPs/LIDs measures for

controlling zinc in roof runoff were incorporated into the

Intermediate scenario. Potentially high zinc contributions

from roof and building materials were reported e.g., by

Davis et al. (2001), with zinc contributions from com-

mercial buildings reaching up to 80 % of total loads. The

Pb load from the suburban catchment was also significantly

different from that corresponding to the base scenario.

For the Sustainability scenario, the TSS and metal loads

were significantly smaller than those in the Base scenario,

as a result of relatively small changes in climate and socio-

economic factors assumed in the Sustainability scenario.

Furthermore, well-designed (and maintained) BMPs/LIDs

were incorporated in both catchments and could not only

compensate for future changes caused by the driving for-

ces, but even somewhat improve the stormwater quality in

comparison to the base scenario. Even though the perfor-

mance of such control measures is site specific and highly

variable (Backström 2002), the BMPs/LIDs considered

have the potential to reduce significantly pollutant loads in

stormwater runoff, as documented in the literature. For

example, Barret et al. (1998) reported a TSS-load reduction

of up to 85 % for grassed swales and roadside filter strips,

and for biofilters, Hatt et al. (2009) reported removal rates

Fig. 3 TSS and zinc loads from the Suburban catchment simulated for the current (base) and three future scenarios

Fig. 4 Cumulative uncertainties for the three sources addressed

(climatic input, socio-economic factors, and catchment modeling) for

the suburban catchment and the Intermediate scenario

Table 6 Average pollutant

loads and percentages changes

compared to the base scenario

(* no statistically significant

difference compared to the base

scenario)

Base Sustainability Intermediate Security

Central TSS (kg) 512 412 (-20 %) 556 (?9 %)* 635 (?24 %)

Cu (g) 171 126 (-26 %) 181 (?5 %)* 208 (?22 %)

Pb (g) 25 21 (-16 %) 27 (?10 %)* 29 (?16 %)

Zn (g) 784 708 (-11 %) 948 (?21 %) 990 (?26 %)

Suburban TSS (kg) 1110 852 (-23 %) 1150 (?4 %)* 1500 (?35 %)

Cu (g) 300 252 (-16 %) 318 (?6 %)* 386 (?28 %)

Pb (g) 45 38 (-16 %) 51 (?15 %) 65 (?44 %)

Zn (g) 1380 1220 (-12 %) 1540 (?12 %) 1790 (?30 %)
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for TSS and heavy metals loads of about 90 %. However,

to deliver satisfactory pollutant load reductions in a long

term, the BMPs/LIDs have to be properly maintained, by

e.g., mowing the grass in swales and removing sediment

and debris. Concerning such maintenance, Blecken et al.

(2015) noted that proper maintenance is often hindered by

ambiguities in assigning the ownership and operational

responsibilities for BMP/LID facilities, and the lack of

willingness to pay for potentially high maintenance costs.

In the Security scenario, future pollutant loads increase

significantly in both catchments, as a result of relatively

high climatic changes combined with progressing intensi-

fication of land-use in the central catchment, or progressing

urbanization of the suburban catchment (i.e., converting

green areas into urban developments). Additionally, the

BMPs/LIDs designed for the Base scenario become

undersized in the future.

When comparing the two catchments with respect to their

response to the future scenarios, it can be noted that relative

changes in pollutant loads were generally higher for the

suburban catchment in the Security scenario, whereas no

obvious differences could be noted for the other future sce-

narios (i.e. Sustainability and Intermediate). Street surfaces

in the two catchments had different shares of directly con-

nected land surfaces (i.e. parking areas, connected roofs and

streets); for the suburban catchment this share was 31 % and

for the central catchment it was just 7 %. Compared to the

central catchment, street surfaces in the suburban catchment,

therefore, contributed a large proportion of pollutants; e.g.,

for the Security scenario such a contribution was about 45 %

of total TSS, whereas for the central catchment it was just

32 % of total TSS. For the Sustainability and Intermediate

scenarios grassed swales targeting streets worked relatively

well, whereas in the Security scenario grassed swales were

undersized and that contributed to increased loads. This

explains different responses of the test catchments to future

scenarios and underlines the importance of incorporating

well-designed BMPs/LIDs targeting the pollution hotspots

in urban catchments.

Finally it can be noticed, that even though the suburban

catchment is about 8.5 times larger than the central

catchment, its pollutant loads were approximately only

twice as large. This is caused by low contributions of green

areas to catchment pollutant loads, less than 1 % for all

scenarios. In the suburban catchment, 42 % of the surface

is occupied by green areas, whose contribution to the

catchment loads was insignificant even in future climate

conditions. This is somehow contradictory to the earlier

published literature. Borris et al. (2014a, b) were using

SWMM for modeling runoff and noted the importance of

pervious areas and their potential to contribute to catch-

ment runoff and consequently to pollutant loads in a

changing climate, with up-scaled precipitation.

Consequently, catchments with high proportions of pervi-

ous areas generally showed high relative changes in runoff

volumes and TSS loads in future climate conditions, due to

runoff contributions from pervious areas. Such a response

was not found in the present study with a different catch-

ment model, in which runoff coefficients for green areas

were not altered during calibration, since the observed

rainfall/runoff events were not sensitive to those coeffi-

cients. This lack of sensitivity may be caused by the nature

of calibration events, which did not generate much runoff

from green areas. In any case, the WinnSLAMM default

values are based on long-term measurements in different

catchments (Pitt and Voorhees 1989) and represent much

more robust data than those collected in this study. It seems

therefore likely that different simulation engines may

produce different responses to future conditions, because of

differences in approaches to modeling catchment runoff

and its quality.

Relative Effects of Socio-Economic (SSP)

and Climate Change (RCP) Scenarios on Simulation

Results

In order to assess the relative importance of climatic

changes compared to changes in socio-economic factors,

the RCP/SSP-matrix was used and for a chosen SSP, dif-

ferent RCPs were applied and vice versa. This procedure is

exemplified in Figs. 5 and 6 for TSS and Zn loads from the

suburban and central catchments, respectively, and the

following choices of scenarios: (1) Invariable SSP: the

Intermediate scenario, and three RCPs (2.6, 4.5 and 8.5),

and (2) Invariable RCP (RCP = 4.5) and three SSPs

(Sustainability, Intermediate and Security).

Plots for Cu and Pb showed similar patterns compared to

those for TSS and are not shown for the sake of brevity. An

ANOVA analysis indicated that for the load distributions,

obtained by holding the SSP invariable and varying the

RCP and vice versa, were significantly different from each

other at a 95 % confidence level. However, a visual

examination of data in Figs. 5 and 6 indicates that changes

in socio-economic factors (SSPs) produced significantly

higher variability in pollutant loads compared to the effects

of changes in the climatic input (RCPs). This was also the

case when testing the two remaining RCPs (2.6 and 8.5) as

invariable RCPs, showing small differences in the loads

shown in Figs. 5 and 6 (i.e. 1–2 %). Pollutant loads were,

therefore, more sensitive to changes in land-use and the

application of BMPs/LIDs than to climatic changes (i.e.,

increased rainfall depth and intensity).

Combined effects of climatic and socio-economic

changes on stormwater runoff quality have been rarely

addressed so far. Borris et al. (2013) considered such

combined effects and identified urbanization as an
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important factor with respect to changes in stormwater

quality. However, their conclusions were affected by the

limitations of the modeling approach and the lack of model

calibration data. Studies focusing on stormwater quantity

generally reached similar findings (Semadeni-Davies et al.

2008; Lafontaine et al. 2015) with respect to the influence

of urbanization; it was identified as a factor of crucial

importance in future climate and socio-economic impact

studies. Furthermore, the above and the earlier literature

(e.g., Waters et al. 2003) identified the runoff control

measures (BMPs/LIDs) as key adaptation instruments for

mitigating the combined effects of urbanization and cli-

mate change on urban flooding problems.

Correlations of Pollutant Loads with Pollutant

Controls and Sources Assumed in Socio–Economic

Scenarios (SSPs)

The importance of two pollutant sources (streets and roofs),

and control measures attenuating emissions from such

sources (BMPs), was assessed by correlation analysis for

individual socio-economic scenarios (SSPs) and pollutants

(TSS, Cu, Pb and Zn) in both test catchments (suburban

and central). Results of such analysis are presented in

Table 7 displaying the significant socio-economic factors

and their correlation coefficients (r) for the respective

pollutant loads. The SSP factors were considered as sig-

nificant if their r was greater than 0.3. The p levels for the

displayed r’s were generally smaller than 0.001.

In the Sustainability scenario, with the exception of Zn in

the central catchment, only the performance of BMPs/LIDs

was of significance with respect to pollutant loads and their

reduction (note the negative r values). As shown earlier in

Figs. 2, 3, pollutant loads could be significantly reduced,

compared to theBase scenario, by incorporatingwell-designed

(and maintained) BMPs/LIDs targeting pollution hotspots.

In the Intermediate scenario, the performance of BMPs/

LIDs was of significance only for the suburban catchment.

Street surfaces were producing a large proportion of pol-

lutants loads in that catchment, and those loads were

Fig. 5 Relative importance of RCPs and SSPs with respect to TSS and Zn loads from the suburban catchment

Fig. 6 Relative importance of RCPs and SSPs with respect to TSS and Zn loads from the central catchment
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effectively reduced by grassed swales incorporated in this

scenario. In the central catchment, only roofs were con-

tributing significantly to catchment loads of all pollutants.

The observed differences in responses of pollutant sources

underline the importance of locally fine-tuned control

measures.

In the Security scenario roof surfaces were significantly

correlated to pollutant loads in the central catchment and

street surfaces in the suburban catchment. In this scenario,

the incorporated BMPs/LIDs were ineffective, because

they were undersized.

Finally, it can be noted that TSS loads were significantly

correlated with roof surface areas, in both, the Intermediate

and Security scenarios in the central catchment. Ego-

dawatta et al. (2009) studied pollutant build-up and wash-

off processes on roof surfaces and concluded that build-up

reached a maximum after some days and a first flush was

observed during wash-off. In WinSLAMM the contribution

from roof surfaces is calculated by standard concentration

values, which do not take such processes into account.

Therefore, that simulation engines involving build-up/

wash-off sub-models (e.g., SWMM) may produce pollutant

loads different from those produced by WinSLAMM.

Conclusions

A source-based stormwater quality model was employed to

study combined effects of changes in climate and socio-

economic factors on stormwater quality, within a new

scenario framework for climate change research and future

scenarios. This framework included a matrix of represen-

tative concentration pathways (RCPs) and shared socio-

economic pathways (SSPs), allowing to study their relative

as well as combined importance. Within the realm of

limitations of the modeling tool employed, limited cali-

bration data and uncertainties in future scenarios, the fol-

lowing conclusions are drawn:

• The WinSLAMM model realistically reproduced the

limited catchment runoff data, comprising runoff

volumes and loads of TSS, Cu, Pb and Zn, available

for the two test catchments studied. Furthermore, the

model was found effective in applying environmental

controls (BMPs) targeting specific pollution sources.

• Among the three major sources of high uncertainty in

simulated pollutant loads, the simulation process was

clearly dominant, when compared to climate change

and socio-economic factors. In spite of these uncer-

tainties, the differences between pollutant loads for the

Base scenario and Sustainability and Security scenar-

ios, were statistically significant.

