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PREFACE

This doctoral thesis work is based on research carried out at the Division of Architecture 
and Infrastructure, Department of Civil, Mining and Environmental Engineering, Luleå 
University of Technology (LTU) between 2002 and 2007. The research findings are 
presented in one book chapter, five papers, and one manuscript, of which three papers were 
included in the Licentiate thesis Seasonal Variations of Road Runoff in Cold Climate.
For the book chapter, the five papers, and the manuscript (referred to as Paper I to VII), I 
have been the first author, analysed and interpreted the results, and did the writing with the 
guidance and supervision of my advisor Maria Viklander, and my second advisors Gilbert 
Svensson and Magnus Bäckström. The fieldwork of Papers II, III, and IV was performed by 
my colleague and former second advisor, Magnus Bäckström. For Paper V, VI, and VII, the 
fieldwork and the experimental laboratory work was performed by me. The experimental 
planning and preparation, setup, and performance were also conducted by me with the 
supervision of my advisor Maria Viklander and a helping hand from Roger Lindfors and 
Kerstin Nordqvist. The substance analyses were performed by Kerstin Nordqvist at LTU 
and by Analytica AB, in Luleå. For Paper IV, Claes Hernebring from DHI, Water & 
Environment contributed with the calibration simulations and general discussions about the 
paper. In Paper VI, Professor Jiri Marsalek, from the National Water Research Institute, 
Environment Canada, contributed to the general results discussion and the outline of the 
paper.

Luleå, Sweden in August, 2007 

Camilla Westerlund 
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ABSTRACT

The main objective of the doctoral thesis was to investigate the complex processes and 
influencing factors affecting snowmelt-induced runoff and snowmelt quality in a cold 
climate under wintry conditions compared to non-winter conditions in areas with a warmer 
climate. In order to improve the understanding and knowledge of road-runoff quantity, 
quality and pollutant transport, snowmelt and rainfall runoff were studied and characterised 
in the laboratory and in the field, respectively. Measurements were carried out at a field site 
during 2000, 2001 and 2004. The field site was a small urban runoff plot (540 m2) in the 
central part of Luleå, in northern Sweden. The runoff plot consisted of a road with a traffic 
intensity of 7400 vehicles/day and a strip of grassed land on the road boulevard used to store 
ploughed snow. For the laboratory experiments during 2006, snow was collected from the 
same field site and melted under defined conditions in climate rooms at Luleå University of 
Technology. Runoff samples from snowmelt and rainfall were collected and analysed for 
concentrations of total suspended solids (TSS), total and dissolved heavy metals (Cd, Cu, 
Ni, Pb, and Zn), chloride, and particles (4-120 μm) as well as for pH and conductivity. The 
results from the field site investigation showed higher concentrations and loads of TSS, 
particles, and total heavy metals for the snowmelt runoff compared to the rainfall runoff, 
and the highest concentrations were found during the rain-on-snow events. On the contrary, 
dissolved heavy metal loads were higher during the rain period. The metal elements 
investigated during the snowmelt runoff were more particulate-bound compared to the rain 
period, which was characterised by a higher percentage of the dissolved fraction. During the 
snowmelt period, investigated particle sizes and TSS were highly correlated with total 
concentrations of Cd, Cu, Ni, Pb, and Zn. During the rain period, the correlations between 
total metal concentrations and the different particle sizes were not as significant. The 
transport of H+-ions, the load of TSS and the total and dissolved heavy metal loads from the 
runoff plot to the gully pot showed no tendencies of a first flush, but, instead, showed a 
uniform transport. On the contrary, the transport of chloride showed tendencies of a slight 
first flush. Lysimeter setups in a laboratory setting showed that the addition of road salt, the 
surface slope, and the temperature had a significant influence on the transported TSS load; 
between 1 to 11 % of the TSS load was transported with the snowmelt compared to the TSS 
load in the initial snow. The lysimeter with added NaCl had the largest transported load of 
TSS. The study of a small, medium, and large lysimeter showed that the transported load of 
TSS in the snowmelt from the initial snow was 3, 3.7, and 4.8 %, respectively. The analysis 
of TSS underestimates the actual particle load contained in snow and snowmelt runoff, 
making total particle mass balances difficult to perform. A model of the runoff plot showed 
that the equations in the model used for describing snowmelt and the build-up and wash-off 
of particles during wintry conditions did not perform satisfactorily. In regions with cold 
climate, road runoff processes become more complex, compared to those in temperate 
regions. The effects that runoff has on receiving waters seem to be particularly severe 
during snowmelt and rain-on-snow in cold climates. Therefore, the special requirements of 
cold-climate conditions should be considered in planning processes related to the 
applicability, operation and need to specially design best management practices, snow-
handling strategies, and environmental management practices as well as improving models.
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SAMMANFATTNING

Syftet med denna uppsats var att undersöka de komplexa processer och faktorer som 
påverkar kvantitet och kvalitet på avrinningen från snösmältning i ett kallt klimat jämfört 
med regnavrinning i ett varmt klimat. För att öka förståelsen och kunskapen om dagvattnets 
kvantitet, kvalitet och dess transport av föroreningar så studerandes och karaktäriserades 
avrinningen från snösmältning respektive regn, både i fält och i laboratorium. 
Provtagningen utfördes i fält under åren 2000, 2001 och 2004. Avrinningsområdet är ett litet 
urbant område (540 m3) vid Södra Hamnleden i centrala Luleå, norra Sverige, som består av 
en väg med ca 7400 fordon per dygn och en väggren dit snön plogas på vintern. År 2006 
utfördes snösmältningsexperiment i klimatrum och för utförandet av dessa experiment 
hämtades snö från samma urbana avrinningsområde för att smältas i klimatrum vid Luleå 
tekniska universitet. Prover togs vid avrinning från snösmältning respektive regn vid Södra 
Hamnleden och enbart från snösmältning vid experimenten i klimatrummen. Proverna 
analyserades med avseende på koncentration suspenderat material, partiklar (4-120 μm), 
totala och lösta tungmetaller (Cd, Cu, Ni, Pb och Zn), klorider samt pH och konduktivitet. 
Resultaten från provtagningen i fält visade på högre koncentrationer och mängder av 
suspenderat material, partiklar och totala metaller för smältperioden jämfört med 
regnperioden. De allra högsta koncentrationerna hittades under regn på snö tillfällen. 
Däremot visade sig mängden av lösta metaller vara högre under regnperioden. Metaller 
visade sig även vara mer partikelbundna under smältperioden jämfört med regnperioden. 
Under regnperioden hade suspenderat material och partikelstorlekar, 4-120 μm, en hög 
korrelation med totalkoncentrationen av de undersökta metallerna. Under regnperioden var 
motsvarande korrelationer inte lika signifikanta. Transporten av H+-joner, mängd TSS och 
mängd totala och lösta metaller från avrinningsområdet till rännstensbrunnen visade inga 
tendenser till ”first flush” vilket däremot kloridtransporten gjorde. Lysimeterförsöken i 
klimatrummen visade att tillsatt vägsalt i form av natriumklorid (NaCl), olika lutningar på 
underlaget och olika temperaturer påverkar mängden av transporterad TSS, mellan 1 till 11 
% av TSS-mängden följde med smältvattnet i förhållande till mängden i snön från början av 
snösmältningen. Lysimetern med tillsatt NaCl i snön hade den största påverkan på TSS 
transporten. Uttransporten av mängd TSS studerades i små, medium och en stor lysimeter 
och det visade sig att uttransporten var relativt lika för de olika lysimeterstorlekarna; 3, 3,7 
och 4,8 % transporterades med smältvattnet jämfört med initial snön för små, medium och 
den stora lysimetern. Den transporterade mängden TSS var oberoende av 
startkoncentrationerna samt att TSS-analysen underskattar den verkliga mängden partiklar i 
snö och smältvatten vilket gör det svårt att utföra korrekta massbalanser för partiklar i fält. 
Modellering av avrinningsområdet i fält utfördes och det visade att ekvationerna som 
beskriver snösmältningen samt ackumulering och transport av partiklar under vinter och 
snösmältning inte fungerar på ett tillfredställande sätt. I områden med kallt klimat och vinter 
är avrinningsprocessen mer komplicerad och effekterna av smältvatten på vattenrecipienter 
är allvarligare jämfört med områden med tempererat klimat. På grund av detta skall 
betydelsen av ett kallt klimat tas i beaktning vid val av och utformning av 
behandlingsanläggningar för dagvatten, miljö- och snöhanteringsstrategier, samt vid 
förbättring av modeller för ytavrinning- och föroreningstransport. 
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1. INTRODUCTION 

In 1987, the importance of sustainable development was pointed out in the report of the 
World Commission on environment and development – “Our common Future”, also known 
as the “Brundtland Report”. One of many sustainability definitions was formulated in the 
Brundtland report; "Sustainable development satisfies the needs of the present generation 
without compromising the chance for future generations to satisfy theirs". One of the major 
concerns of urban stormwater management today is to implement this sustainability concept 
and to meet the environmental challenges imposed by fast-growing populations and 
urbanisation, industrialisation and noticeable impacts of climate change. These challenges 
consist of increased precipitation intensity, impermeable surfaces and runoff, deteriorated 
stormwater quality, more expensive and less space for hydrological detention and treatment 
of stormwater, etc. With the Brundtland report as a basis, and other following reports with a 
similar message of sustainable development, an environmental dimension of sustainable 
development for water issues was developed within the EU Water Framework Directive 
(WFD). During the last couple of years, pollutant removal from road runoff has been 
receiving increased attention due to the higher demands and regulations such as 
environmental quality objectives and the EU WFD, whose aims should be fulfilled by the 
year 2015. Road runoff is considered to be one of the more significant non-point sources of 
pollutants in an urban environment. Pollutants from traffic, maintenance and other activities 
related to roads will be transported by rain or snowmelt runoff to different receiving water 
bodies, often without any quality treatment. The work in this doctoral thesis focuses on 
improving the knowledge of road runoff quality in order to achieve and maintain a good 
environmental status. To protect the natural environment and the health and safety of 
community residents, the quality of receiving waters affected by runoff from urbanized 
watersheds must be amended.  