• The two test catchments studied generally showed

similar responses to the future scenarios. However, in

the Security scenario, the suburban catchment showed

higher changes in pollutant loads, and this could be

explained by the influence of street surfaces (i.e.,

pollutant sources) and grassed swales controlling

pollution from those surfaces in future conditions.

• Pollutant loads were more sensitive to changes in socio-

economic factors, described by the SSPs (shared socio-

economic pathways), than to climatic changes, which

were described by the RCPs (representative concentra-

tion pathways).

• Well-designed BMPs/LIDs targeting the pollution hot-

spots can significantly reduce the pollutant loads in the

Sustainability scenario. However, the implementation

of such measures may involve appreciable land acqui-

sition and maintenance costs.

• The application of a source-based modeling approach

offered benefits while identifying pollution hotspots in

the current and future scenarios. This helped to design

BMPs/LIDs targeting such hotspots. Furthermore this

approach allowed for altering pollutant generation in

future scenarios in a way that corresponds to changes in

size and intensity of individual land-uses. Thus, one

could evaluate which land-uses are most sensitive to

Table 7 Correlation of

pollutant loads to socio-

economic factors in two test

catchments (suburban and

central)

Suburban catchment Central catchment

TSS Cu Pb Zn TSS Cu Pb Zn

Sustainability BMP -0.822 -0.844 -0.753 -0.628 -0.909 -0.905 -0.906 -0.895

Streets – – – – – – – –

Roofs – – – – – – – 0.41

Intermediate BMP -0.513 -0.445 -0.418 – – – – –

Streets 0.513 0.359 0.371 – – – – –

Roofs – – – 0.45 0.679 0.485 0.76 0.874

Security BMP – – – – – – – –

Streets 0.608 0.330 0.431 – – – – –

Roofs – – – – 0.69 0.538 0.739 0.876
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potential future changes with respect to their contribu-

tion to pollutant loads.

• Various stormwater quality simulation engines are

likely to produce different results in future scenarios,

as noted here for two specific cases: (i) In the

catchments studied, green areas had minimal effects

on pollutant loads in future scenarios; this observation

disagrees with that from some earlier studies conducted

with a different simulation engine, and (ii) the areas of

roof surfaces were highly correlated with TSS loads in

future scenarios; this may differ from results obtained

with models employing the build-up/wash-off

approaches in simulation of roof runoff pollutant loads.
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Sun S, Bertrand-Krajewski J (2012) On calibration data selection: the

case of stormwater quality regression models. Environ Model

Softw 35:61–73. doi:10.1016/j.envsoft.2012.02.007

Tsihrintzis VA, Hamid R (1997) Modeling and management of urban

stormwater runoff quality: a review. Water Resour Manag

11(2):137–164

Tsihrintzis VA, Hamid R (1998) Runoff quality prediction from small

urban catchments using SWMM. Hydrol Process 12(2):311–329

US EPA (1983) Results of the nationwide urban runoff program.

Environmental Protection Agency, Washington D.C

van Metre PC, Mahler BJ, Furlong ET (2000) Urban sprawl leaves its

PAH signature. Environ Sci Technol 34(19):4064–4070

van Vuuren DP et al (2012) A proposal for a new scenario framework

to support research and assessment in different climate research

communities. Global Environ Change 22(1):21–35. doi:10.1016/

j.gloenvcha.2011.08.002

Vaze J, Chiew FHS (2003a) Comparative evaluation of urban storm

water quality models. Water Resour Res 39(10):SWC51–SW510

Vaze J, Chiew FHS (2003b) Study of pollutant washoff from small

impervious experimental plots. Water Resour Res 39(6):HW31–

HW310

Vezzaro L, Mikkelsen PS (2012) Application of global sensitivity

analysis and uncertainty quantification indynamic modelling of

micropollutants in stormwater runoff. Environ Model Softw

27–28:40–51. doi:10.1016/j.envsoft.2011.09.012

Waters D, Watt WE, Marsalek J, Anderson BC (2003) Adaptation of

a storm drainage system to accomodate increased rainfall

resulting from climate change. J Environ Plann Manag

46(5):755–770. doi:10.1080/0964056032000138472

Wu J, Malmström ME (2015) Nutrient loadings from urban catch-

ments under climate change scenarios: case studies in stockholm,

Sweden. Sci Total Environ 518–519:393–406. doi:10.1016/j.

scitotenv.2015.02.041

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. doi:10.1016/j.watres.2011.12.012

Environmental Management

123





 
 
 

Paper VI

 
 
 
 
 
 
 
 
 
 
 
 

Borris, M., Österlund, H., Marsalek, J., Viklander, M. (2016) 

Contribution of coarse particles from road surfaces to dissolved and particle-
bound heavy metal loads in runoff: a laboratory leaching study with semi-

synthetic stormwater  

(submitted to Science of the total Environment) 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 





Contribution of coarse particles from road surfaces to dissolved and 

particle-bound heavy metal loads in runoff: a laboratory leaching 

study with semi-synthetic stormwater 

Matthias Borris1, Heléne Österlund1, Jiri Marsalek1, Maria Viklander1 

1Department of Civil, Environmental and Natural Resourses Engineering, Luleå University of 

Technology, 97187 Luleå, Sweden. E-Mail: matthias.borris@ltu.se; helene.osterlund@ltu.se; 

jiri.marsalek@ltu.se; maria.viklander@ltu.se 

Corresponding Author: Matthias Borris, Department of Civil, Environmental and Natural 

Resources Engineering, Luleå University of Technology, 97187 Luleå, Sweden. E-Mail: 

matthias.borris@ltu.se  

Abstract  

Laboratory leaching experiments were performed to study the potential of coarse (i.e. >250 μm), 
immobile street sediments to release dissolved and particulate-bound heavy metals (i.e. Cd, Cr, 
Cu, Ni, Pb and Zn) during rainfall/runoff conditions. Street sediments were sampled by 
vacuuming from seven street sites in five Swedish cities and such sediments were characterized 
with respect to their physical and chemical properties. In the laboratory those sediments were 
combined with synthetic rainwater, and through placement on a shaker, exposed to conditions 
mimicking those occurring during sediment transport by runoff on street surface. As a result, 
these coarse street sediments were identified to potentially release significant amounts of heavy 
metals during rainfall/runoff. Furthermore the released heavy metals were with up to 99% 
predominantly in the particulate bound phase. Coarse street sediments were therefore identified to 
function as collectors of fine particles with heavy metals attached to them, which can be released 
under rainfall/runoff conditions. Finally, the magnitude of release was depended on site (i.e. 
street cleaning routines and traffic intensity), particle (i.e. organic matter content) and runoff 
specific characteristics (pH, duration and energy input into sediment/water interaction). The 
findings made here may therefore underline the environmental benefits of regular street cleaning 
activities. 

 

 

 

 



 

1. Introduction 
Urban street and highway runoff contains high levels of pollutants such as heavy metals, nutrients 
and organic pollutants (Kayhanian et al. 2012), and is regarded as a very significant non-point 
pollutant source in the urban environment (Gobel et al. 2007, Opher and Friedler 2010). Much of 
the heavy metal content of street runoff originates from vehicular traffic. For example, its 
contents of zinc and copper originate mainly from tire wear and brake pad abrasion, respectively. 
While some of the pollutants from traffic are dispersed in the atmosphere, large quantities 
accumulate on street surfaces and are subsequently washed off by stormwater runoff (Legret and 
Pagotto 1999). This can cause them to be transported to receiving waters, where they give rise to 
various problems (US EPA 1983).  

Particles collected from street surfaces usually contain elevated concentrations of heavy metals 
(Loganathan et al. 2013), so their presence in street runoff increases its heavy metal content. The 
environmental effects of these metal ions depend on several factors. For example, the nature of 
their binding to the sediments in the particles determines how they are released under different 
ambient conditions, which ultimately determines their bioavailability (Stone and Marsalek 1996, 
Sutherland et al. 2012, Zhang et al. 2015). It has also been shown that the sediment particle size 
is important: particles with lower diameters typically have higher metal concentrations. Viklander 
(1998) analyzed the heavy metal contents of street sediments and found that (with a few 
exceptions) the highest metal concentrations were found in particles with diameters of less than 
75 μm. However, particles in this size class represent only a small proportion of the total mass of 
sediments. Zafra et al. (2011) determined that particles with diameters greater than 41-54 μm 
account for 90% of the total mass of street sediments. Consequently, while fine particles may 
have the highest metal concentrations, coarser particles may account for a greater proportion of 
the total metal mass. Accordingly, Sansalone and Ying (2008) found that 90% of the total metal 
mass was associated with coarser particles having diameters of >75 μm.  However, coarse 
particles may be less readily transported than fines because they may not be washed off the street 
or may settle out quite quickly (Andral et al. 1999).  

Despite their poor transport properties, coarse particles can contribute to the heavy metal loads in 
stormwater runoff because they can accumulate pollutants via processes such as dry deposition 
and adsorption from car exhausts during dry periods, and then release them during rain events. 
Sansalone and Ying (2008) performed metal leaching tests with rainwater (pH 3-7) on particulate 
matter from trafficked areas and concluded that coarse particles (>250 μm) contributed between 
45 and 80% of the total leached metal mass. However, the particles on which this conclusion was 
based were collected by passive sampling adjacent to street surfaces; it is not clear that samples 
obtained in this way are representative of street sediments. Leaching experiments have also been 
performed using sediments collected from street surfaces. For example, Gunawardana et al. 
(2015) performed single heavy metal batch adsorption and desorption experiments on samples of 
this type and concluded that heavy metals (i.e. Zn, Cu, Pb and Ni) preferentially adsorb to Fe, Al 
and Mn oxides. The metals exhibited differing levels of mobility in the desorption tests, with Zn 
having the greatest likelihood of being released. Similarly, Joshi et al. (2009) conducted metal 
dissolution tests on street sediments using various kinds of aqueous media (river water, deionized 
water, and acidified deionized water at pH 2). It was concluded that metal dissolution was 



enhanced by reducing the pH and the properties of the river water. These results indicate that 
coarse particles deposited on street surfaces may contribute significantly to the transfer of heavy 
metals into runoff by temporarily adsorbing pollutants and then releasing them during 
rainfall/runoff. A drawback of all the studies mentioned above is that they only considered 
dissolved heavy metals; no studies have yet explored the possibility that coarse particles may 
function as collectors of smaller particles under dry conditions, which can be mobilized during 
runoff events. Viklander (1998) provided some evidence for the occurrence of such a process by 
determining the particle size distributions (PSD) of sediments collected from street surfaces after 
dry and wet sieving. The wet sieving method yielded a finer PSD than the dry method, which was 
explained by suggesting that the collected sediments featured aggregates of smaller and larger 
particles that were only separated under the wet conditions. It therefore seems necessary to 
consider both dissolved and particle-bound heavy metals when assessing the contribution of 
coarse particles to the heavy metal content of stormwater runoff.  

A detailed understanding of the interactions between heavy metal ions and coarse sediments from 
streets, and their mobility during rain events, will make it possible to more accurately assess the 
contribution of coarse sediments to heavy metal loads in stormwater runoff. Such assessments 
will in turn enable the design of improved management practices to reduce the impact of 
stormwater runoff on receiving waters. 

Recognizing these research needs, leaching experiments were performed with coarse sediments 
collected from different urban streets in order to investigate the contribution of coarse particles to 
dissolved and particle-bound heavy metal loads during rainfall-runoff events. A secondary 
objective was to identify factors that influence the release of metals from coarse particles. Factors 
considered included ambient conditions (i.e. pH, energy inputs, and contact time), site-specific 
conditions (e.g. traffic intensity and street cleaning routines) and the particles’ characteristics 
(e.g. their organic matter content).  

2. Materials and Methods   
Sediments were collected by sampling at seven  street sites in Sweden, and analyzed for various 
physical and chemical parameters. In addition, laboratory experiments were performed to 
determine how heavy metals are released from the coarse fraction when exposed to synthetic rain 
water under various ambient conditions that occur at typical urban street surfaces. Finally, 
statistical analyses were performed to determine how the characteristics of the sampling sites and 
the physicochemical properties of the sediment influence heavy metal release. 

2.1. Study sites   
Seven street sites in five different cities in Sweden were sampled between August 2013 and 
August 2015. All sites were two-lane streets with curbs. The sites differed with respect to the 
usage of the surrounding land, street type, average daily traffic (ADT), and their street cleaning 
routines. The samples also differed with respect to the antecedent dry period (ADP) before their 
collection, i.e. the amount of time that had elapsed since the site experienced a rain event. The 
sites’ characteristics are presented in Table 1.  

 

 



Table 1: Characteristics of the sampled street sites  

City Malmö Stockholm Kiruna Luleå Umeå 
Designatio
n 

A B C D E F G 

Street 
name 

Pildamms
-vägen 

Erikslust-
vägen 

Svea-
vägen 

Valhalla
-vägen 

Hjalmar 
Lundbohms
-vägen 

Södra 
Hamnlede
n 

Blå 
Vägen 

Vicinity 
land use 

Resi-
dential, 
com-
mercial 

Resi-
dential 

Com-
mercial 

Resi-
dential  

Com- 
mercial, 
industrial 

Com-
mercial, 
industrial 

Com-
mercial 

Street type Arterial 
street 

Main  
street 

Main 
street 

Arterial 
street 

Main street Arterial 
street 

Arterial 
street 

Time May 2015 May 201
5 

Apr 201
5 

Apr 201
5 

Aug 2015 Aug 2013 Jun 201
5 

ADTa  10600b 7800b 15000c 5900c 5800d 6000d 7700d 

Heavy 
traffic [%] 

11b 10b 9c 13c  9d 8d 5d 

ADP 
[days] 

3E 3E 10E 10E 8 10 11 

aThe traffic loads were measured in one flow direction (vehicles/day).  
Sources: bmalmo.se (accessed August 2015); cTraffic Office Stockholm (personal 
communication, April 2015); dhttp://vtr.trafikia.se (accessed August 2015); E6 days since last 
street cleaning 

2.2. Sediment sampling 
Sampling was done along the curb over a distance of 3 to 5 m (depending on the permitted 
working time on the street). The width of the sampled area was 1.5 m from the curb towards the 
center of the street. Sediments were collected with a domestic vacuum cleaner (Dyson DC-51). 
Vacuum cleaning was repeated multiple times, in perpendicular directions, so that near-complete 
collection of the sediments could be assumed. Such sampling techniques have been tested 
previously and shown to achieve sampling efficiencies above 90% (Ball et al. 1998, Egodawatta 
2007). To prevent contamination of the samples by the vacuum cleaner, an adjacent section of the 
curb was vacuumed and the collected sediments were discarded prior to sampling. This was done 
twice. The collected samples were dried at room temperature overnight in the laboratory and then 
stored in a cold and dark environment.  

2.3. Physical and chemical analysis of sediments 
A PSD analysis was performed by dry sieving in a vibratory sieve shaker (Retsch AS200) using 
stainless steel sieves with mesh sizes of 25, 63, 160, 250, 315, 500, 630, 1000 and 2000 μm. The 
bulk samples were then separated into a fine fraction (<250 μm) and a coarse fraction (250 – 
2000 μm). A 250 μm mesh separates fine sand from medium sand, and particles bigger than 250 
μm are usually not found in stormwater runoff (Furumai et al. 2002, Li et al. 2006, Westerlund 
and Viklander 2006). The coarse fraction is thus likely to remain on the street surface during 
rainfall-runoff, and was therefore the object of this study.  



The total heavy metal content of the sediment (fine and coarse fraction) was determined using an 
inductively coupled plasma sector field mass spectrometer (ICP-SFMS) after microwave 
extraction in 7M HNO3. The organic matter content of the sediment was estimated by 
determining its loss on ignition (LOI). To this end, samples were placed in an oven at 550 °C for 
12 h, and the LOI (i.e. organic matter content) was computed as the difference in weight before 
and after this treatment. Oil index values (reflecting the content of C10-C40 petroleum 
hydrocarbons) were determined for each sample by means of gas chromatography with a flame 
ionization detector (GC-FID) after extraction with pentane.    

A five-step sequential extraction process was used to determine how metal ions were bound to 
the coarse sediment fraction and how they could be released in response to changing ambient 
conditions. Samples of the extracts obtained after each step were analyzed by ICP-SFMS. The 
method is an adaptation of that developed by Hall et al. (1996a, 1996b) and differs slightly from 
methods previously used to study street sediments (Stone and Marsalek 1996, Sutherland et al. 
2012, Zhang et al. 2015) in that the residual metal fraction of the sediments (i.e. the fraction 
bound to silicates and resistant minerals) was not analyzed. This was done because metals from 
this fraction are usually not released under conditions encountered in nature (Tessier et al. 1979), 
so it is not relevant to the processes of interest here. The five extraction steps were: 

Step 1 - Extraction with 1 M acetate buffer at pH 5 for 6 h at room temperature to remove 
adsorbed and exchangeable metals and carbonates.  

Step 2 – Extraction of the solid residue from step 1 with 0.1 M pyrophosphate solution at pH 9 
for 1 h at room temperature to remove labile organic species.  

Step 3 – Extraction of the solid residue from step 2 with 0.25 M hydroxylamine hydrochloride 
for 4 h at 50 °C to remove amorphous Fe/Mn oxides.  

Step 4 – Extraction of the solid residue from step 3 with 1 M hydroxylamine hydrochloride in 
25% acetic acid for 3 h at 90 °C to remove crystalline Fe oxides.  

Step 5 – Separation of stable organic forms and sulfides by adding potassium chlorate to the solid 
residue from step 4, followed by digestion in 12 M hydrochloric acid for 30 min at room 
temperature and then 4 M nitric acid for 20 min at 90 °C.  

All analyses other than PSD and LOI determinations were performed by an accredited laboratory. 

2.4. Leaching of coarse street sediments with synthetic rain water 
The leaching experiments were performed with synthetic rainwater in order to ensure uniform 
conditions and avoid complications arising from the high variability in the chemical 
characteristics of authentic rain water. A stock synthetic rainwater solution was prepared from 
deionized water (0.055 μS/cm), salts (CaCl2 x H2O, KNO3, (NH4)2SO4, NaNO3, Na2SO4 and 
MgSO4), and H2SO4. The stock solution was diluted (1:1000) to achieve the desired ion 
concentrations (see Table 2) and a pH of 4. These concentrations are based on a report on rainfall 
chemistry in Sweden produced by the Swedish EPA (Granat 1990).  

 



Table 2 Ion concentrations in the synthetic rainwater 

Ions Concentration [mg/L] 
SO4

2- 0.720 
NO3

- 0.322 
NH4

+ 0.322 
Na+ 0.207 
K+ 0.051 
Mg2+ 0.034 
Ca2+ 0.098 
Cl- 0.350 
 

The pH of the synthetic rainwater was adjusted to 5.5 ±0.1 by adding small amounts of NaOH 
solution. A mixture of this synthetic rainwater and sediment at a concentration of 10 g/L was 
prepared in acid-washed polypropylene bottles. This value is considerably higher than the typical 
TSS concentration of 100 mg/L reported by the US EPA for stormwater in median urban sites 
(1983). However, the concentration of 10 g/L was chosen to represent total solids found on the 
street surface (no upper size limit), which include the coarse particles that are not transported by 
stormwater runoff. To simulate processes occurring during a rainfall event (i.e. the transmission 
of energy to the sediments via falling raindrops and overland flow), the bottles were placed on a 
flat orbital shaker (IKA KS260 basic) and agitated for 15 min (reflecting the time of travel of 
surface runoff on urban streets) at a shaking power of 4 W, which corresponds to 200 rpm. Once 
this period ended, the suspension’s pH was recorded. A portion of the suspension was withdrawn 
and filtered through a 0.45 μm filter to separate liquids and solids, after which the liquid fraction 
was analyzed for dissolved metals by ICP-SFMS. To remove coarse particles, the remaining 
suspension was screened through a 250 μm stainless steel mesh and its total heavy metal content 
was determined by ICP-SFMS after extraction with 13 M HNO3, giving the total load released 
from the coarse particles. By subtracting the dissolved fraction from the total fraction, the 
particle-bound fraction could be determined. The analyses of both total and dissolved heavy 
metals were performed by an accredited laboratory. In addition, the PSD of each sample was 
determined using a laser diffraction particle size analyzer (Horiba LA-960). Finally, blank 
samples were prepared by performing the same procedure excluding the addition of sediments. 
Triplicate samples were analyzed for each study site and blank run, and relative standard 
deviations were calculated.  

Samples from site F were used to determine how varying the ambient conditions (i.e. pH, 
duration and intensity of wash-off) affected heavy metal release. Two additional levels were 
defined for each of these variables, one low and one high. The low and high values of the pH of 
the synthetic rainwater were 4 and 7 (which were set by adding appropriate quantities of NaOH); 
the lower value of 4 was suggested on the basis of a report authored by the Swedish EPA (Granat 
1990), while the upper value of 7 was selected as the highest possible non-basic pH. The low and 
high values of the wash-off duration were set to 5 and 30 minutes, respectively; these correspond 
to the typical minimum and maximum concentration times that may occur on urban streets given 
typical slopes, roughness levels, travel distances, and rainfall intensities. For example, Sansalone 
and Buchberger (1997) measured concentration times of up to 5.6 min on a relatively small (15 x 
20 m) urban street plot; larger plots will have longer flow paths to the drainage system inlet and 



thus longer concentration times. The low and high shaking power values were set at 2 and 6 W, 
respectively, corresponding to different rainfall intensities and corresponding wash-off 
intensities. Triplicate leaching experiments were conducted in with six different combinations of 
these settings as shown in Table 3, which also shows the standard leaching conditions for 
comparative purposes.  

Table 3: Settings for different ambient conditions (i.e. pH, Duration and Power) tested during the leaching 
experiments  

Settings 1 2 3 4 5 6 Standard 
pH 4 7 5.5 5.5 5.5 5.5 5.5 
Duration [min] 15 15 5 30 15 15 15 
Power [W] 4 4 4 4 2 6 4 
 

To determine whether all of the available metals were removed during the initial leaching 
experiments, sediments that had been through the complete leaching process were subjected to 
the same process for a second time. This test was done on sediments from site F under the 
conditions defined for setup 1 (see Table 3).  

2.5. Statistical analysis 
A Pearson correlation analysis was performed to determine how the release of heavy metals 
(dissolved and particulate) is related to site conditions and particle characteristics. The results of 
this analysis are presented in the form of a correlation matrix in the next section.  