1.1 Thesis structure 
The results from the research performed in the laboratory, in the field, as well as from an 
extensive literature review are presented in one book chapter, five appended papers, and one 
manuscript, which will be referred to as Papers I to VII. The doctoral thesis is structured in 
the following way; the first chapter includes a brief introduction to the subject, an 
explanation of the significance of the research, an outline of the overall objectives and 
hypothesis, and the motivation behind the research. The second chapter provides a 
comprehensive background and a state-of-the-art presentation of road runoff quality in cold 
climates. Chapter three describes the experimental setup, the sampling methods, as well as 
the laboratory and data analysis. Chapter four outlines and summarizes the major results of 
the papers. Chapter five discusses the papers and compares the results to the objectives of 
the thesis as well as to results reported from other international research in the area. The last 
chapter concludes the major findings from the research. Finally, the scientific papers are 
attached in their present status at the end of the thesis.
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1.2. Thesis objectives 
Urban roads are often major non-point sources of pollutants causing damaging effects on 
receiving water bodies through high concentrations and loads of, for example, TSS, heavy 
metals, de-icing salts, nutrients, petroleum, and oil. The type of pollutants, and the 
concentrations and loads, are dependent on factors such as traffic density, maintenance, 
atmospheric fallout, adjacent land-use, and climate. Winter imposes challenging conditions 
in terms of increased pollutant generation as well as changes in the urban hydrological 
cycle, transport of runoff and pollutants, and the operation and management of runoff 
treatment facilities and wastewater treatment plants. To ensure a sustainable urban 
stormwater management, understanding the special requirements associated with cold 
climates is crucial. The technical solutions used in temperate and warm climates cannot 
always be used directly in cold-climate regions. A sustainable urban stormwater 
management should be based on good knowledge of the special hydrological processes and 
altered generation, fluxes, and transport of urban pollutants in cold areas. The motivation 
behind this research was the need of more knowledge on the quality of runoff and pollutant 
transport in cold climates due to the discerned differences between a cold and a temperate 
climate. The specific climatic conditions should be taken into account when planning and 
selecting environmental management practices, snow handling strategies, designing best 
management practices, choosing appropriate techniques for a cold climate as well as 
developing and improving stormwater quantity and quality models. The overall objective of 
the doctoral thesis was to increase the knowledge of road runoff quality in cold climates. 

Apart from the overall objective, the thesis has three specific research objectives: 

The objective was to highlight the processes and influencing factors affecting snowmelt-
induced runoff and snowmelt quality in cold climates. The special requirements 
concerning the applicability, operation and need for a special design of various BMPs in 
a cold climate are discussed (Paper I).

The objective was to increase the knowledge of road runoff quality and pollutant 
transport during a melt period and a rain period. The hypothesis was that the quality, i.e., 
pollutant concentrations and loads, of road runoff and the pollutant transport will differ 
during conditions of snowmelt induced runoff compared to rainfall-induced runoff (Paper 
II and III). 

The objective was to investigate the influence of different factors upon the pollutant 
transport during snowmelt in the laboratory and in the field, respectively. The hypothesis
was that anthropogenic activities as well as natural factors will influence the pollutant 
transport during snowmelt (Paper III, V, IV, VI and VII).
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2. BACKGROUND 

In regions with a cold climate, the stormwater and road runoff processes and quality 
become more multifaceted, compared to temperate regions, due to the long winter period 
where the snow is stored and numerous pollutants are accumulated. The effects that runoff 
has on receiving waters seem to be particularly severe during snowmelt and rain-on-snow 
in cold climates. 

2.1 Cold Climate 
A first step to meeting the special requirements of a cold climate could be to define whether 
the area of interest belongs to a cold climate or not. Many definitions of cold climate areas 
exist but there is no unified definition. The reasoning behind the non-existing unified 
definition might be that, depending on the area of interest, the definitions of cold climate 
will differ. However, in connection to urban runoff, the most common measure of cold 
climates is the mean air temperature during the winter period or in January as the coldest 
month (UNESCO, 2000). According to many cold climate definitions, the cold climate 
region includes Scandinavia, Northern Europe, the Baltic states, most of the former Soviet 
Union, Siberia, Northern China, Northern Japan, over the Bering Sea through Alaska, 
Canada, Northern USA, Greenland and Iceland. Cold climate regions also include high 
altitude, cold areas such as the Alps, The Himalayas, the Caucasus, and the Andes. More 
than one billion people live in these types of cold climate regions where cold, snowy, and 
windy conditions result in unique challenges in water management (Thorolfsson, 2005). In 
some Nordic regions, a changing climate will imply a temperature and precipitation 
increase, which will impose several unique challenges to the urban water systems, e.g. 
floodings, increased surface runoff, overloaded wastewater treatment plants and 
deterioration of surface water quality. 

2.2 Urban hydrology 
The natural hydrologic cycle is driven by the energy of the sun: water evaporates from the 
surfaces of oceans, lakes and other water bodies; the moist air is raised and moved by the 
wind; the air is cooled and water vapour becomes clouds; and precipitation falls as rain or 
snow depending on the temperature.  

Figure 2.1. The hydrological cycle before and after urbanisation (Donaldson, 2004). 
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Some precipitation evaporates back into the air, some runs off directly into streams and the 
rest penetrates the soil where it is taken up by vegetation, which releases it back to the 
atmosphere by transpiration, or it becomes groundwater, which eventually reaches rivers, 
lakes, and the oceans, and the cycle starts again (see Figure 2.1). 
The relative percentages of evaporation, transpiration, infiltration, and runoff depend on the 
catchment characteristics as well as the intensity and duration of the precipitation. However, 
in urban areas, human development such as roads, sidewalks, and commercial and 
residential structures will significantly impact the hydrology with the increased 
impermeable surfaces leading to less evapotranspiration and less groundwater production 
and increased total volume of runoff reaching receiving water bodies soon after rainfall. 
What’s important is that the runoff process in urban areas becomes more rapid compared to 
the process in natural areas, creating higher peak flows (Figure 2.2) (Butler and Davies, 
2004). Generally, there is a higher abundance of particulates and pollutants in the urban area 
and higher runoff peak flow implies a higher transporting capacity of the particulate 
substances and the associated pollutants. 

Figure 2.2. Effect of urbanisation on peak rate of runoff (Butler and Davies, 2004). 

The urban hydrological cycle described above becomes even more complex in cold 
climates, resulting in many differences between cold and temperate climates. Precipitation, 
falling as snow, might be stored and accumulated within the catchment or redistributed by 
turbulence and lee effects or by snow handling practices such as removing, transporting, and 
storing snow. On the contrary, rainfall-induced runoff infiltrates or will immediately run off 
(Marsalek, 1991; Oberts, 1994). Snowmelt intensities are generally lower compared to the 
runoff from summer storms. However, the runoff conditions are different during snowmelt, 
due to the frozen ground and lowered infiltration possibilities; hence, a larger area is 
commonly contributing with snowmelt runoff compared to rainfall runoff in temperate 
climates (Bengtsson, 1984; Bengtsson and Westerström, 1992). At times, rain will fall when 
snow is still in the catchment and frozen ground conditions occur. This phenomenon is 
called rain-on-snow event and these types of events are often associated with large runoff 
volumes and flows due to not only the rain but the fast melting snow and the runoff not 
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being able to infiltrate the frozen ground. Different research groups have pointed out that 
the largest runoff events during the year in cold climate are rain-on-snow events and that 
these events might be the appropriate design event instead of commonly used convective 
summer storms (Westerström, 1984; Buttle and Xu, 1988; Bengtsson and Westerström, 
1992).
A lot of research has been done on rural snow hydrology. However, when comparing snow 
processes in rural conditions to urban ones, many differences exist due to different 
anthropogenic infrastructure and actions, such as roads, buildings, snow-handling 
operations, use of anti-skid material and de-icing chemicals, and building material. These 
differences are thoroughly discussed by Semadéni-Davies (1999a). Relatively few studies 
have been made on snow conditions in urban environments (Bengtsson, 1983; Bengtsson, 
1984; Buttle and Xu, 1988; Buttle, 1990; Bengtsson and Westerström, 1992; Semádeni-
Davies, 1999; Matheussen, 2004; Ho and Valeo, 2005). The key difference between urban 
and rural snow hydrology is the anthropogenic activity affecting the properties, distribution, 
and melt of urban snow covers compared to rural snow covers where this activity does not 
exist (Matheussen, 2004). Understanding that processes governing the snowmelt in both 
urban and rural snow packs are the same is important. However, differences exist between 
the factors that affect the processes that are governing the snowmelt in urban and rural snow 
hydrology (Bengtsson and Westerström, 1992). Consequently, the resulting snowmelt in 
urban hydrology is dictated by the amount of snow and by snowmelt-governing factors such 
as air temperature, wind and solar radiation, as well as anthropogenic activity contributing 
with heating sources, chemicals, and solids affecting snowmelt in urban catchments 
(Marsalek, 1991; Semádeni–Davies and Bengtsson, 1998; Oberts et al., 2000). These 
natural and anthropogenic snowmelt-controlling variables vary greatly in urban areas due to 
the heterogeneous urban landscape; therefore, the snowmelt will change with time and 
space (Oberts et al., 2000; Semádeni–Davies and Bengtsson, 1998).  

2.3 Cold climate experiences
As mentioned, the reduced infiltration capacity of frozen soils sometimes coincides with 
rain-on-snow events and produces large volumes of snowmelt-induced runoff during short 
periods. These large volumes will affect the sewer networks and the wastewater treatment 
plant (WWTP). In a combined network, the sewage and runoff are mixed and transported to 
the WWTP. The inflow of the snowmelt runoff will lead to less effectiveness in the WWTP 
due to low temperatures and increased flow rates (Bengtsson et al., 1980). Some of the 
effects of the increased flow are a larger number of combined sewer overflows (CSOs), both 
in connection to the WWTP and to the sewer system due to limited capacity, that release 
polluted water into the receiving water bodies. In the WWTP, settling of solid pollutants is a 
common primary treatment process: a flow increase results in a lower settling efficiency 
since particles that normally have a high enough sinking velocity for settling will stay as 
suspended matter. There is also a risk of flushing the active sludge from aeration tanks and 
already settled particles through the system. Furthermore, the biological processes are also 
affected by high flows: biological treatment of organic matter requires a given contact time 
between the micro organisms and the wastewater. The higher flow rates will reduce this 
contact time and therefore limit its efficiency. When snowmelt-induced runoff is mixed with 
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the sanitary wastewater, the temperature is lowered and subsequently the viscosity of the 
wastewater as well: the lowered viscosity affects the flocking processes in the way that it 
gives smaller flocks and, therefore, the rate of sedimentation will decrease with lowered 
chemical treatment efficiency as a consequence. A lowered temperature will also lead to a 
decrease in reaction velocity for the biological treatment processes. The processes within 
the WWTP might not be effective in the removal of pollutants, since the characteristics of 
snowmelt induced runoff differ from those of sanitary wastewater. Furthermore, snowmelt 
pollutants may accumulate in the sludge: this might hinder common nutrient recycling 
through spreading sludge on agricultural land (Bäckström and Viklander, 2000). In 
Scandinavia, most urban areas built during the 1950-70´s and thereafter are on separate 
sewer systems. Also, a separation of old combined systems was carried out in Sweden for 
many years (Mikkelsen et al., 2001). A separate stormwater system avoids the problems 
caused by a direct increased flow into the WWTP, although there are problems due to 
stormwater infiltration into the sewer system (Färm, 1992 and Hernebring, 1996). 
Nonetheless, a cold climate can be detrimental to the stormwater pipe systems. Manholes 
and pipes are chilled during wintertime, which causes freezing in the surrounding soils and 
uneven frost heave (Sellgren, 1983): a large part of the frost heave in urban areas occurs in 
conjunction with stormwater systems. Due to the cooling of the ground, stormwater pipes 
may also cause freezing in drinking-water pipes. Another often-occurring problem is that 
ice-blockages at stormwater inlets and outlets as well as in stormwater pipes cause flooding 
during snowmelt (Figure 2.3) (Bengtsson et al., 1980). 