3. Results and discussion 

3.1. Physical and chemical characteristics  
Figure 1 shows the PSD (as determined by dry sieving) for the sampled sites. The red dashed line 
indicates the threshold separating the coarse (250 – 2000 μm) and fine (<250 μm) fractions.  

 

 

Table 4 lists the proportions (by mass) of fine and coarse particles in the samples, together with 
the sediment loadings normalized against the length of the sampling area (i.e. the number of 
meters of curb over which sampling was conducted).  

Table 4: Relative abundance of fine and coarse particles in the samples   

Site A B C D E F G 
Fine fraction [mass %] 38.5 66.7 57.8 76.7 57.6 42.2 53.1 
Coarse fraction [mass %] 61.5 33.3 42.2 23.3 42.4 57.8 46.9 
Sediment Loading per m curb [g] 76.5 83.3 118 139 323 429 675 
 

The total mass per meter of curb for sites A-D (which were cleaned weekly) was between 76.5 
and 139 g, which was significantly lower than the corresponding values for the biannually 
cleaned sites E-G (323-675 g).  Within these two groups (i.e. A-D and E-G), site-specific factors 
(i.e. ADP and ADT) had no significant effects on the mass per m curb or the PSD. The observed 
values are consistent with previous reports: Sartor and Boyd (1972) measured sediment loadings 

Figure 1: Particle size distributions and the separation of the fine and coarse fractions (indicated by the 
dashed line) 



ranging from 80 to 1000 g per curb m in a study where the width of the sampling area (i.e. the 
distance from the curb to the opposite edge of the sampling area) was around 7.5 m, as compared 
to 1.5 m in the present study. More recently, Sutherland et al. (2003) reported loadings between 
300 and 600 g per meter of curb, although they did not disclose the width of the sampling area on 
which these values were based. 

The PSDs of the samples differed appreciably. Site A had the coarsest distribution, with 61.5% of 
the particles by mass belonging to the coarse fraction, while site D had the finest distribution, 
with 23.3% in the coarse fraction. The coarseness of the particles from site A can be attributed to 
their relatively high content of organic matter, as shown in Table 6. Badin et al. (2008) noted that 
organic substances can act as structuring elements, functioning as adhesives that enable the 
binding of smaller particles to larger ones.  

A wide range of PSDs have been reported for street sediments in the literature. In keeping with 
this diversity, the PSDs for the different sites examined in this work also varied substantially. 
Viklander (1998) reported mass median diameters (d50 values) ranging from 1000 to 4000 μm for 
street sites in northern Sweden after the snowmelt period, while Ball et al. (1998) reported d50 
values of 44-91 μm for Australian street sites. The d50 values for the sites examined in this work 
varied between 80 μm (site D) and 330 μm (site A), and are within the ranges reported 
previously. It is possible that the PSD for a given site may vary over time and across the length of 
the street. For example, Zafra (2008) reported that the particle size distribution gets finer over 
time during dry periods, while Deletic (2005) found that particle size distributions became finer 
with increasing distance from the curb. German and Svensson (2002) studied the effect of street 
cleaning on the PSDs of street sediments and noted that those determined after cleaning were 
generally finer than those measured before cleaning. In the present study, the sites that were 
cleaned weekly (with the exception of site A) exhibited finer PSDs than those that were not 
cleaned weekly. Furthermore, the sediment loading per meter of curb was significantly higher for 
sites without weekly street cleaning.        

Table 5 shows the heavy metal concentrations in the fine and coarse sediment fractions. For 
comparative purposes, the Canadian interim sediment quality guidelines/threshold effect levels 
(ISQG/TEL) are also shown for each metal ion (CCME 2001). These values were considered to 
determine which of the observed concentrations were environmentally significant. Canadian 
guidelines were used because they are stricter than European guidelines, and there are currently 
no specific Swedish guidelines.  

 

 

 

 

 

 

 



Table 5: Heavy metal concentrations in the fine and coarse fractions from each sampling site, and the 
ISQG/TEL and PEL values for individual metal ions.  

A B C D E F G ISQG/TEL 
Cu [mg/kg] fine 82.8 107 115 94.2 98.5 89.8 49.8 35.7 

coarse 23.0 17.4 79.5 64.5 87.5 44.9 14.2 
Zn [mg/kg]  fine 181 262 167 355 43.4 135 100 123 

coarse 86.6 58.2 57.2 202 31.0 70.1 42.4 
Pb [mg/kg] fine 17.7 35.0 10.6 20.4 5.28 16.2 10.4 35 

coarse 7.98 8.52 4.76 27.5 2.66 13.1 2.88 
Cr [mg/kg] fine 17.8 26.7 21.2 64.5 7.79 36.1 28.8 37.7 

coarse 7.74 10.5 24.2 28.8 70.3 47.2 16.5 
Ni [mg/kg] fine 10.6 14.7 9.77 13.5 19.7 16.6 15.4 n.a. 

coarse 6.52 6.37 8.40 8.03 73.8 19.9 8.80 
Cd [mg/kg] fine 0.92 1.93 0.68 4.44 0.10 0.14 0.32 0.6 

coarse 0.77 0.50 0.07 0.16 0.07 <0.01 0.08 
 

In general, there is relatively little variation between the sites. However, the concentration of Cd 
in the fine fraction from site D is around 50 times greater than that for the fines from site E. In 
addition, the heavy metal concentrations were generally higher in the fine fraction than in the 
coarse fractions. However, this was not true for Cr at site C, Pb at site D, Cr and Ni at site E, and 
Cr at site F. The tendency for finer particles to have higher metal concentrations has previously 
been reported by multiple authors (Viklander 1998, Deletic and Orr 2005, Sutherland et al. 2012, 
Zhang et al. 2015). The concentration of Cu in the fine fraction exceeded the ISQG/TEL limits at 
all sites, and that in the coarse fraction exceeded the limit at sites C, D, and F. Except for site D, 
the Zn concentration only exceeded the ISQG/TEL limits in the fine fraction. For the other 
metals, the guideline values were only exceeded at a few sites. Finally it should be noted that 
metal concentrations in the coarse sediment fraction from site D were relatively high compared to 
the other sites (especially for Zn and Pb). Among the samples sites, site D showed the highest 
value for the oil index (as seen in Table 6). Furthermore, with 13% this site has the highest share 
of heavy traffic (as seen in Table 1) among the sampled sites. This gives indication for traffic 
related pollution.   

Table 6 presents the total organic matter contents of the coarse fractions collected at each site and 
the corresponding oil index values (which reflect the contents of C10-C40 petroleum 
hydrocarbons).           

Table 6: LOI and oil index of the coarse sediment fraction 

A B C D E F G 
Organic Matter [g/kg] 147 22.7 36 21.4 10.1 9.6 12.3 
Oil index [g/kg] 1.81 0.49 1.32 2.07 0.88 0.39 1.07 
 

There was no discernible correlation between the content of organic matter and the oil index: the 
oil index did not vary greatly between sites, whereas the organic matter content at site A was 



substantially greater than that at the other sites. Further it can be noted that the sites A-D (weekly 
street cleaning) generally showed higher values for organic matter as well as for oil index, 
compared to the sites with biannual street cleaning (i.e. E-G). Therefore it can be stated that 
sediments from sites with biannual street cleaning routines were mostly of mineral origin and less 
polluted from traffic related sources. 

Figure 2 presents the results from the sequential extractions of the coarse fraction, showing the 
amount of each metal extracted during the individual extraction steps as a proportion of the total 
quantity of metal extracted over all the extraction steps. No results are presented for Cd because 
its concentration was generally below the limit of detection.  

 

 

Five different sediment fractions were analyzed in this work, as proposed by Hall et al. (1996a, 
1996b). Metal ions in fraction one are highly mobile and can be released under neutral to slightly 
acidic conditions (i.e. at pH values between 5 and 7), which can occur in rain water. Metal ions 
associated with labile organic species such as humic and fulvic acids (fraction two) can be 

Figure 2: Concentrations of different metal ions in five different fractions of coarse sediments from sites A-G  



released as a result of bacterial activity or taken up by plants. Metals bound to fractions three and 
four can be released under reducing conditions. In some protocols (Tessier et al. 1979), these two 
fractions are combined. Here, however, two separate extractions were performed under 
successively more reducing conditions to differentiate between crystalline and amorphous Fe/Mn 
oxides. Metals bound to fraction five (i.e. stable organic forms and sulfides) can be released 
under oxidizing conditions. Previous analyses included an additional step in which residuals (i.e. 
metals bound to silicates and resistant minerals) were analyzed (Stone and Marsalek 1996, 
Sutherland et al. 2012, Zhang et al. 2015). However, because this fraction is never released under 
naturally occurring conditions, we excluded it from our analysis.  

Cu was mostly bound to fractions three and four (Fe/Mn oxides); its relative abundance in these 
two fractions ranged from 37% (site E) to 72% (site F). Also high Cu concentrations were found 
in fraction five (stabile organic forms and sulfides), which is released under oxidizing conditions. 
The relative Cu concentration in fraction five ranged from 14% for site A to 53% for site E. The 
proportion of Cu bound to labile organic substances (fraction two) was generally higher than for 
other metals. The proportion of Cu bound to fraction two was highest at site A, and this was 
generally true for the other metal ions as well. In general, the majority of the samples’ Cu 
contents were relatively stable and would only be released under reducing or oxidizing 
environmental conditions. Previous studies on the mobility of Cu in street sediments used 
different extraction sequences and concluded that Cu binds preferentially to organic fractions 
(and would thus be released under oxidizing conditions) rather than Fe/Mn oxides. Stone and 
Marsalek (1996) and Zhang (2015) both concluded that over 50% of the Cu that can be released 
under naturally occurring conditions (i.e. excluding the residual fraction) is bound to organic 
matter.  

The most Zn-rich fraction was fraction one, which contained as much as 65% of the total Zn in 
the site A sediments. However, the Zn content of fraction one for site G was only 29%. Given the 
high proportion bound to fraction one, Zn can be considered to be relatively mobile, and may 
thus pose a high risk to the aquatic environment. Previous studies have also identified Zn in street 
sediments as being highly mobile and capable of being released via ion exchange, desorption, and 
carbonate dissolution (Stone and Marsalek 1996, Sutherland et al. 2012, Zhang et al. 2015).   

Like Zn, Pb is mostly bound to fraction one; the highest Pb content in this fraction was 68% for 
site E. The amount of Pb bound to fraction two was 11% at site A and 2-4% at all other sites bar 
G, for which the concentration of Pb in fraction two was below the limit of detection. Ni was 
mainly bound to fractions 3, 4 and 5; the combined Ni content of these three fractions ranged 
from 73% for site C to 94% for site E. The remaining Ni was bound to fraction 1 because the Ni 
content of fraction two was consistently below the limit of detection. Like Ni, Cr was mostly 
bound to fractions 3-5; it was only in the case of site A that it was possible to detect any Cr at all 
in the fraction 2 extracts. The amount of Cr bound to fraction 1 varied modestly between the 
sites, ranging from 10% to 18%. The total contents of Pb and Cr were generally below the limits 
presented in Table 5, so the tested sediments are unlikely to contaminate receiving waters with 
dangerous quantities of these ions.  