Figure 2.3. Ice-blockage of the stormwater inlet at the study site in Luleå. 

2.4 Urban runoff quality 
Not only does urbanisation lead to, increased runoff due to the alteration of the hydrological 
cycle, but it is also affects the runoff quality. With urbanisation comes an increase of 
pollutant sources, the number of pollutants as well as concentrations and loads (Ahlman, 
2006). Depending on the type of land-use within an urban area, different types and 
concentrations of pollutants will be in the runoff (Malmqvist, 1983; Sakai et al., 1988; 
Viklander, 1998; Goonetilleke et al., 2005) (Table 2.1). Studies on road and highway runoff 
have shown high concentrations and loads of certain pollutants compared to different EPA 
guidelines that identify roads and highways as important and specific sources of runoff 
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pollutants with a potential impact on receiving waters (Hoffman et al., 1984; Marsalek et
al., 1999). 

Table 2.1. Suggestions of pollutant concentrations for different urban land use (Lindgren, 
2001).
Type of  
land use 

Pb
Average 
(min-max) 
μg/l 

Zn
Average 
(min-max) 
μg/l 

Cu 
Average 
(min-max) 
μg/l 

Cd 
Average 
(min-max) 
μg/l 

COD
Average 
(min-max) 
mg/l 

TSS
Average 
(min-max) 
mg/l 

Tot-N
Average 
(min-max) 
mg/l 

Tot-P
Average 
(min-max) 
mg/l 

General urban 
areas

25
(15-60) 

150 
(80-300) 

50
(25-100) 

0.5 
(0.3-0.9) 

70
(40-120) 

120 
(50-200) 

2.0 
(1-2.5) 

0.3 
(0.2-0.4) 

Residential 
district 

15
(15-40) 

120 
(60-200) 

35
(20-70) 

0.3 
(0.2-0.5) 

60
(40-75) 

70
(40-160) 

1.5 
(1-2) 

0.3 
(0.1-0.4) 

Residential areas 
of block of flats 

20
(15-60) 

180 
(90-300) 

50
(25-100) 

0.4 
(0.3-0.6) 

80
(60-110) 

120 
(60-200) 

2.0 
(1-3) 

0.3 
(0.2-0.5) 

Residential and 
central areas 

40
(20-70) 

250 
(120-400) 

70
(25-110) 

0.5 
(0.3-0.7) 

120 
(90-150) 

200 
(100-260) 

2.0 
(1-3) 

0.3 
(0.2-0.6) 

Citytraffic 40 
(15-70) 

240 
(100-350) 

75
(25-110) 

0.5 
(0.3-1.0) 

160 
(110-230) 

200 
(70-250) 

2.0 
(1-2.5) 

0.3 
(0.2-0.5) 

Industry  40 
(10-60) 

250 
(120-400) 

70
(25-110) 

0.5 
(0.3-0.9) 

90
(60-120) 

170 
(70-230) 

2.0 
(1-2.5) 

0.3 
(0.2-0.6) 

2.4.1 Sources and pollutants in road runoff 
The pollutant sources on roads and highways are traffic, stationary structures such as road 
railings and road signs, as well as the wear and leaching of the road structure and 
atmospheric fallout, etc. (Table 2.2). Vehicles contribute pollution through motor exhaust 
and the wearing of tires, brakes, and engines (Hvitved-Jacobssen and Yousef, 1991). 
Material in the environment and vehicles components are exposed to relatively corrosive 
conditions due to water, dirt and different road salts. As well, mechanical influences from, 
e.g., gravel spray, add to an increased corrosion rate. The pollutant magnitude and the 
pattern of accumulation are dependent on the roadway paving and grade, the daily traffic 
volume, maintenance, seasonal variations, and the close-by land-use (Hvitved-Jacobsen and 
Yousef, 1991).

Table 2.2. Highway Runoff Constituents and Their Primary Sources (US EPA, 1993) 
Constituent Primary Sources 
Particulates Pavement wear, vehicles, atmosphere 
Nitrogen, Phosphorus Atmosphere, roadside fertilizer application 
Lead Tire wear, automobile exhaust 
Zinc Tire wear, motor oil, grease 
Iron Auto body rust, steel highway structures, moving engine parts 
Copper Metal plating, brake lining wear, moving engine parts, bearing and bushing wear, 

fungicides and insecticides 
Cadmium Tire wear, roadside insecticide application 
Chromium Metal plating, moving engine parts, brake lining wear 
Nickel Diesel fuel and gasoline, lubricating oil, metal plating, brake lining wear, asphalt paving 
Manganese Moving engine parts 
Cyanide Anticake compound used to keep deicing salt granular 
Sodium, Calcium, Chloride Deicing salts 
Sulphate Roadway beds, fuel, deicing salts 
Petroleum Spills, leaks, or blow-by of motor lubricants, antifreeze and hydraulic fluids, asphalt surface 

leachate
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Many of the pollutants are the same, independent on the climatic type. However, some of 
the pollutants are present in larger quantities in a cold climate compared to a temperate 
climate (Oberts, 1994; Marsalek, 1991). The reason for the higher quantities of some 
pollutants in a cold climate is that there is an increase in energy and fuel usage due to e.g., 
heating of buildings and cold starts of engines. A cold-vehicle engine, for example, 
produces two to eight times more particles compared to a warm engine (Kobriger and 
Geinopolos, 1984). There is an extra large wear of the pavement due to the use of studded 
tyres in many areas with cold climates (Baekken, 1994). In cold climate, using de-icing 
chemicals or traction sand during the winter period is common. In USA and Canada large 
amounts of de-icing chemicals (NaCl) are used on the roads every year, 5 million tonnes per 
year in Canada (EC&HC, 2001) while in USA, the amount used is at least doubled (Mudder 
and Botz, 2004). In Sweden the yearly load of road salt 2002/2003 was 260 000 tonnes 
(Ojala and Mellqvist, 2004). Where road salt is employed, it increases the corrosion of 
vehicles, and other road structures and of adjacent buildings, using material such as copper 
in roofs, and will contribute highly to the level of pollution. Fuchs et al. (2006) show the 
importance of corrosion of structures and galvanised surfaces in terms of the heavy metal 
input to receiving waters in Germany (Figure 2.4). However, it is not mentioned if road salt 
has been used in the area. According to Malmqvist (1994), 25 % of all zinc and 65-75 % of 
the copper in stormwater comes from corrosion in areas where zinc is used as a building 
material.

Figure 2.4. Comparison of pollutant input through storm sewers a) and through calculated 
source orientated approach b) (Fuchs et al., 2006). 

The use of anti-skid material is also a large pollutant source in areas with a cold climate. 
The anti-skid material deposits in the urban drainage pipes, causing partial or total blockage 
of the system. Also, the sediments dissipate energy to stay in suspension, reducing the cross 
sectional area or increasing the frictional losses. Subsequently, this will lead to a loss of 
hydraulic capacity, and provoke surface flooding or, where combined systems are used, 
premature operation of combined sewer overflows (CSOs). Additionally, the sediments 
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adsorb pollutants, which will be transported to receiving waters through the urban drainage 
sewer or during CSO operations. 

The standard types of pollutants analysed in road runoff are TSS, BOD, COD, P, N, Cu, Cd, 
Ni, Pb, Zn, Fe, hydrocarbons and bacteria, representing important pollutant categories found 
in road runoff; suspended solids, oxygen consuming compounds, nutrients, heavy metals, 
organics, and bacteria (Hvitved-Jacobsen and Yousef, 1991). Suggestions of standard values 
for pollutant concentrations of road runoff depending on different traffic intensity are found 
in Table 2.3. 

Table 2.3. Suggestions for concentrations of road runoff (Lindgren, 2001). 
Vehicles/
day 

Pb
Average 
(min-max) 
μg/l 

Zn
Average 
(min-max) 
μg/l 

Cu 
Average 
(min-max) 
μg/l 

Cd 
Average 
(min-max) 
μg/l 

Tot-N
Average 
(min-max) 
mg/l 

Tot-P
Average 
(min-max) 
mg/l 

COD
Average 
(min-max) 
mg/l 

TSS
Average 
(min-max) 
mg/l 

0-15 000 20 
(10-50) 

100 
(50-275) 

35
(20-70) 

0.5 
(0.3-0.9) 

1.2 
(0.6-1.8) 

0.15 
(0.1-0.25) 

40
(20-80) 

75
(40-150) 

15-30 000 25 
(15-60) 

150 
(75-350) 

45
(25-90) 

0.5 
(0.3-0.9) 

1.5 
(0.8-2.1) 

0.20 
(0.1-0.35) 

60
(30-120) 

100 
(50-200) 

30-60 000 30 
(20-70) 

250 
(100-600) 

60
(30-120) 

0.5 
(0.3-0.9) 

2.0 
(1.0-2.5) 

0.25 
(0.15-0.5) 

95
(50-190) 

125 
(60-250) 

2.4.2 Pollutant transport 
The transport of pollutants starts with atmospheric deposition, occurring as wet or dry 
deposition. Wet deposition occurs through falling snowflakes/raindrops transferring 
particulate and gaseous pollutants from the atmosphere to the ground as the 
snowflakes/raindrops scavenge the air (Colbeck, 1981). The type of air pollution is 
dependent on local activities such as industrial plants, and garbage incinerators. The 
pollutants are removed from the atmosphere through “washout” where the 
snowflake/raindrop absorb/adsorb particles within the cloud, which subsequently build up to 
raindrops or rime to snow crystals before falling out as precipitation. A snowflake, 
compared to an equal mass raindrop, has a larger specific area and will fall more slowly. 
Due to these characteristics, the snowflake is a greater collector of pollutants (Gray and 
Male, 1981). Dry-deposition from local and long distance activities and from exhaust, wear, 
and corrosion is continuously and periodically deposited and accumulating on bare surfaces 
or during winter on cleared surfaces or in the snowbanks.  
The accumulation of pollutants differs between winter and non-winter conditions (Figure 
2.5). During the long winter periods in areas with a cold climate, snow will stay on the 
ground and accumulate pollutants as soon as the snow has fallen until the start of snowmelt. 
Consequently, there will be a long accumulation period during the cold winter months, 
resulting in an annual peak of pollutant load and concentrations in the snowmelt runoff 
(Oberts, 1994). On the other hand, during non-winter conditions, the accumulation time will 
not be equally long as rain events with different inter-event time will transport and clean the 
pollutants from the surface. 
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Figure 2.5. Accumulation of pollutants on street surfaces during winter (straight line) and 
non-winter periods (broken line) (adapted from Novotny and Olem, 1994).  