It should also be noted that with the exception of Pb and Cr, weekly street cleaning appeared to 
increase the proportion of metal ions bound to the relatively mobile fractions one and two. Thus, 
the combined Cu content of fractions one and two was between 21 and 36% for sites A-D, while 
that for sites E-G was between 2 and 14%. The corresponding values for Zn were 48-71% for 



sites A-D and 29-51% for sites E-G, while those for Ni were 16-27% for sites A-D and 6-16% for 
sites E-G. This indicates that metals (i.e. Cu, Zn and Ni) from sites with weekly street cleaning 
may be more mobile than those from sites not subjected to such treatment.  

3.2. Leaching with synthetic rain water 
The leaching experiments with synthetic rainwater generally exhibited good reproducibility. 
Relative standard deviations were computed for each measured quantity based on analyses of 
triplicate samples, and were predominantly below 10%. Furthermore, the analyses of blank 
samples yielded results below the limits of detection. The sample pH was recorded after the 
initial agitation with the sediments, and was found to increase in all tested samples, from an 
initial value of 5.5 to values between 6.4 (site A and D) and 7.0 (site F). This is consistent with 
the known behavior of urban street runoff. For example, Kayhanian et.al (2007) reported that the 
mean pH of highway runoff is 7.1 ± 0.7 based on analyses of more than 600 samples.  

The measured concentrations of Cd were generally below the limit of detection, so Cd was 
excluded from subsequent analyses. The total metal ion concentrations determined in this work 
were compared to suggested guideline values for direct stormwater discharge in Sweden 
suggested by Alm et al. (2010), which are shown in Table 7. This comparison aimed to assess the 
environmental significance of the observed metal concentrations in the leachate.  

Table 7: The maximum and minimum concentrations of different metals observed in the leaching tests, and 
the guideline values for the total heavy metal content of direct stormwater discharge suggested by Alm et al. 
(2010). 

 Total Pb 
[μg/L] 

Total Cr 
[μg/L] 

Total Ni 
[μg/L] 

Total Zn 
[μg/L] 

Total Cu 
[μg/L] 

Alm et al. 2010 8 10 15 75 18 
This study 
(min-max) 0.7 - 5.1 2.7 – 4.5 1.4 – 2.9 10 - 59 2.7 – 17 

 

The total metal concentrations observed during this study did not exceed any of the guideline 
values. However, many were close to the guideline values. Coarse particles from street surfaces 
thus have the potential to contribute environmentally significant amounts of heavy metals to 
stormwater runoff. Nevertheless it should be noted that the results are based on very high 
sediment concentrations (i.e. 10 g/L). Consequently the probability for exceeding the guideline 
values, only through the contribution from coarse sediments, is probably very low. 

Figure 3 shows the total released heavy metal concentrations of the sediment suspensions, 
including the dissolved fraction (blue columns) and the particle-bound fraction (red columns; 
calculated by subtracting the concentration in the dissolved fraction from the total concentration). 
The total concentration for each metal is equal to the sum of the two fractions. 



 

 
Figure 3: The released heavy metal concentrations for the different sites, divided into particulate and 
dissolved fractions. The metals are listed in order of increasing dissolved concentration (Pb<Cr<Ni<Zn<Cu). 

In general, dissolved metal ions represented only a small fraction of the mixtures’ total metal 
content; the vast bulk of the heavy metal content was associated with the particulate fraction. 
This trend was strongest for Pb, for which the particle-bound fraction represented 95-99% of the 
total load. In the cases of Cr, Ni, Zn, and Cu, the particle-bound fraction contained 94-99%, 87-
95%, 79-95%, and 65-93% of the total load, respectively. This may occur because fine particles 
are attached to coarser particles, which can be released during rain events. This theory is 
supported by studies comparing PSD from street surfaces determined by both wet and dry 
sieving. The wet method usually delivers finer PSDs because fine particles are more readily 
dissociated from coarse aggregates under wet conditions. Thus, Viklander (1998) found that the 
content of particles smaller than 75 μm obtained by dry sieving was only 5.7%, whereas that 
obtained by wet sieving was 11.5%.  

Site A exhibited the highest release values for all of the studied heavy metals, while site G 
exhibited the lowest values for all metals other than Cr. With the exceptions of Ni and Cr, the 



sites with weekly street cleaning (A, B, C and D) exhibited higher total release values than sites 
that were only cleaned twice a year. These results are consistent with those obtained in the 
sequential extractions. Sites with weekly street cleaning also had higher contents of metal ions in 
the relatively mobile fractions of the sediments (i.e. fractions 1 and 2). To better estimate the 
potential contribution of coarse particles to total heavy metal loads (under the environment 
conditions imposed in the lab), the total metal release values for each site were normalized 
against the coarse sediment loading per meter of curb, as previously shown in Table 4. The 
potential contribution of the coarse fraction to the total heavy metal load for each site (calculated 
as the total release of metals multiplied by the quantity of coarse particles accumulated per meter 
of curb) is shown in Table 8.  

  Table 8: Potential contribution of coarse particles to the total heavy metal load per meter of curb for each 
studied site 

 A B C D E F G 
Cu [μg/m Curb] 652 181 465 171 621 1216 722 
Zn [μg/m Curb] 2248 633 1340 553 1164 3269 2637 
Pb [μg/m Curb] 202 80 120 52 175 333 173 
Ni [μg/m Curb] 115 32 59 39 212 450 367 
Cr [μg/m Curb] 179 39 111 67 291 680 674 
 

It should be noted that the potential heavy metal release per meter of curb is generally higher for 
sites with biannual street cleaning (E, F and G). Site F exhibited the highest potential releases for 
all heavy metals. Site A was something of an exception, having higher release values than site E 
for Cu, Zn and Pb. Site A also had both the coarsest PSD of all sites and the highest metal release 
values (as seen in Figure 3), which may explain this observation.  

Figure 4 shows the PSDs of the particles by their volume in the leachate (analyzed by laser diffraction).  



 

 

The PSDs of the leachates varied significantly between the sites, with site F having the finest 
PSD (≈80% of all particles being smaller than 10 μm) and site A having the coarsest distribution 
(≈20% smaller than 10 μm). Site A also had the coarsest PSD (38.5% in the fine fraction) when 
analyzed by dry sieving. Conversely, site F had a relatively small proportion of fines (42.2%) but 
its leachate had the finest PSD observed in this work. Therefore, there was no clear relationship 
between the PSD of the bulk sample (determined by dry sieving) and that of the leachates 
(determined by laser diffraction) when considering all tested sites. Restricting the analysis to the 
sites with weekly street-cleaning (i.e. A-D) yielded a significant correlation (p = 0.012) between 
the share of particles smaller than 10 μm in the leachate and the size of the fine fraction 
(determined by dry sieving). No such correlation existed for sites E-G, however.  

In general, the PSDs of the leachates were consistent with those previously observed for 
stormwater runoff from street surfaces. For example, Furumai et al. (2002) reported that 15-80% 
of the particles in stormwater runoff have diameters below 20 μm. Somewhat finer PDSs were 
reported by Westerlund and Viklander (2006), who found that 85 – 95% of the particles in 
stormwater runoff were smaller than 9 μm.   

 

 

 

Figure 4: Particle size distribution by particle volume of the leachates for the different sites 
determined by laser diffraction 



3.2.1. Leaching tests under varying ambient condition 
Figure 6 shows the concentrations of Cu, Zn and Pb determined in leaching tests conducted under 
varying ambient conditions (as shown in Table 3).  

 

 

Figure 5: The release of dissolved (blue) and particulate-bound (red) heavy metals under varying ambient 
conditions (1: pH 4, 15 min, 4W; 2: pH 7, 15 min, 4 W; 3: pH 5.5, 5 min, 4 W; 4: pH 5.5, 30 min, 4 W; 5: pH 
5.5, 15 min, 2 W; 6: pH 5.5, 15 min, 6 W)  

In general, variation in the ambient conditions affected the release of all heavy metals similarly. 
Therefore, for the sake of brevity, data are only presented for Cu, Zn and Pb. However, the 
changes in the release of Zn upon variation of the pH (run one and two) were somewhat unusual. 
In general, reducing the pH (i.e. acidic rain) increased the proportion of heavy metals in the 
dissolved phase and the total heavy metal concentration. This effect was relatively small for Cu, 
Pb, Ni and Cr: the dissolved concentrations of these metals at pH 4 (run one) were around twice 
those observed at pH 7 (setup two). Similar findings were presented by Sansalone and 
Buchberger (1997), who reported that the lowest measured rainfall pH (pH 3.8) was associated 
with the highest fraction of dissolved heavy metals. This effect was much more pronounced for 
Zn than for the other metals: the dissolved Zn concentration achieved with setup one was around 
10 times higher than that for setup two. The sequential extraction results showed that a large 
proportion of Zn is bound to fraction 1 (adsorbed & exchangeable, and carbonates) and may 
therefore be mobilized by low pH values.  

An increasing wash-off duration (i.e. the length of time the sediments were agitated in the 
synthetic rainwater) generally increased the total heavy metal concentrations. However, the effect 
was not linear: the total Cu concentration for setup four (30 min) was only 1.5 times higher than 
that for setup three (5 min). This suggests that the leaching of metal ions from street sediments is 
initially fast but plateaus over longer concentration periods. This hypothesis was verified by 



subjecting a leached sediment sample to a second round of leaching; the results obtained in this 
experiment are shown in Table 9.  

Table 9: Total metal concentrations determined after double leaching of a sediment sample 

 1st run [μg/L] 2nd run [μg/L] 2nd/1st [%] 
Cu 5.7 2.1 37 
Zn 24.7 10.8 44 
Pb 1.4 <0.5 >36 
Cr 2.9 <0.9 >31 
Ni 1.5 <0.6 >40 

 

The measured concentrations of Pb, Cr, and Ni during the second round of leaching were below 
the limit of detection. For the remaining elements, the release during the second round of 
leaching was less than half that observed during the first round. Zhang et al. (2016) studied the 
kinetics of the leaching of dissolved heavy metals from street sediments in synthetic rainwater 
(pH 4.78 ± 0.02) using a leaching period of 120 minutes, and similarly concluded that the 
leaching was fast at the start of the experiment (around 50% of the total metal release occurred 
during the first five minutes) and gradually slowed.  

The total concentration of most metals depended strongly on the energy input (i.e. shaking 
power), which was varied to simulate different wash-off intensities. For both Cu and Zn, the total 
concentration achieved with setup six (pH 5.5, 15 min, 6 W) was around five times higher than 
that for setup five (pH 5.5, 15 min, 2 W), whereas the dissolved concentration was nearly 
unaffected. If one also considers results for the standard setup (which involved shaking at 4 W), it 
becomes clear that the total concentration does not increase linearly with the energy input 
because the results obtained using setup six were almost identical to those obtained under 
standard conditions. These findings are in good agreement with those of Brodie and Egodawatta 
(2011), who concluded that pollutant wash-off increases with rainfall intensity until a plateau is 
reached. Beyond a certain point, higher intensities do not lead to higher wash-off loads because 
the pollutant supply becomes exhausted.  

3.3. Statistical analysis 
The Pearson correlation analysis yielded correlation coefficients (r- and p-values) relating the 
release of heavy metals (dissolved and particulate) to site- and sediment-specific characteristics. 
A significance threshold of p <0.05 was imposed in all cases. The only variable that correlated 
significantly with the dissolved heavy metal loads was the traffic intensity (ADT), for which r-
values between 0.826 (diss Ni) and 0.967 (diss Pb) were obtained. In keeping with this finding, 
traffic is generally found to contribute to elevated heavy metal loads in stormwater runoff (Gobel 
et al. 2007, Opher and Friedler 2010, Kayhanian et al. 2012). However, while ADT has been 
identified as one of the most important determinants of pollutant concentrations in stormwater 
(Crabtree et al. 2008), others have concluded that different site-specific factors such as the 
presence of traffic lights may be more important because they cause increased braking and 
accelerating activities. Huber et al. (2016) found that streets with ADT values of 5000 
vehicles/day were most heavily polluted, in an analysis that encompassed ADT values ranging 
from 100 to 328,000 vehicles/day. Despite the lack of consensus on this point, the results 



obtained in this work clearly show that coarse particles can function as collectors of traffic 
burden pollutants and release them during wet weather.      

Significant correlations between the release of individual metals from the particle-bound fraction 
and specific site- or sediment characteristics are presented in Table 10. Insignificant correlations 
are excluded for brevity.  

Table 10: R-values for significant Pearson correlations between the release of metal ions from the particle-
bound fraction and site/sediment characteristics, with p-values shown in italics  

 ADP LOI Labile organics Adsorbed & 
Exchanable, carbonates Sediment loading 

part Cu -0.739 0.946 0.995 - - 0.05 0.001 <0.001 

part Zn -0.773 0.949 - 0.868 - 0.041 0.001 0.011 

part Pb -0.895 0.849 0.797 - -0.797 
0.007 0.016 0.032 0.032 

 

No significant correlations were identified for Ni and Cr, so these metals are excluded from the 
table. Negative correlations were determined between ADP and particulate Cu, Zn and Pb. It has 
been observed by others that the PSD gets finer over time; this has been attributed to the 
mechanical grinding of coarse particles by passing traffic (Zafra et al. 2008). Particles may also 
be fragmented due to the decomposition of their organic matter, which may occur as a result of 
bacterial activity.   

The loads of particulate metals (Cu, Zn and Pb) correlated strongly with the sediments’ organic 
matter contents (LOI). In addition, the loads of particulate Cu and Pb correlated strongly with the 
relative size of fraction 2 (labile organics). Badin et al. (2008) analyzed organic matter in 
sediments of a stormwater infiltration pond and identified organic matter as a structuring element 
that functions as an adhesive, enabling fine particles to form aggregates with coarser ones. It was 
also found that fine organic particles became attached to coarser ones. Since none of the metal 
loads correlated with the oil index, it appears that natural organic compounds are the dominant 
contributors to this process. Uniquely among the studied metals, the load of particle-bound Zn 
correlated with fraction one determined by sequential extraction (adsorbed & exchangeable, 
carbonates). This may be because the extraction was done using a buffered solution at pH 5 over 
6 h. Conversely, no buffer was added during the leaching experiments, so the pH gradually rose 
towards neutrality. In addition, the contact time in the leaching experiments was significantly 
shorter than in the extractions, which may explain why relatively few correlations were 
identified. Finally, the load of Pb correlated negatively with the sediment loading per meter of 
curb, which demonstrates that particles from sites with higher sediment loadings may be less 
polluted. Despite this, such sites may have a higher overall pollution potential, as shown in Table 
8.  

 



3.4. Implications for stormwater management 
The information presented in this work could be valuable in stormwater management and the 
evaluation of source control measures such as street cleaning because it provides insights into the 
potential contribution of coarse particles to heavy metal loads in stormwater runoff. The existing 
data on the effectiveness of street cleaning are often contradictory and it is difficult to draw a 
definite conclusion about its environmental benefits. Kang et al. (2009) evaluated the 
environmental benefits of street cleaning by looking at data from previously published studies. 
Their general conclusion was that many of the reviewed studies did not examine enough samples 
to detect significant differences between the samples from cleaned and un-cleaned sites. 
Furthermore, the temporal gap between cleaning and rainfall events was generally not controlled, 
which further increased the uncertainty in the results. Consequently, there is a lack of robust 
evidence for any environmental benefit of this practice. Kim et al. (2014) evaluated the existence 
of such benefits by sprinkling tap water at an intensity of 15 mm/h on cleaned and un-cleaned 
street surfaces. The results obtained in this way suggested that cleaning reduced metal 
concentrations by up to 70% relative to un-cleaned surfaces. Rochfort et al. (2009) noted the huge 
uncertainties associated with existing estimates of the improvement in stormwater runoff quality 
due to street cleaning, and observed that many of the reported differences between cleaned and 
un-cleaned site were statistically insignificant (i.e. had p-values of > 0.05). However, it was 
concluded that modern street cleaning techniques can reduce the total amount of sediments on 
street surfaces with high levels of particle deposits (i.e. 50 g/ curb m), especially for coarse 
material. Furthermore, the concentrations of certain dissolved metals (e.g. Cr and Zn) in the 
runoff were significantly reduced by cleaning. German and Svensson (2002) similarly concluded 
that street cleaning can be effective for removing coarser particles, and stated that while fine 
particles have higher metal concentrations than their coarse counterparts, the largest overall 
quantities of metals are found in the sandy fraction (125 – 500 μm). The present study showed 
that coarse particles can contribute to heavy metal loads in stormwater runoff, largely via the 
release of fine particles from their surfaces as a result of mechanical wash-off. Coarse particles 
may therefore function as collectors of fine particles, which are subsequently released during 
rainfall-runoff events. The greatest pollution potential due to this process occurred at sites 
without weekly cleaning. It therefore seems environmentally beneficial to regularly remove 
coarse particles from street surfaces, for example, by street cleaning. However, this may be 
costly.  

4. Conclusions 
Street sediments have been sampled at seven sites in Sweden and characterized with respect to 
their physical and chemical properties. Laboratory leaching experiments were performed on the 
coarse fractions of the sediments (i.e. the fraction having diameters of 250 – 2000 μm) to 
determine their potential contribution to heavy metal loads in stormwater runoff, yielding the 
following conclusions:  

 Even though coarse sediments remain on the street surface during rain events, they are 
likely to increase heavy metal loads in stormwater runoff. The heavy metals released from 
the collected sediments were predominantly found in the particulate fraction, with a much 
smaller proportion being located in the dissolved phase. Coarse sediments therefore 
probably function as collectors of smaller particles, which can be released during rainfall-
runoff.  



 Sediments from sites with weekly street cleaning exhibited higher levels of metal 
accumulation in the mobile fractions 1 (adsorbed & exchangeable, and carbonates) and 2 
(labile organic species) in the sequential extractions and thus exhibited higher metal 
release levels during the leaching experiments than sites not subjected to such operations. 
However, sites that are not cleaned weekly may have a higher overall pollution potential 
because they accumulated significantly greater quantities of sediments.  

 The pH of the (synthetic) rainwater, duration (reflecting different concentration times on 
the street surface) and energy input (reflecting different rainfall intensities) all influence 
the release of heavy metals from coarse particles. It is therefore likely that the 
contribution of coarse particles will differ between rain events and sites.  

 The levels of dissolved heavy metals in the leachates correlated positively with the traffic 
intensity. This indicates that pollutants originating from traffic accumulate on coarse 
particles from street surfaces which can be released under rainfall/runoff conditions.   

 The levels of particle-bound Cu, Pb and Zn correlated with the organic matter content of 
the coarse sediments but not with the oil index. It thus seems likely that their binding is 
mainly supported by naturally occurring organic substances. 

 Insights on the role of coarse street sediments, with respect to their potential to contribute 
to heavy metal load in stormwater runoff have important Implications for stormwater 
management because they provide new insights into the environmental benefits of street 
cleaning. Specifically, they indicate that removing coarse particles from the street surface 
also helps to remove attached finer particles that have high metal contents.  
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Abstract 
The implications of three commercially available sewer pipe materials on stormwater quality were 
assessed in laboratory experiments, in which different aqueous media mimicking stormwater were 
circulated in 500 mm long pipe sections made of PVC, concrete and galvanized corrugated steel. 
Following a 20-min run, with an equivalent distance of 500 m travelled, a number of changes in the 
stormwater chemistry were observed: (i) Stormwater pH significantly increased in the concrete 
pipe, but remained unchanged in other pipes, (ii) Heavy metal concentrations were mostly 
unaffected in the PVC pipe, but reduced in the concrete pipe (due to particle deposition and metal 
adsorption on the pipe surface), and (iii) Cu and Pb concentrations significantly declined in the 
corrugated steel pipe, because of pipe corrugations acting as sediment traps, but Zn concentrations 
sharply increased due to elution from the pipe material. The type of stormwater affected the 
partitioning of Cu between the dissolved and particulate bound phase. When using processed 
stormwater runoff (i.e., actual stormwater, filtered, and then enhanced with stormwater sediments to 
attain a concentration of 150 mg/L), Cu could be leached out from the sediments. 
 
Introduction 
The built infrastructure of urban areas is designed to collect rainwater and convey runoff to 
receiving waters. The quality of stormwater runoff is influenced by pollutants, which are deposited 
on surfaces such as streets and roofs during dry periods, and then dislodged and transported during 
wet weather. The materials used in the construction of the built environment can have profound 
effects on the quality of stormwater runoff. Roof surfaces, including roof coverings, gutters, and 
downpipes, may contain heavy metals, which could potentially be released as these surfaces are 
corroded. Roof surfaces have thus been identified as significant contributors to copper (Cu) and 
zinc (Zn) loads in stormwater runoff. For example, Charters et al. (2016) analyzed the runoff from 
copper roofs and measured a mean Cu concentration of 1663 μg/L. Similarly, the Zn concentration 
in runoff from a galvanized roof was determined to be 397 μg/L. Similar processes can occur in 
connection with metal structures associated with roads, such as signs  and guard railings (Ogburn et 
al. 2012). Moreover, it has been shown that the quality of runoff can be affected by the properties of 
paving materials. For example, concrete pavements may retain copper from stormwater runoff. 
Bahar et al. (2008) tested the Cu retention capacity of concrete surfaces during different rain events 
and found them to be capable of retaining between 10 and 40% of the total Cu release during single 
natural runoff events. It has also been shown that overland flow systems can buffer acidic rain 
(pH 4-6), raising the pH value of stormwater runoff to the neutral value of 7 or above. This was 
mainly attributed to the dissolution of calcium from pavements, sewer pipes and other surfaces 
(Novotny and Kincaid 1981).  
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Water leaving such surfaces is conventionally conveyed to receiving waters by sewer pipes. 
Existing storm sewers are made from a range of materials including concrete, PVC and corrugated 
steel. Each of these materials may affect stormwater quality in different ways. Wright (2011) 
reported that concrete urban drainage systems can significantly worsen the urban stream syndrome 
by increasing the pH of the transported stormwater and increasing its content of metal ions. Urban 
streams reportedly have neutral pH values, whereas non-urban streams may be acidic. Furthermore, 
the calcium concentrations in urban streams were found to be around six times higher than in non-
urban streams. Davies et al. (2010) observed that while both concrete and PVC pipes can increase 
pH of stormwater, the effect of storm sewer pipes was considerably stronger. Thus, circulating roof 
runoff and stream water samples with initial pH values between 4.8 and 7.4 in concrete and PVC 
pipes for 100 minutes yielded final pH values of 7.7-8.0 for concrete and 6.4-8.0 for PVC. 
However, there have been few studies on the effects of different sewer pipe materials on heavy 
metal transport. Perkins et al. (2005) investigated the effects of different piping materials (concrete, 
PVC and cast iron) on dissolved Cu concentrations in a Cu spiked tap water solution (pH 5.6, 
hardness 13 mg/L as CaCO3). PVC and cast iron did not remove Cu from the solution, but the 
concrete piping reduced the water’s Cu concentration by between 12 and 18%. A drawback of this 
study is that no attempt was made to account for the different compositions of tapwater and 
stormwater. The observed results may not accurately reflect all the processes occurring in urban 
environments because stormwater contains materials such as particulates that may influence heavy 
metal transport. Ogburn et al. (2012) studied metal elution from different sewer pipe materials by 
submerging pipe sections for up to three months in tanks filled with roof runoff buffered to pH 
values between 5 and 8. In these experiments, the release of Zn from galvanized steel after one day 
of exposure ranged between 45 and 720 mg/m2, while the Zn release from PVC and concrete pipes 
was up to 22 mg Zn/m2 and up to 5 mg Zn/m2, respectively. Once again, however, it is not clear 
whether these conclusions are directly relevant to stormwater moving through sewer pipes. It would 
therefore be desirable to assess the effects of different sewer pipe materials on the quality of 
transported stormwater by reproducing conditions occurring in urban environments as fully as 
possible, including an accurate reproduction of the speciation of stormwater under rainfall/runoff 
conditions.    
In light of the knowledge gaps outlined above, this study was conducted in order to assess and 
compare the effects of different piping materials (concrete, galvanized corrugated steel and PVC) 
on stormwater quality under rainfall/runoff conditions. Particular variables of interest were (a) 
heavy metal elution from the piping materials; (b) heavy metal retention; and (c) effects on physical 
and chemical water parameters (i.e. the partitioning of heavy metals between the dissolved and 
particulate phases), pH, particle size distribution (PSD), and turbidity. To ensure good control over 
the experimental conditions, all of the assessment was carried out in the laboratory using field 
sampled runoff and sediments. 
 