Pollutants accumulated in the snowbank throughout the winter period will be released 
during small intermittent melt events or during the large end-of-season melt. During 
snowmelt, the initial meltwater will contain dissolved pollutants of high concentrations due 
to preferential elution (Johannesen, et al, 1980) and low flows and decreasing 
concentrations towards the end of the snowmelt period due to wash out and higher flow. 
The first 20-30 % of snowmelt contain up to 80 % of the dissolved pollutants, accumulated 
in the snowpack (Johannessen et al., 1977; Johannes et al., 1981). Most studies support the 
idea of preferential elution (Ecker et al., 1990; Westerström 1995; Viklander 1997), also 
called “advanced release”, “freeze extraction”, “acid flushing” and “first flush” (Oberts et 
al., 2000). The processes behind the preferential elution were explained by the repeated 
freeze-thaw cycles and metamorphosis within a snowpack that result in a heterogeneous 
snowpack, with many different flow paths available for melt water to move along, (Figure 
2.6). The freeze-thaw cycles lead to a migration of soluble pollutants through re-
crystallization and subsequent segregation to the boundary of the snow crystal, where the 
soluble pollutants are readily transported downwards by the snowmelt front. The wetted 
front, highly enriched with soluble pollutants, will eventually reach the bottom of the 
snowpack and infiltrate into the soil and/or be transported with the runoff. It was further 
pointed out that the worst case scenario for environmental damage would be a sequence of 
melt-freeze cycles followed by melt or rain. The process of preferential elution has been 
thoroughly studied by e.g., Colbeck (1978, 1981, 1991), Marsh and Woo (1984), and 
Jeffries (1988). However, these studies considered undisturbed snowpacks in rural areas, 
which have profound differences from urban disturbed snowbanks.
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Figure 2.6. Percolation of water through a snowpack (Semadeni-Davies and Bengtsson, 
2000 as adapted from Marsh and Woo, 1984). 

According to Bertrand-Krajewski et al. (1998), a definition of a significant first flush would 
be if 80 % of the total pollutant mass was transported with the first 30 % of the volume 
discharged during an event. For the purpose of studying the release of pollutants from 
snowpacks, the cumulative mass of a pollutant, divided by the total mass of that pollutant 
released over the whole snowmelt period, is plotted versus the cumulative release of water 
divided by the total mass of water released from the snowpack over the snowmelt period. 
For a uniform release of pollutants, the load of a pollutant released at any time, expressed as 
percent of the total load during the snowmelt period, equals the same percent release of 
water. This relationship can be displayed graphically see Figure 2.7, and for uniform 
release, it is represented by a 45  line. When the curve plots above this line, it represents the 
above discussed preferential elution or advanced release, and when the curve falls below the 
line, it represents a delayed release. The preferential elution was reported for releases of 
soluble pollutants from undisturbed snowpacks (Colbeck, 1981): the delayed elution was 
reported for hydrophobic chemical releases from undisturbed snowpacks (Schöndorf and 
Herrmann, 1987). Viklander (1999) and Reinosdotter (2007) showed that a large percentage 
of the total sediment load in the snowpack stays on the surfaces as a residual, and only a 
small part is transported with the snowmelt runoff. Novotny et al. (1999) found that 60 to 90 
% of the snowpack sediment load would stay as a residual on streets, or in gutters.
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Figure 2.7. Uniform, advanced and delayed release of pollutants from a snow pack.
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Infiltration of the snowmelt and pollutants can occur at the bottom of a snowpack despite 
frozen soils, until saturation is attained and the runoff starts or increases (Bengtsson, 1984). 
As the snowmelt runoff runs over roofs; residential, industrial and urban areas; grassed 
areas; parking lots; roads and highways, it is washing off the pollutants that have 
accumulated on the surfaces and transporting a variety of pollutants to receiving water 
bodies (Ahlman, 2006). According to Svensson (1987) the particle transport is a process of 
detachment and erosive agents. The particles will be detached by rainfall and overland flow, 
respectively, causing a downstream transport with the overland flow. The particles will 
continue to be transported if the energy of the overland flow is high enough or begins to 
settle. Settled particles can be resuspended if the flow conditions change and become 
favourable for transport. Svensson further points out that the transported particle load is 
dependent on both supply and transport capacity; the supply of particles is governed by 
rainfall and flow and the transport by the energy of the overland flow. Throughout a runoff 
event the governing factor might change between supply and transport.  
The presence of NaCl in snowmelt runoff will affect the partitioning between dissolved and 
particle-bound heavy metals towards the dissolved phase, which usually is more toxic and 
hazardous to the environment and more easily transported compared to the particulate metal 
form (Novotny et al., 1999). Warren and Zimmerman (1994) found that an increase in 
chloride will increase the dissolved phase of cadmium, copper, and zink. A strong 
mobilisation of Zn and Cd was found in the top roadside soil by Bauske and Goetz (1993) 
and the concentrations were raised by a factor 20 in winter compared to summer and fall. 
As well, snow handling operations will influence the pollutant pathways as snow, in 
contrast to rain, gives us the possibility to decide where pollutants will end up after melting. 
For this reason, already during the planning process considerations of snow quality must be 
regarded. Depending on the snow handling strategy, the snow may be put in a local or 
central deposit on land or in a water body. The snow and the included pollutants in the snow 
will be relocated; consequently, the impact on the environment will vary (Reinosdotter, 
2007).

2.4.3 Modelling snowmelt quality 
Mathematical models are important tools for use in the analysis of quantity and quality 
problems relating to road runoff. The modelling of pollutant transport is dependent on the 
dynamics of the runoff; consequently, the snowmelt description is important in cold 
climates. The dynamics of snowmelt in an urban environment are driven by energy fluxes. 
To describe the snowmelt very accurately requires good data of the net radiation transfer of 
the snowpack. The energy balance concept for a general snowpack can be described as 
follows (Anderson, 1976):

mghen QQQQQQ  (cal/cm2)

Where the Q is the energy available for snowmelt, Qn is the net radiation transfer, i.e. 
short-wave solar radiation and long wave atmospheric radiation, Qe is the latent heat transfer 
such as sublimation or condensation of atmospheric moisture into the snowpack, Qh is the 
convective transfer of sensible heat to and from the air, Qg is the heat transfer between the 
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ground and the snowpack, and Qm is the advected heat transfer. Many times, such data is 
lacking; therefore, many practical operations use the temperature as the index of the energy 
available to melt the snowpack in urban areas, and replace the full energy balance described 
above (Valeo and Ho, 2004). The use of a degree-day method or a temperature index 
method in an urban area is controversial since the method does not consider large spatial 
and temporal variabilities and is, therefore, considered to be more appropriate in rural 
snowmelt models. The differences between urban and rural snow hydrology has been 
studied by researchers in Sweden and Norway (Bengtsson, 1983; Bengtsson, 1984; 
Bengtsson and Westerström, 1992; Semádeni-Davies, 1999; Matheussen, 2004) and in 
Canada (Buttle and Xu, 1988; Valeo and Ho, 2004; Ho and Valeo 2005). The snow melting 
process in temperature index methods is proportional to the number of positive degree days. 
To calculate the growth and melting of the snow cover, precipitation and temperature data is 
used. In the simplest form, the degree- day method can be expressed as follows: 

ma TTkQ   Q=melt rate (mm/day) Ta=air temperature 
 k=melt rate factor (mm/ºC/day) Tm=threshold melt temperature 

Modifications of the degree-day method are common where consideration is given to e.g., 
the capability of the snow pack to retain water (Hernebring, 1996). Doing a literature 
review, it is clear that modelling of snowmelt quantity is more developed compared to 
snowmelt quality modelling. As previously discussed, there are numerous papers on 
modelling snowmelt in rural areas, and fewer studies made on urban snowmelt modelling. 
When searching for research concerning modelling of snowmelt quality in urban areas, the 
number of published Papers will further decrease (Huber and Dickinson, 1992; Novotny et
al., 1999; Akan, 1994). Modelling of stormwater or road runoff quality during rainfall 
induced runoff can be found (Svensson, 1987; Ahlman, 2006; Chen and Adams, 2006) as 
well as modelling of quality of snowmelt in rural areas (Babiakovà and Palkovic, 1990). 
Mathematical models to assess pollution loads and concentrations in urban areas during 
wintry conditions are needed tools to adequately respond to water quality legislation.
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3. EXPERIMENTAL SETUP AND METHODS 

3.1 Field Site 
The site selected for field monitoring was 
a section of a roadside at Södra 
Hamnleden Road (see Figures 3.2 and 3.3) 
in the central part of the City of Luleå (
70,000 inhabitants), which is located in 
northern Sweden at latitude of 65  35’ N 
and longitude of 22  10’ E, see Figure 3.1. 
The annual precipitation in this area is 
about 500 mm, with 40 to 50 % of this 
amount occurring as snow staying on the 
ground for 5-6 months of the year, from 
November / December through April / 
May (Hernebring, 1996). The monthly 
average temperature and precipitation for 
Luleå can be seen in Table 3.1. The 
average annual air temperature is 1.5  C, 
with the lowest average monthly 
temperature occurring in January (-12.2 
C)(SMHI, 2001). 

Figure 3.1. The city of Luleå, located in 
the north of Sweden. 

Table 3.1. Monthly average temperature and precipitation in Luleå (SMHI, 2001). 
 J F M A M J J A S O N D 

Temp. (Cº) -12.2 -10.7 -6.0 0.1 6.4 13.0 15.5 13.6 8.3 3.0 -4.0 -9.0 
Precip. (mm) 32 24 29 30 33 35 55 62 56 51 48 35 

The study site represents a rectangle of 540 m2 (72 m long x 7.5 m wide), comprising a 72-
m section of a two-lane road (width = 6 m) and a strip of grassed land on the road boulevard 
(width = 1.5 m) used for storing ploughed snow in the form of a snow bank formed along 
the road. Snowmelt and rainfall runoff from this area drains into the longitudinally sloping 
curb and gutter channel draining into a single gully pot. The gully pot is connected to a 
separate storm sewer discharging runoff into nearby receiving waters. The road crossfall is 
2.6%, and the traffic intensity on this road was about 7,400 vehicles/day. In winter road 
maintenance, fine gravel (4-8 mm) is applied as anti-skid material, but no de-icing salts 
were used in this central part of Luleå.
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Figure 3.2 and 3.3. The road side at Södra Hamnleden in Luleå and a plan view of 
approximate catchment area (broken lines) and a section view of the sampling station. 

3.2 Sampling 
The sampling for Papers II, III, and IV was conducted from March 25 to June 26, 2000, 
where continuous flow measurements were made for snowmelt, rain-on-snow, and rainfall 
events. Also, measurements used to verify the model in Paper IV were performed between 
March and June 2001. The gully pot at the road surface was connected to a v-notch flow 
weir and a submersible pressure transducer, logged every two minutes during runoff, and an 
automatic water sampler (EPIC 1011), designed to take flow-weighted samples. For every 
100 or 200 litres of runoff to the gully pot, a sample was taken for laboratory analyses. 
Precipitation (measured every 12 hours) data was received from Kallax Airport, about seven 
kilometres from the runoff plot due to equipment problems at the site. The temperature was 
logged every 48 minutes with a Tinytalk data logger (factory set) within the runoff plot. 

The field data included in Paper VI and VII was collected at the same field site during the 
2004 snowmelt period (February 20 to April 23). The sampling included on-site 
measurements of air temperatures, snow (respectively water equivalent) and rainfall 
measurements conducted by others at the closest meteorological station (Bergnäset, 3 km 
distant), measurements of the runoff entering the gully pot, and runoff quality measurements 
obtained by means of collecting and analyzing runoff samples. Air temperatures were 
measured using a Tinytalk data logger that provided temperature readouts every 96 minutes. 
The Bergnäset station provided snow or rainfall measurements every 12 hours, and such 
data was supplemented by measurements recorded by a tipping bucket rain gauge, which 
was installed and operated at the site once the air temperatures rose above the freezing 
point. Runoff was measured continuously by a composite weir (a vertical slot expanding 
into a V-notch) installed in the manhole next to the gully pot. One-litre runoff samples were 
collected manually every 0.5-1 hour, depending on the snowmelt discharge. 
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For Paper V, in the beginning of March 2006, polluted snow was collected from the field 
site and transported to Luleå University of Technology. The collected snow was stored on, 
and covered by, a tarpaulin from the 9th of March until the 9th of May. The snow was then 
homogenously mixed, using a tractor, and divided into twelve samples of 30 litres with a 
cylindrical shape (Figure 3.4). The initial volumes, weights, and densities of the twelve 
snow samples were measured and calculated. The twelve samples were melted in two 
climate rooms (+5ºC and +20ºC), with four different experimental configurations, to 
investigate the influence of road salt (NaCl), temperature, and surface slope upon the 
transport of TSS (three replicates for each experimental configuration). For the first 5 litres 
of snowmelt, 500-ml samples were collected; for the subsequent 5 litres of snowmelt, 1-litre 
samples were collected; and for the rest of the snowmelt, 2-litre samples were collected. 
Additional snowmelt experiments were performed with the same initial snow, except that 
the snow was frozen before the start of the snowmelt. Five samples of one-litre snow with 
added road salt and five samples of one-litre snow without added road salt was melted in the 
climate room with the temperature +5ºC (Figure 3.4). 100-ml samples were collected 
throughout the entire snowmelt. For all twelve lysimeters as well as for the additional 
snowmelt experiments, the total volume of snowmelt runoff was collected for analyses. 

Figure 3.4. The first snowmelt experimental setup (left) and additional snowmelt 
experiments (right). 

3.3 Laboratory analyses 
Analyses of TSS (Paper II, IV, V, VI and VII), particle-size distribution (PSD) (Paper III), 
total and dissolved heavy metals (Cd, Cu, Ni, Pb, and Zn) (Paper II, III, VI), chlorides 
(Paper V and VI), pH (Paper V and VI), and conductivity (Paper V and VI) were performed.

The collected samples were immediately transported to, and processed within a few hours 
after collection in, the laboratory of Luleå University of Technology (LTU), and analysed 
for TSS, PSD, chlorides, pH, and conductivity; total and dissolved heavy metals were 
analysed by Analytica AB laboratory in Luleå. In the LTU laboratory, the concentration of 
TSS was measured according to the standard method SS-EN 872, which has the status of the 
European Standard EN 872:1996. This standard specifies a method for the determination of 
suspended solids by filtration through glass-fibre filters. The lower limit of detection is 2 
mg/l. No upper limit has been established. The concentrations of suspended solids were 
determined by immediately filtering the samples through a Whatman GF/A filter (Whatman 
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International Ltd., Maidstone, UK). The filter has an average nominal pore size of 1.6 μm, a 
thickness of 0.25 mm, and a rate of filtration of 13 ml/second. The filters were weighed 
before the filtration and subsequently dried and weighed again after the filtration to 
determine the concentration of suspended solids (EN 872, 1996 and SIS, 1996).  
The particle-size distribution was analysed with a Coulter Multisizer II particle counter for 
particles within the range of 4 to 120 μm. This equipment sizes and counts particles by 
measuring changes in electrical impedance produced by non-conductive particles suspended 
in an electrolyte. 
The pH was measured by a Radiometer PHM 95 with a Schott Blue Line 13 pH electrode, at 
25º C, while stirring the sample. The conductivity was measured using a Radiometer CDM 
210 with a CDC 741 T electrode, at 25º C. The chloride concentration was measured by 
using a QuAAtro Applications. The method used was Method no Q-006-04 (multitest 
MT9/MT10), chloride in water and wastewater (BRANTLUBBE).
The concentrations of total and dissolved heavy metals for Cd, Cu, Ni, Pb, and Zn were 
measured by ICP-AES and ICP-SFMS techniques (Manufacturer; Thermo Finnigan, Model; 
Element ) at SGAB Analytica, Luleå, Sweden.
The analyses of total metal concentrations were made by ICP-SFMS for Cd, Ni, and Pb and 
ICP-AES for Cu and Zn. Before the analyses, the metals were extracted from the particles 
by digestion with 20-ml sample and 2-ml suprapur HNO3, which was processed in sealed 
Teflon containers in a specially modified microwave oven for 50 minutes at a temperature 
of 160 ºC. This enables far more rapid dissolution compared to the traditional technique (i.e. 
using open vessels on a hotplate). It also prevents the loss of volatile elements and avoids 
contamination from the environment.  
The fraction of dissolved heavy metals was attained by analysing the content of filtered 
samples. The filter used was a 0.45 μm syringe filter manufactured in the United States by 
Sarstedt. Subsequently, 1 ml HNO3 was added for every 100 ml of sample. The analyses for 
all dissolved metals were made by ICP-SFMS. The detection limits were as follows: (a) 
total metals - Cd (0.05 μg/l), Cu (1 μg/l), Ni (0.6 μg/l), Pb (0.6 μg/l), and Zn (4 μg/l), and 
(b) dissolved metals - Cd (0.002 μg/l), Cu (0.1 μg/l), Ni (0.05 μg/l), Pb (0.01 μg/l), and Zn 
(0.2 μg/l). 

3.4 Data analyses 
Event Mean Concentration (EMC) is calculated by dividing the total mass of a substance by 
the total runoff volume for each event (Huber, 1993). The EMC reflects the flow-weighted 
average concentration, which can be of use when comparing different rain events. EMC can 
mathematically be expressed as: 

)(
)()(

tQ
tQtCEMC

where C(t) is the concentration at a certain time and Q(t) is the flow measured during the 
runoff event. 
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The mass load (ML) of TSS and heavy metals during an event was calculated by 
numerically integrating substance fluxes during short time intervals. The method used is 
exemplified in Fig. 3.5. V1 was the accumulated runoff volume at time, t1, V2 and V3
were the means of the accumulated volume at t1 and t2, and so on. The mass loads were then 
calculated by multiplying the analysed concentrations at t1, t2, and t3 by the associated 
volumes. 

211 VVV 111 VcML

432 VVV 222 VcML

653 VVV 333 VcML

321 MLMLMLML    

Figure 3.5. Method of estimating the volume used in mass load calculations. 

Statistical analyses were performed using the program Statgraphics to compare data 
between the melt period and the rain period. First, box and whisker plots were used to 
achieve a good data overview and to discover tendencies. Subsequently, t-tests were 
performed, at a 95% confidence level, to test whether a statistically significant difference 
occurred between the two periods or not. 
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4. PAPER SUMMARY  

The objectives and the most important findings in the papers are summarised under three 
headings in order to emphasize the motivation and objectives behind the research as well as 
the major results: Stormwater in cold climates, Seasonal variations of road runoff, and 
Pollutant transport during snowmelt.

4.1 Stormwater in cold climates (Paper I)  
This book chapter describes the “state of the art” of stormwater in cold climates. In order 
to increase the overall knowledge of stormwater processes affecting quantity and quality 
during a cold climate, the processes and special requirements were described in this book 
chapter in terms of stormwater quantity including snowmelt processes and runoff, as well as 
issues connected to stormwater quality such as pollutant sources, build-up, and 
transportation. This description is followed by a description of functionality and 
applicability of best management practices (BMPs) in cold climates. The main objective of 
this book chapter was to point out the importance of understanding the special conditions 
and requirements that a cold climate imposes upon stormwater. 