Materials and Methods 
Street sediments were collected by vacuum cleaning from a road with a traffic intensity of 
7,800 vehicles/day (measured in a single direction). The particles were sieved to separate the fine 
particles (i.e. <250 μm), which were used in the subsequent experiments. A size threshold of 250 
μm was used because it corresponds to the boundary between fine and medium sand; particles 
larger than this are unlikely to be found in stormwater runoff because they are not readily dislodged 
from surfaces and settle out rapidly (Andral et al. 1999). The particles’ total metal contents were 
determined using an inductively coupled plasma sector field mass spectrometer (ICP-SFMS) after 
microwave digestion with 7M HNO3. 
Stormwater runoff was collected from a trafficked area at the inlet to the drainage system. The 
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runoff was processed by removing the naturally occurring particles in order to achieve uniform 
conditions during the experiment. This was done by centrifugation followed by filtration through a 
0.45 μm filter (Whatman membrane filter, 142 mm diameter). The processed stormwater runoff was 
further analyzed for dissolved heavy metals by ICP-SFMS.  
A stock synthetic rainwater solution was prepared from deionized water (0.055 μS/cm), salts (i.e. 
CaCl2 x H2O, KNO3, (NH4)2SO4, NaNO3, NaSO4 and MgSO4), and H2SO4. The stock solution was 
diluted (1:1000) to achieve the desired ion concentrations (SO4

2-: 0.72mg/L; NO3-: 0.322 mg/L; 
NH4

+: 0.322 mg/L; Na+: 0.207 mg/L; K+: 0.051 mg/L; Mg2+: 0.034 mg/L; Ca2+: 0.098 mg/L; Cl-: 
0.35 mg/L) and a pH 4. These concentrations were based on the Swedish EPA report (Granat 1990) 
on rainfall chemistry in Sweden. The solution pH was adjusted by adding small quantities of 
aqueous NaOH.  
The experimental setup consisted of new commercially available 500 mm long pipe sections made 
of concrete, galvanized corrugated steel, or PVC, installed at a 3% slope. The pipes were fed at the 
upstream end by a peristaltic pump (Watson Marlow 520S, marprene tubes) at a flow rate of 
0.95±0.03 L/min. Water with fine solids leaving the pipe at the downstream end was collected in a 
PTFE funnel and pumped back through PTFE tubing to the inlet. This allowed the experimental 
setup to be operated continuously over the 20 minute experimental periods. During this time, the 
water travelled an estimated distance of 500 m. The setup is illustrated in Figure 1. 

 
Figure 1 Sketch of the experimental apparatus 

The apparatus was fed with three types of simulated stormwater, which are henceforth referred to as 
simulated stormwaters 1, 2, and 3. Three stormwater types were used in order to study different 
processes that may occur during the transport of stormwater runoff in sewer pipes, namely metal 
elution from the pipe materials, metal retention by the materials, and effects of different pipe 
materials on various water quality parameters (i.e. pH, turbidity and the partitioning of heavy metals 
between the dissolved and particulate phases). This approach also made it possible to analyze the 
effects of sewer pipe materials on stormwater samples with different properties. The properties of 
the three types of simulated stormwater were:  
 
(1) Synthetic rainwater at pH 7±0.3, consisting of deionized water adulterated with predefined 
quantities of ions at concentrations typical of Swedish rainfall. This solution was used to investigate 
the elution of metals from sewer pipes.  
(2) A mixture of synthetic rainwater (as used in water 1) and a pre-selected quantity of street 
sediments (see below) to give a final TSS concentration of 150 mg/L. This value was chosen to 
reflect the elevated total suspended solids (TSS) concentrations found in road runoff, and is slightly 
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higher than the mean TSS content reported by Kayhanian et al. (2007) for highway runoff (i.e. 
113 mg TSS/L). This medium was used to test the effects of different pipe materials on sediment 
metal burdens in stormwater.  
(3) Processed (filtered) actual stormwater runoff enhanced by addition of a pre-selected quantity of 
(actual) street sediments to attain a solids concentration of 150 mg/L. This medium was used to 
reproduce naturally occurring conditions.  
 
Similar testing procedures were used with each type of simulated stormwater. In all cases, batches 
of the simulated stormwater were circulated through the apparatus for four 20-minute cycles, with 
the water from the first cycle being discarded. This was done to minimize the possibility that “first 
wash” effects might yield misleading results, with too much material washed out of new pipe 
sections. After each cycle, the apparatus was emptied but not cleaned. In this way, four successive 
rain events were simulated. Since the water flow in the pipes only wetted a small band of the pipe 
surface, it was possible to rotate the pipe sections after switching to a new water type and thus 
provide a fresh pipe surface for each type of simulated stormwater. This was done in order to 
produce comparable results for the three types of simulated stormwater. For all testing cycles, pH, 
turbidity, dissolved and total heavy metal (Cu, Zn and Pb) content of the stormwater were measured 
before and after circulation in the apparatus. Turbidity was measured with a turbidimeter (Hach 
2100Qis) and the measured values were reported in nephelometric turbidity units (NTU). Dissolved 
metals were analyzed by ICP-SFMS. Total heavy metal content was determined by ICP-SFMS after 
extraction with 13 M HNO3. Additionally, the PSDs of simulated stormwaters 2 and 3 were 
measured before and after testing using a laser diffraction particle size analyzer (Horiba LA-960). 
All metal analyses were performed by an accredited laboratory.   
 
Results and discussion 
Table 1 shows the heavy metal content of the street sediments and the Canadian interim sediment 
quality guidelines/threshold effect levels (ISQG/TEL) for fresh waters (CCME 2001), which were 
used because of the lack of comparable Swedish regulations. The dissolved and total metal 
concentrations (i.e. the metal concentrations before and after the addition of sediments) of the 
processed stormwater runoff are also shown. These values were compared to suggested guideline 
values for total heavy metals in direct stormwater discharge for Sweden (Alm et al. 2010), which 
have recently been incorporated into the environmental regulations of several Swedish 
municipalities. These guidelines were used to determine whether the heavy metal concentration in 
the tested sediments and processed stormwater runoff is potentially environmentally significant.  
 
Table 1 Heavy metal concentrations in fine street sediments (<250 μm) compared to Canadian 
sediment quality guidelines, and heavy metal concentrations in processed stormwater compared to 
proposed Swedish guidelines for direct stormwater discharge.  

 Cu Zn Pb 
Street sediments [mg/kg] 82.8 181 17.7 
Can. Sediment guidelines (TEL) [mg/kg] 36.0 123 35.0 
Processed stormwater (dissolved) [μg/L] 19.3 48.0 0.12 
Processed stormwater (total) [μg/L] 28.5 81.9 7.80 
Stormwater discharge guidelines (Alm et al.) [μg/L] 18.0 75.0 8.00 
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The sediment guideline values were exceeded for both Cu and Zn. In addition, the total 
concentrations of Cu and Zn in the processed stormwater (simulated stormwater 3) also exceeded 
the corresponding guideline values, while the total Pb concentration was close to but below the 
guideline value. It thus appears that the tested materials (i.e. the street sediment and processed 
stormwater) contain environmentally significant concentrations of heavy metals.  
All of the experiments were performed in triplicate, with the same bands of the pipes’ surfaces 
being used for all experiments with the same type of simulated stormwater. Given that there were 
no clear increasing or decreasing trends for any of the studied parameters within these triplicates, 
mean values were computed for each of the measured parameters.   
Table 2 shows the initial pH and turbidity values for the three types of simulated stormwaters and 
the corresponding values after contact with the different pipe materials.   
Table 2 Initial pH and turbidity values (in brackets) for the three types of simulated stormwater 
(1: synthetic rainwater; 2: Synthetic rainwater with street sediments; 3: processed (filtered) 
stormwater with sediments added) and the values observed after circulation in the pipes tested  

 Simulated  
stormwater  

(initial value) 
PVC Concrete Steel 

pH 1 (7.0±0.3) 6.8±0.2 9.3±0.4 7.0±0.2 
 2 (7.0±0.3) 7.1±0.1 8.9±0.2 7.3±0.2 
 3 (7.3±0.1) 7.9±0.1 8.1±0.1 8.1±0.01 
Turbidity (NTU) 1 (1.4) 1.4±0.3 3.5±2 1.4±0.4 
 2 (31±2) 26±1 18±2 7.7±1 
 3 (42±3) 36±4 21±3 14±3 
 