The book chapter starts with pointing out a number of different definitions of a cold climate, 
which could be used to help guide the decision whether cold climate considerations need to 
be taken in an area of interest. The chapter continues to discuss how the hydrological cycle 
is changed in a cold climate as well as what the effects of anthropogenic activities, such as 
snow handling and infrastructure are upon snow distribution and snowmelt in an urban 
environment. It is concluded that the snow distribution, density, and other snowmelt 
mechanisms in an urban environment are very heterogeneous and variable; therefore, the 
snowmelt will vary greatly as well. The often higher pollution concentrations and loads and 
hazardous nature of snowmelt compared to rainfall runoff are, for example, explained by the 
accumulation of pollutants throughout long winter periods or in between intermittent 
snowmelt events to be released at snowmelt. As well, some pollutants are present in larger 
quantities in a cold climate as a result of, for example, higher demands for heating, cold 
starts of vehicles, and studded tyres compared to the demands in a warmer climate. A large 
pollutant source in cold climates is material used for slipperiness control, such as different 
de-icing chemicals or anti-skid material. The choice of slipperiness control methods and 
snow-handling strategies will profoundly affect the quality of the snowmelt as well as the 
effects upon the receiving water bodies. In most parts of the world, the dimensioning events 
are high-intensity rainfall events. However, in cold climates, snowmelt or rain-on-snow 
events might be the biggest events of the year; consequently, these events might be more 
suited for the design of BMPs regarding both quantity and quality issues. During snowmelt, 
large volumes of runoff, together with large pollutant loads, coincide with frozen ground 
and lowered infiltration capacity, frozen pipes and inlets/outlets, ice layers, low biological 
activity, and changed water chemistry (Oberts, 2003). The described cold-climate 
conditions often lead to a reduced effectiveness of BMPs, implying a need for special 
considerations when it comes to evaluating design criteria, performance, maintenance, and 
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operation. Cold-climate performance and the design of the most common structural and 
non-structural BMPs were discussed. 

4.2 Seasonal variations of road runoff (Paper II and III) 
The motivation behind Papers II and III was to increase the knowledge of road runoff 
during a snowmelt period as well as a rainfall period and investigate if differences could be 
discerned in the quality of and the transport of pollutants during different seasons, i.e., a 
defined snowmelt and rainfall period. The main objective of Papers II and III was to 
compare the runoff during the two periods to investigate the existence of significant 
differences in terms of pollutant concentrations, loads, and transport. 

In Papers II and III, the snowmelt period was found to contain two types of events: 
snowmelt events and rain-on-snow events. The concentrations of TSS and particles were 
significantly higher during the melt period compared to the rain period; the highest 
concentrations occurred during rain-on-snow events. In Paper II, the EMCs of TSS were 
shown to be significantly higher for both these types of events when compared to the events 
during the rain period. Also, in Paper III, the concentrations of particles in all six size 
intervals (4-6, 6-9, 9-15, 15-25 25-40 and 40-120 μm) were found to be significantly higher 
during the snowmelt period compared to the rain period, particularly during rain-on-snow 
events. All particles sizes had, on average, 8 times higher the number of particles per litre of 
runoff throughout the melt period compared to the rain period.  The results in Paper III 
showed initial high concentrations of particles in the runoff during the melt period. 
Subsequently, the concentrations decreased, apart from the high flow rain-on-snow events 
that resulted in high concentrations. Higher concentrations of all total heavy metals during 
the melt period compared to the rain period were indicated while the results for the 
dissolved fraction of the metals were much more complicated, i.e., no clear conclusions 
could be drawn.  

In Paper II, there was no significant difference for the mass loads of TSS between the melt 
period and rain period. Nonetheless, when the sums of TSS mass loads for all events during 
the two periods are compared, the sum was about 3 times higher for the melt period. It was 
observed that the mass load was increasing in time for the events within the melt period and 
that the greatest loads came during the rain-on-snow events. All particle sizes (Paper III) 
had, on average, 5 times the higher number of particles throughout the melt period 
compared to the rain period. No significant difference in mass loads for the heavy metals 
between the periods was shown in Paper II. Then, again, the mass load sums during the melt 
period for the investigated total metals were higher than for the rain period. On the other 
hand, dissolved metal loads were higher during the rain period. In Paper II, it was obvious 
that the melt period had more particulate-bound metals compared to the rain period with a 
higher percentage of the dissolved fraction (see Figure 4.1). During the melt period, all 
investigated particle sizes were highly correlated with the total concentrations of Cd, Cu, Ni, 
Pb, and Zn, and the highest correlation was found for particle size 6-9 μm. However, the 
correlation for the total heavy metals was found to be even higher for TSS. 



Road Runoff Quality in Cold Climates 

23

 dissolved / total (%)

0

5

10

15

20

25

30

Cd Cu Ni Pb Zn

 d
is

so
lv

ed
 / 

to
ta

l (
%

)

Melt period
Rain period

Figure 4.1. Dissolved fraction (%) of Cd, Cu, Ni, Pb and Zn. 

The intensity of the overland flow, together with the amount of available material, both in 
the snow pack and at the road surface, influenced the concentrations and mass loads of TSS, 
particles, and heavy metals during the melt period. During the rain period, the most 
important factors in terms of influencing the concentrations seemed to be the length of dry 
weather in between rain events, the intensity and duration of the rainfall, the intensity of the 
overland flow, and the initial residual material from the street sweeping. A tendency of 
flow-dependent increase was shown for the concentrations of TSS during the melt period, 
while this tendency could not be detected for the rain period.
The different conditions during the melt period and the rain period were found to have a 
great influence on the quality, i.e. concentrations and mass loads of TSS, particles, and 
heavy metals, and on the transport of these pollutants in road runoff.

4.3 Pollutant transport during snowmelt (Paper III, IV, V, VI and VII) 
After having discovered significant differences in the pollutant transport during snowmelt 
and rainfall-induced runoff, further investigating different factors that influence the 
pollutant transport during snowmelt is important. Also of great importance is the timing of 
the pollutant release i.e., the occurrence of an advanced, uniform, or delayed release mode. 
The pollutant release and pathways, and factors influencing the pollutant transport, were 
investigated by sampling and analysing snowmelt both in a laboratory setting with well-
defined conditions (Paper V and Paper VII) as well as in a field locale affected by snow 
handling, slipperiness control, etc (Paper VI and Paper VII). To investigate if the above-
mentioned factors are accurately describing the particle transport in commonly used 
software, the TSS transport during rainfall and snowmelt was modelled and compared to 
measured field data (Paper IV).  

The concentrations of TSS in the initial snow from the urban field sites were found to be 
relatively constant and high (Paper V and VII) compared to reported results from rural 
snow. The higher concentrations of TSS also applied to urban snowmelt runoff compared to 
rural snowmelt runoff (Paper V, VI, and VII). Of note, the TSS concentrations were 
considerably higher in urban snow compared to urban snowmelt. The high concentrations of 
TSS in urban snowmelt were accompanied with a high pH varying between approximately 7 
and 8 (Paper V and VI). The snowmelt conductivity and chloride concentrations were 
higher compared to reported mean values from rural areas but lower compared to urbanised 
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areas using NaCl as a de-icing chemical as a slipperiness control (Paper VI). The extensive 
addition of road salt, NaCl, in the snow before snowmelt had an effect of initially lowering 
the pH during the snowmelt and contributing to a higher transported load of TSS (Paper V). 
The NaCl was readily enriched in the first snowmelt and as the concentrations were 
decreasing through washout, the pH was increasing. 

An experimental outcome in Paper V was the high TSS concentrations in the beginning of 
the snowmelt which were not discovered in Paper II, Paper VI, or in other reported literature 
of similar studies (Viklander, 1997; Reinosdotter, 2007). The snow was collected after the 
start of the snowmelt and had a rather high density, averaging around 620 kg/m3. The high 
water content of the snow was believed to affect the transport of TSS in the experimental 
setup; therefore, additional snowmelt experiments were performed with the same snow: the 
difference was that this snow was frozen before the beginning of snowmelt. The results 
from the additional snowmelt experiments did not show the same enrichment of TSS in the 
initial snowmelt but rather at the end of snowmelt.

The modes of release of TSS in the snowmelt (Paper V, and VI), and of H+-ions, chloride, 
and heavy metals (Paper VI) were investigated by plotting cumulative curves for the entire 
snowmelt period (Figure 4.2). For the field site in Paper VI, a uniform transport was found 
for H+-ions and TSS throughout the snowmelt. The only substance showing an advanced 
release was chloride. The transported load of TSS for the lysimeters in the laboratory setup 
showed an advanced release (Paper V). As for the concentrations of TSS, the advanced 
release of a TSS load was most likely affected by the initial high density of the snow and if 
disregarding the first flush, the TSS transport was somewhat linear. The release of the 
transported load of TSS for the additional experimental setup showed a delayed mode. 
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Figure 4.2. Cumulative curves for TSS, H+ (calculated from pH), and chloride during the 
entire study period. 

All investigated total heavy metals showed a uniform transport, similar to the transport of 
TSS (Paper VI). The similarity in the transport pattern between TSS and the metals was 
shown with high correlation coefficients. In Paper III, high correlation coefficients, 0.74-
0.98, were found for heavy metals and for the different investigated intervals of particle 
sizes (4-120 μm). The correlation was increasing as the particle size was decreasing. 
Essentially, a uniform transport was discovered for the dissolved heavy metals as well, 
however, with a slight tendency of an advanced release (Paper VI). The partitioning 
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between dissolved and total heavy metal concentrations (100 * Cdiss/Ctot) throughout the 
snowmelt was investigated in Paper VI and it was found that most of the heavy metals were 
in the particulate phase throughout the entire snowmelt. Cu had the highest percentage in 
the dissolved phase, up to 35 %, and Pb had the lowest with up to 1.3 %. The highest 
soluble phase was in the following order: Cu>Cd Ni>Zn>Pb (Paper VI). As well, in Paper 
II, the partitioning between dissolved and total heavy metals during snowmelt was 
investigated as a percentage of dissolved/total*100, suggesting a high particle-bound 
fraction of the metals. The measured heavy metal concentrations during the sampling period 
performed during 2000 and 2004 (Paper II, III and VI) showed risks for biological effects 
when comparing the heavy metal concentrations in the snowmelt runoff to toxicity criteria 
from the Environmental Protection Agencies of Sweden, Canada and USA. 

The percentage of the total transported load of TSS in the snowmelt compared to the initial 
snow was investigated in Paper V and VII. It was found in Paper V that between 1 to 11 % 
was transported with the snowmelt as suspended solids, depending on different influencing 
factors such as the addition of NaCl, ambient temperature, and surface slope (Figure 4.3).  
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Figure 4.3. Percentage (%) and weight (g) transported load of TSS during the snowmelt. 

It was shown that the addition of NaCl (+5ºC, 15%, S) had the largest influence on the 
transported load of TSS. The configuration with the higher temperature (+20ºC, 15%, NS) 
had the second largest transport. The strange result was the lower transported load of TSS 
for the configuration with the lower slope (+5ºC, 2%, NS) compared to the configuration 
with the higher slope (+5ºC, 15%, NS). In Paper VII, the transported load of TSS in the 
snowmelt from the initial snow was 3.0, 3.7, and 4.8 %, for the small, medium, and large 
lysimeters, respectively. To further investigate where the pollutants end up, water and 
particle mass balances were performed for the small, medium, and large lysimeters to 
investigate the particle pathways during snowmelt (Paper VII). Attempts were also made to 
perform the water and particle mass balances for the runoff plot at Södra Hamnleden. The 
water mass balances could accurately be calculated for the lysimeters as well as for the 
runoff plot. However, a total particle mass balance was not possible to calculate due to an 
underestimation of the particle load in the TSS analysis method. Furthermore, the runoff 
plot proved to be in a very complex urban setting, implying difficulties to sample and 
calculate all influencing parameters necessary for the particle mass balance. 

The model in Paper IV consists of two parts: one describing the dynamics of the road runoff 
and the other describing the dynamics of TSS. The snow-melting process in the model was 
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based upon the simple degree-day method where the quantity of snowmelt runoff is 
proportional to the number of positive degree-days. The dynamics of TSS in the model is 
based upon Svensson (1987). The model consists of the accumulation of particles, described 
by a linear build-up function, and the wash-off of particles from the catchment surface. The 
wash-off of particles is described in the model by raindrop erosion. First, a calibration of the 
model was done with measurements from snowmelt and rainfall runoff and suspended 
solids analyses during 2000. For parts of the modelling period, the modelled runoff was 
modified to fit the measured runoff since site-specific data was not available and the 
precipitation data received from Kallax airport was not accurate enough. The calibration 
showed a coherent result between measured and modelled volumes of runoff and the 
transport of TSS when the continuous course of events throughout the whole modelling 
period was studied. During single-melt events, the volume and timing of the runoff and the 
load of transported TSS were not as accurate. The verification was made with runoff 
measurements and TSS analyses from 2001. During the verification as well, the modelled 
runoff had to be modified due to the lack of site-specific precipitation data. However, this 
modification was necessary for both years to continue with the calibration and verification 
of the suspended solid transport. The results of the verification showed a fairly good 
congruence between modelled and measured transport of TSS, based on the continuous 
course of events for the whole modelling period. However, at snowmelt, the congruence 
between modelled and measured runoff and transport of TSS is not accurate for single 
events or for that period. Consequently, if the model were used for simulating a snowmelt 
period or single events during snowmelt, the model approach would be too simple. 
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5. DISCUSSION 

In the discussion chapter, the results from the papers will be discussed and compared with 
respect to the thesis overall objectives and to specific research objectives, as well as to 
relevant reported international research. 

5.1 Seasonal variations of road runoff 
The results of higher concentrations for TSS, particles, and heavy metals (Cd, Cu, Ni, Pb, 
and Zn) during snowmelt runoff compared to rainfall runoff found in Paper II and III were 
found in other studies as well (Daub et al., 1994; Sansalone et al., 1995; Sansalone et al.,
1996; Legret and Pagotto, 1999; Hallberg et al., 2007). Daub et al. (1994) showed that the 
mean concentrations of TSS were two to five times higher in snowmelt runoff compared to 
rainfall runoff. However, they concluded that the higher concentrations for snowmelt were 
not valid at the beginning of runoff from heavy rainstorm events when the rain runoff was 
equal to or more polluted than snowmelt runoff. Sansalone et al. (1995) investigated the 
EMCs for TSS, Cu, Cd, Pb, and Zn at six sites during snowmelt and rainfall runoff. All 
investigated elements showed higher results for the snowmelt runoff compared to the 
rainfall runoff for all but one site, which had higher concentrations for Cu and Pb during 
rainfall runoff. Sansalone and Buchberger (1996) again reported higher concentrations for 
TSS and total heavy metals during snowmelt events than during rainfall events, which was 
explained by the lower flow and the contribution of TSS and associated metals extracted 
from the melting snowbank. Another study, for two sites, that compared seasonal variations 
was made in mid-Sweden (Bäckström et al., 2003). An increase in total and dissolved 
concentrations was found for several of the heavy metals studied (e.g., Cu, Cd, Pb, and Zn) 
in the runoff during winter compared to summer. The fraction of particulate concentrations 
for lead and zinc was found to increase during winter while other elements remained 
constant. The concentration increase coincided with the use of de-icing salts and studded 
tires. According to analysed de-icing salts, low heavy metal content was found, which 
indicated that the increased concentrations were derived from an increased pavement wear 
due to studded tires and a constant wet pavement. A comparison of pollutant concentrations 
from Lincoln Creek, Wisconsin, USA, a watershed with 80 % urban land use, suggests that 
all investigated pollutants were higher during the winter season, apart from TSS 
concentrations that were higher during non-winter (Figure 5.1).
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Figure 5. 1. Comparison of winter and non-winter pollutant concentrations (non-winter data 
from Masterson and Bannerman, 1994) (Novotny et al.,1999).
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The dissolved heavy metal data reveal an interesting phenomenon. For Cu, Pb, and Zn, the 
concentration of the dissolved fraction was significantly higher during winter compared to 
non-winter (Novotny et al.,1999). The snowmelt of the Luleå study (Paper II and III) 
showed completely different characteristics compared to the Lincoln Creek study. In Luleå, 
the TSS concentrations were significantly higher, and the dissolved fraction of Cd, Cu, Ni, 
Pb and Zn was significantly lower during snowmelt compared to rainfall runoff. The 
explanation for the different characteristics of the two sites is likely to be the different 
strategies for slipperiness control; Lincoln Creek used de-icing chemical (NaCl) while Luleå 
used traction sand (without NaCl as an anti-clump agent). At Lincoln Creek, the higher 
dissolved fraction was due to the use of the de-icing chemical NaCl. The elevated chloride 
concentrations in the snowmelt lower the partitioning coefficient between dissolved and 
total metal distributions and, consequently, the metals were preferentially available in the 
dissolved fraction. On the contrary, in the Luleå study, the high concentrations of TSS 
provided a high pH and particles for adsorption of heavy metals. 
A comparison was made of the concentrations of heavy metals and TSS found in the Luleå 
study (Paper II and VI) and suggested concentrations for runoff from roads with 0-15,000 
vehicles per day from the Swedish Road Administration (SRA, 2001) (Table 5.1).  

Table 5.1. Suggested concentrations for road runoff (SRA, 2001). 
Vehicles/
day 

Pb
Average 
(min-max) 
μg/l 

Zn
Average 
(min-max) 
μg/l 

Cu 
Average 
(min-max) 
μg/l 

Cd 
Average 
(min-max) 
μg/l 

Tot-N
Average 
(min-
max) 
mg/l 

Tot-P
Average 
(min-
max) 
mg/l 

COD
Average 
(min-
max) 
mg/l 

SS
Average 
(min-
max) 
mg/l 

0-15 000 20 
(10-50) 

100 
(50-275) 

35
(20-70) 

0.5 
(0.3-0.9) 

1.2 
(0.6-1.8) 

0.15 
(0.1-0.25) 

40
(20-80) 

75
(40-150) 

15-30 000 25 
(15-60) 

150 
(75-350) 

45
(25-90) 

0.5 
(0.3-0.9) 

1.5 
(0.8-2.1) 

0.20 
(0.1-0.35) 

60
(30-120) 

100 
(50-200) 

30-60 000 30 
(20-70) 

250 
(100-600) 

60
(30-120) 

0.5 
(0.3-0.9) 

2.0 
(1.0-2.5) 

0.25 
(0.15-0.5) 

95
(50-190) 

125 
(60-250) 

The Luleå study concentrations for heavy metals during snowmelt runoff were well in 
accordance with the suggested min–max range, while the concentrations for the rainfall 
runoff were slightly lower than suggested values. The concentrations for TSS during the 
snowmelt runoff were much higher than the suggested concentrations, while the TSS 
concentrations for the rainfall runoff were within the suggested range. The suggested 
standard concentrations by the SRA could be improved by incorporating values for both 
rainfall and snowmelt-induced runoff. In addition, the standard concentrations should 
consider the choice of abrasives or de-icing salts as slipperiness control since it significantly 
changes the characteristic of the runoff. 

Higher loads towards the end of the snowmelt period were discovered for TSS and for total 
heavy metals in Paper II. During the international conference on urban hydrology under 
wintry conditions, in Narvik, Oberts (1990) and Zariello (1990) pointed out that snowmelt 
runoff accounted for up to 60 % of the annual pollutant transport. Also, the major part of the 
mass transport of Cd (61-91%), Cu (70-89 %), Pb (41-79 %), and Zn (47-71%) occurred 
during the winter runoff in the study by Bäckström et al. (2003). Extreme pollutant loads 
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were experienced during the end-of-season melt events when rain falls on snow and flushes 
soluble and particulate pollutants from the snowbanks as well as from impermeable and 
frozen or saturated permeable surfaces (Schöndorf and Herrman, 1987).

The differences in content and composition of road runoff during snowmelt and rainfall will 
affect the effectiveness of various BMPs. This knowledge is essential for decision making 
when dealing with road-runoff treatment, snow handling, and street sweeping. Many BMPs 
developed for controlling flow and pollutants have reduced efficiencies or do not work at all 
in winter, during snowy and icy conditions. Further research is needed to improve the 
understanding of the processes behind the pollutant accumulation in and transport from 
snow as well as further research on assessing snowmelt impact on receiving water bodies, 
modifying existing BMPs, and modelling of urban snowmelt quantity and quality. 

5.2 Pollutant transport during snowmelt 
At snowmelt, the dissolved and particulate pollutants will accompany the snowmelt runoff 
or become more concentrated in surrounding snowbanks and on street surfaces. The 
influence of cold climate and snowmelt dynamics on the snowmelt quality, i.e., the 
mechanisms involved in the accumulation and transport of pollutants from the snowpack, 
was thoroughly discussed in Oberts (1994) and Oberts, et al. (2000). It was explained that 
the initial stages of melt are generally slow and that the first melt exerts high pollution 
concentrations of soluble pollutants but not a high pollution load. More runoff is produced 
in the latter stages of snowmelt, which can generate high concentrations and loads since 
pollutants are being flushed from the snowpack. 