Passage through the PVC and corrugated steel pipes had no significant effect on the pH values of 
simulated stormwaters 1 and 2. However, passage through the concrete pipe significantly increased 
their pH values from approximately 7 to 8.9-9.3. Concrete pipes have previously been shown to 
increase the alkalinity and pH of water. For example, Davies et al. (2010) compared the effects of 
PVC and concrete pipes on the alkalinity (measured as bicarbonate concentrations) of different 
types of water. The alkalinity of roof runoff, which was initially low (0.5 mg/L), increased to 4 
mg/L after passage through a PVC pipe, whereas passage through a concrete pipe raised it to 17.3 
mg/L. In addition, passage through the concrete pipe caused a greater increase in pH (from 4.8 to 
7.7) than the PVC pipe (4.8 to 6.4). All three pipe materials had similar effects on pH of simulated 
stormwater 3, which increased from 7.3 to 7.9-8.1 in all cases after circulation in the apparatus. The 
different behaviours of synthetic rainwater and processed runoff may be attributed to their different 
buffering capacities. Simulated stormwater 1 consisted of deionized water with added ions and thus 
had a low buffering capacity, which explains the pronounced increase in its pH after passage 
through the concrete pipe. The addition of street sediments apparently did not affect this behaviour, 
because simulated stormwater 2 underwent similar changes in pH. Davies et al. (2010) performed 
similar tests with water from an urban creek having a relatively high initial alkalinity (36.3 mg/L), 
and found that its pH rose to around 8 after circulating in either PVC or concrete pipes. These 
results are in good agreement with those obtained for simulated stormwater 3, which was intended 
to mimic the properties of stormwater runoff that had been conveyed along a curb and may thus 
have had a higher initial alkalinity than simulated stormwaters 1 and 2.     
The turbidity of stormwater 1 was unaffected by passage through the PVC and corrugated steel 
pipes, but increased slightly after passage through the concrete pipe. It should be noted that all the 
measured turbidities for simulated stormwater 1 were outside the calibrated range of the measuring 
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instrument (which was between 10 and 800 NTU), so these findings should be interpreted with 
caution. However, assuming the observed increase reflects a real change in the composition of the 
suspension, it may be due to the release of small particles from the concrete pipe. The turbidities of 
simulated stormwaters 2 and 3 changed in similar ways between the different pipes. For both water 
types, the turbidity was reduced modestly (by around 15%) after passage through the PVC pipe, 
indicating that most of the particles in the suspension were freely transported through. However, 
passage through the concrete and steel pipes reduced the turbidities of these suspensions by 42-50% 
and 67-85% respectively. The reduction caused by passage through the concrete pipe may be due to 
the rough surface of the concrete, which would encourage the deposition of particles and prevent 
their further transport, and possibly due to suspended particles flocculation encouraged by elution 
of chemicals from concrete. It should be noted that the pipe sections used in these experiments were 
all new, and this effect may become less significant in older pipes.  
Substantial particle deposition also appeared to occur in the steel pipe, which was attributed to its 
corrugated surface. Like the concrete pipe, the steel pipe was new and so this effect may have been 
more pronounced than it would be in a pipe that had been in operation for a long time and the 
corrugations along the pipe invert would fill up with sediments. In addition, the flows used in these 
experiments were relatively low (about 1 L/min); during more intense rain events, particles would 
be more readily flushed out of the pipes and transported to the receiving waters. However, during 
low-intensity rain events, corrugated steel pipes may function as particle traps. Figure 2 shows the 
measured PSDs (by particle number) for simulated stormwaters 2 and 3. 
 

 
Figure 2 PSDs by numbers of particles in simulated stormwaters 2 and 3 before (initial) and after 
circulating in the apparatus. 

The PSDs of simulated stormwaters 2 and 3 were quite similar. In both cases, the initial PSD was 
the coarsest, and passage through the PVC, concrete, and corrugated steel pipes yielded 
progressively finer PSDs. This is in good agreement with the turbidity measurements, since the 
largest reductions were achieved in the steel pipe. These distributions are also consistent with 
previously reported PSDs for highway runoff: Li et al. (2006) found that 90% of particles by 
number from highway runoff were smaller than 10 μm (i.e. their d90 value by number was 10 μm). 
The d90 values observed in this work were between 12 and 18 μm for simulated stormwater 2, while 
those for simulated stormwater 3 were between 9 and 15 μm. Table 3 shows the metal 
concentrations in simulated stormwater 1 after circulation in the apparatus.   
 
 



 

7 

Table 3 Total metal concentrations for simulated stormwater 1 after circulation in the apparatus  

 PVC Concrete Corrugated Steel 
Cu [μg/L] 3.25±0.28 4.74±1.86 3.95±1.26 
Zn [μg/L] 14.4±3.51 5.53±3.46 815±59 
Pb [μg/L] <0.01 <0.01 <0.01 
 
The metal concentrations of simulated stormwater 1 were also measured before circulation in the 
apparatus, but were below the limit of detection in all cases (Cu: <0.1 μg/L; Zn: <0.2 μg/L and 
Pb: <0.01 μg/L). The increased metal concentrations observed after passage through the pipes may 
be due to the elution of metals from the pipe materials or environmental contamination. The final 
Cu concentrations for all three pipe materials were quite similar, ranging from 3.25 to 4.74 μg/L. 
The concentrations of Zn after passage through the PVC pipe was somewhat higher than that for the 
concrete pipe, but after passage through the corrugated steel pipe, it increased dramatically to 815 
μg/L. Such a value was substantially higher than those corresponding to the other two materials and 
was well above the proposed guideline value for stormwater discharges (Alm et al. 2010). The 
measured concentrations of Pb were below the limit of detection for all three pipe materials. 
Ogburn et al. (2012) studied the release of pollutants from various piping and gutter materials by 
submerging them for up to three months in tanks filled with roof runoff buffered to pH 5 or 8. 
Although their experimental conditions differed significantly from those applied in this work, the 
patterns of metal release observed in the two cases are quite similar. This was especially true for Zn, 
because galvanized materials were identified as the most important sources of this metal, releasing 
between 45 and 720 mg/m2 after one day of exposure. Conversely, PVC and concrete pipes released 
up to 22 mg Zn/m2 and 5 mg Zn/m2, respectively. PVC also released up to 5 mg Cu/m2, whereas the 
release of this metal from galvanized products and concrete was negligible. The release of Pb from 
galvanized materials was as high as 30 mg/m2 in Ogburn et al. (2012) experiments, but no 
detectable Pb release was observed for PVC and concrete in this study. In keeping with the 
experiments presented here, new materials were used in these experiments, and it is likely that the 
observed rates of emission would decrease over time.    
Figure 3 shows the total, dissolved and particulate (i.e. total minus dissolved) metal concentrations 
for simulated stormwaters 2 and 3, before and after passage through the three pipes. The 
coefficients of variation, which were calculated based on triplicate experiments, were highest for 
the corrugated steel (up to 32%) while the values for PVC and concrete were below 20%.     
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Figure 3 Dissolved (blue), particulate (red) and total (blue plus red) heavy metal concentrations in 
simulated stormwaters 2 and 3, before (initial) and after circulating in PVC, concrete, and corrugated 
steel pipes. Zn concentrations observed after passage through the steel pipe are shown on the 
secondary vertical axis. 

The trends and absolute values of the total, dissolved, and particulate heavy metal loads differed 
between the tested pipe materials, between individual metals, and between the two types of 
simulated stormwater. The trends in the total metal concentrations were generally similar to those 
observed for turbidity: the metal concentration declined by progressively greater amounts on going 
from PVC to concrete and then to corrugated steel piping. However, the magnitude of this effect 
differed between the metal species: Pb exhibited stronger reductions than Cu or Zn. This may be 
because (according to the results obtained with simulated stormwater 1) Pb does not elute in 
detectable quantities from any of the pipe materials.  
The total metal concentrations in stormwaters 2 and 3 were either unaffected by passage through the 
PVC pipe or slightly increased. In cases where increases occurred, they were generally 
accompanied by increases in the concentration of dissolved metals. Zn was an exception to the 
general rule: its concentration increased substantially after passage through the steel pipe, with all 
of the increase being due to an increase in the load of dissolved Zn. The steel pipe’s ability to 
release Zn had previously been observed with simulated stormwater 1, although it should be noted 
that the magnitude of the release differed between the stormwater types, ranging from 670 μg Zn/L 
for simulated stormwater 3 to 1400 μg Zn/L for simulated stormwater 2. Fresh pipe surfaces were 
used for each type of simulated stormwater, so it is possible that the conditions of the surfaces 
differed between runs; however, no such differences were observed by visual inspection. The 
particulate load of Cu in simulated stormwater 3 was reduced significantly by passage through all 
three pipe materials, whereas the dissolved load increased. This effect was not observed for 
simulated stormwater 2, for which the load of Cu in the particulate fraction remained unchanged 
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after passage through the PVC pipe. Cu also behaved differently from Zn, because the loads of 
particle-associated Zn after passage through the PVC and concrete pipes were very similar. Zhang 
et al. (2016) studied the leaching of Cu and Zn from street sediments in the presence and absence of 
dissolved organic matter (DOM) and surfactants. The addition of these substances to synthetic 
rainwater was shown to promote the leaching of Cu but not that of Zn; in fact, in some cases their 
presence suppressed Zn leaching. The differences in properties between simulated stormwaters 2 
(synthetic rainwater) and 3 (processed stormwater runoff) may thus explain their different 
behaviour, since DOM is usually found in runoff from highways and street surfaces (Kayhanian et 
al. 2007). It thus appears that the properties of the simulated stormwater affected both pH (as shown 
in Table 2) and the partitioning of heavy metals between the dissolved and particulate phases. This 
in turn influences the effects of different sewer pipe materials on stormwater quality.  
 
Conclusions 
Three sewer pipe materials (PVC, concrete and galvanized corrugated steel) were examined to 
determine their impact on the quality of transported stormwater and the transport of heavy metals. 
Recognizing the limitations of the laboratory experiments, the following conclusions may be drawn: 
  

 The effects of the three sewer pipe materials on stormwater quality (i.e. pH, turbidity and 
heavy metal content) were determined and shown to depend on the properties of the 
simulated stormwater and the metal species under consideration.  

 Passage through sewer pipes increased the pH of the stormwater for all three sewer pipe 
materials. However, this effect was most pronounced for synthetic rain water in concrete 
pipes due to its low buffering capacity.  

 The PVC pipes with a smooth internal surface allowed the transportation of almost the entire 
load of particles in the stormwater, resulting in only minor reductions in turbidity. By 
contrast, passage through the concrete and corrugated steel pipes reduced the turbidity of the 
stormwater by around 50% and 85%, respectively. It thus appears that corrugated steel pipes 
in particular can function as particle traps during small rain events. However, this effect may 
become less pronounced over time as the sites of particle trapping along the pipe invert are 
filled up.  

 No Pb elution was observed from any of the tested sewer materials, but relatively small 
amounts of Cu were eluted from all three. Small amounts of Zn were eluted from the PVC 
and concrete pipes, but large amounts of this metal were eluted from the galvanized 
corrugated steel pipe; the resulting concentrations of this metal exceeded the proposed 
guideline levels for stormwater discharges. However, these experiments were conducted 
with brand new pipe sections, and it is possible that the amount of Zn eluting would 
decrease over time.  

 In general, the trends in the total heavy metal concentrations mirrored those for turbidity, 
with the total metal concentration decreasing slightly after passage through the PVC pipe, 
more strongly after passage through the concrete pipe, and most strongly after passage 
through the steel pipe.  

 The different pipe materials affected the partitioning of Cu between the dissolved and 
particulate phases in different ways, when considering the passage of processed stormwater, 
but not when considering the passage of synthetic stormwater (rainwater). The composition 
of the simulated stormwater should thus be considered carefully when assessing the impact 
of different sewer pipe materials on stormwater quality. 

 Various sewer pipe materials may affect stormwater quality in different ways, and this 
should be taken into account when replacing old pipes or laying new ones.  
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