The release of pollutants from snowpacks was studied by e.g., Schöndorf and Herrmann, 
1987; Ecker et al., 1990; Westerström 1995; Viklander 1997; and Reinosdotter, 2007. The 
preferential elution was reported for releases of soluble chemicals from undisturbed 
snowpacks (Colbeck, 1981; Ecker et al., 1990; Jeffries, 1991), the delayed elution was 
reported for hydrophobic chemical releases from undisturbed snowpacks (Schöndorf and 
Herrmann, 1987). The finding of a linear release mode of TSS (Paper V and VI) and H+-
ions in (Paper VI), was completely different from that of the previous investigations 
reported in the literature for undisturbed snowpacks. Colbeck (1981) reported on the 
exclusion of chemical ions from crystallizing snow during freeze-thaw cycles and their 
availability for preferential elution with snowmelt. As the snowpack is depleted, the 
medium-to-coarse particles and associated pollutants are left behind on the ground after the 
snowpack has completely melted (Viklander, 1997) or are transported away by high-
intensity rain-on-snow events that provide adequate energy to transport these particulates. 
Johannessen and Henriksen (1978), who reported similar findings, noted that approximately 
40 % of the H+ load was released with the initial 15% of snowmelt, generating an acid first 
flush. In general, 50-80 % of the total soluble pollutant load was released with the first 30 % 
of the snowmelt. However, Johannessen and Henriksen (1978) studied an undisturbed rural 
snowpack with low pHs ranging from about 4 to 5, and did not report on TSS or particle 
concentrations, which most likely, were much lower than those found in Paper II, III, V and 
VI, with urban snow enriched by e.g., anti-skid materials used for winter road maintenance. 
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For similar conditions of a rural snowpack, Westerström (1989) reported pH as low as 3 to 
5. Under such conditions, acid shocks occurring in the beginning of the snowmelt were 
reported. In studies of urban snowmelt runoff, the higher concentrations of particles have 
been reported to have a buffering capacity, resulting in a higher pH ranging between 7 to 8 
(Paper V and VI). Daub et al. (1994) investigated snowmelt from an urban road with 6000 
vehicles/day and found a pH ranging between 6.9 and 7.7. In two studies of urban snowmelt 
by Viklander and Malmqvist (1994) and Reinosdotter and Viklander (2007), the arithmetic 
means of pH were approximately 7.4 to 7.3 with a standard deviation of 0.2 to 0.4. No acid 
first flush was detected for any of these studies. In Paper VI, it was shown that throughout 
the snowmelt, the variation in TSS and pH was quite similar, supporting the hypothesis that 
high concentrations of solids in urban snowmelt will provide a good buffering capacity. The 
advanced transport of pollutants found during rainfall-induced runoff has been the base for 
suggestions such as capturing and treating the first 20% of the runoff volume can remove 40 
% of the total particulate load (Li, et al., 2006). The discovery of a uniform transport of TSS 
(Paper V and VI) and heavy metals (Paper VI) would imply that the treatment of the first 20 
% of the runoff might not be as efficient in a cold climate as expected.

The transport of heavy metals in snowmelt is greatly influenced by the partitioning between 
the particulate fraction and the more mobile dissolved fraction. The partitioning depends on 
factors such as pH, redox, alkalinity, presence of solids, residence time, temperature, and 
road salts (Glenn and Sansalone, 2002). In Paper III and VI, a high correlation between the 
concentration of TSS and particles and the investigated heavy metals (Cd, Cu, Ni, Pb and 
Zn) was discovered. During the sampling periods of 2000 (Paper II) and 2004 (Paper VI), 
the partitioning between dissolved and total heavy metal concentrations showed the heavy 
metals to be predominantly in the particulate-bound fraction and a miniscule part in the 
dissolved fraction (Figure 5.2). Also, previous investigations have shown that a strong 
correlation exists between metals and EMCs for suspended solids from snowmelt runoff 
(Sansalone et al., 1995; Sansalone and Buchberger, 1996). Furumai et al. (2002) found that 
particle-bound heavy metals (Zn, Pb, and Cu) accounted for more significant pollutant loads 
than dissolved fractions. However, their content decreased with increasing TSS 
concentrations in runoff samples. 
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Figure 5.2. Partitioning of dissolved and total heavy metals (%) during the entire snowmelt, 
2000 and 2004. 



Road Runoff Quality in Cold Climates 

31

For snowmelt in Paper III, the regression for total metal concentrations against particle sizes 
and TSS had the highest correlation for TSS and the particle size, 6-9 μm. Then, the 
correlation decreased as the particle size increased. A good correlation for fine particles and 
heavy metals was found in many studies, for example by Sansalone et al. (1995), German 
and Svensson (2002), and Deletic and Orr (2003). On the contrary, dissolved-metal 
response was found to be dependent on the solubility of the metal (Sansalone and 
Buchberger, 1996). Particle-size distribution for suspended sediments showed that an urban 
winter rain-on-snow event transported metals predominantly in the silt fraction, 20-80 μm 
(Morrison and Benoit, 2005). Stone and Marsalek (1996) investigated the correlations 
between metal content and particle sizes (<63 μm, 63-250 μm, 250-500 μm, and 500-2000 
μm) in street sediment and found that < 10 % of the metal load was in the smallest fraction 
i.e., <63 μm. Most of the metal loadings were found in the larger fractions, unlikely to be 
transported through the sewer system to receiving waters. Other important studies of street 
sediment have also shown that despite higher correlations for metal concentrations with 
smaller particle sizes, the total metal mass is associated with mid-range to large particles 
(Sansalone and Tribouillard, 1999). Despite the fact that the highest loads of metals in street 
sediment were shown to be associated with particles larger than what was investigated in 
Paper III, the results from Paper II and III showed that the total metal concentrations being 
transported to the gully pot exceeded the threshold values from the Swedish Environmental 
Protection Agency (1999) guidelines, with the risks of causing effects on the ecosystem in 
receiving waters. Recent studies of street sweeping in Canada have shown that it removes 
particles down to a few microns (Marsalek, 2006) which could be of interest in terms of 
reducing the heavy metal pollution.

The choice of slipperiness control in a cold climate will greatly influence the pollutant 
concentrations and loads as well as the transport of pollutants. The influence of road salt as 
a de-icing agent has been thoroughly investigated (Buttle and Labadia, 1999; Thunqvist, 
2003; Marsalek, 2003; Reinosdotter, 2007). In Paper V, the addition of road salt showed an 
increase in transported TSS loads, while the influence on metal mobility was not 
investigated. However, another recent Luleå study showed that the use of road salt, NaCl, 
increased the dissolved fraction of heavy metals in snowmelt (Reinosdotter, 2007). 
Bäckström et al. (2004) concluded that the concentrations of Cd, Cu, Pb, and Zn in soil 
solutions were significantly affected by the usage of NaCl as a road salt. The major 
mobilisation mechanisms were ion exchange, lowered pH, chloride complex formations, 
and colloidal dispersion. The mobilisation was counteracted by coagulation or adsorption 
processes to organic matter, especially Pb and Cu. Finally, it was concluded that large 
amounts of trace elements are mobilised in roadside solids due to the use of road salt, NaCl, 
thereby threatening the quality of many drinking water reservoirs. On the other hand, the 
use of traction sand as a slipperiness control and studded tires was shown to increase the 
concentrations of PM10 (Kupiainen et al., 2005). High concentrations of small particles, 
PM10 and PM2,5, were shown to have harmful effects on human health. In Sweden, less road 
salt is used per year compared to North America, where a “bare road policy” is adapted, 
meaning that de-icing chemicals are used to keep the roads clear throughout the winter 
period (Marsalek, 2003). In an urban setting, there is a trade off between the detrimental 
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effects of NaCl on the environment such as; destroying vegetation, disturbing ecosystems, 
and polluting groundwater, and the harmful health aspect of PM10 and PM2,5 in connection 
with the use of traction sand and studded tires. High particle concentrations in the air of 
Trondheim, Norway and Helsinki, Finland have resulted in taxes on studded tires and an 
increase in NaCl usage over the use of traction sand (Gustafsson, 2003).

The TSS and metal concentrations were found to be considerably higher in urban snow as 
compared to urban snowmelt (Table 5.2) (Viklander, 1997; Reinosdotter, 2007). The 
particles in the initial snow that were not transported with the snowmelt stay on the ground 
as residual sediment. In the field, the particles will be transported with snowmelt or rainfall 
runoff, depending on e.g., the energy of the overland flow and the density of the particles. 
Stone and Marsalek (1996) discussed that particles <63 μm will easily be transported from 
the street surface with overland flow and through the sewer system. Sansalone and 
Buchberger (1997) hypothesised that particles  100 μm could be transported from the 
snowpack at snowmelt. Three different lysimeter setups -A, B, and C- with snow from the 
same origin and with the same density (610-660 kg/m3) were investigated by Viklander and 
Malmqvist (1994). The initial snow in lysimeter A was homogenized and continuously 
melted; in lysimeter B; the snow was homogenised and melted during repeated melting-
freezing cycles; and lysimeter C, the snow was in the form of an ice-block and was melted 
during repeated melting-freezing cycles. For the TSS load, 13-32 % was transported with 
the snowmelt and for Cd, Cu, Pb, and Zn, the transported loads were 25-49 %, 28-36 %, 16-
42 %, and 19-32 %, respectively (Table 5.2).  

Table 5.2. Concentrations of TSS (mg/l), and total Cd, Cu, Pb, and Zn (μg/l) in initial snow 
and snowmelt (average) and the relative quantities of pollutants in the snowmelt compared 
to the initial snow (%) (adapted from Viklander and Malmqvist, 1994). 

 TSS (mg/l) Cd tot (μg/l) Cu tot (μg/l) Pb tot (μg/l) Zn tot (μg/l) 
SNOW      
A 3100 7.3 310 340 330 
B 2300 2.0 170 240 230 
C 2500 1.3 74 220 190 
SNOWMELT      
A 410 1.8 110 56 63 
B 740 1.0 47 100 70 
C 320 0.53 27 66 59 
Relative %      
A 13 25 34 16 19 
B 32 49 28 42 30 
C 13 40 36 30 32 

Most of the particles in the initial snow were shown to stay on the surface during snowmelt 
in the laboratory (Paper V and VII) and in the field study (Paper VII) (Figure 5.3). In Paper 
V, the transported loads of TSS were between 1-11 %, depending on the lysimeter setup. In 
Paper VII, the transported loads of TSS in the snowmelt from the initial snow was 3.0, 3.7, 
and 4.8 %, for the small, medium, and large lysimeters, respectively. The higher transport 
for the lysimeters investigated by Viklander and Malmqvist (1994) was explained solely by 
the difference in lysimeter shape between the studies. In Paper V, and VII, the lysimeters 
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had a surface from where the particles had to be transported, while in the study by 
Viklander and Malmqvist (1994), the snowmelt did not have to be transported over a 
surface before it was collected. 

    
Figure 5.3. Before and after snowmelt in the laboratory setups in the climate rooms (two 
pictures to the left). Street sediment left on road after final snowmelt (right picture). 

An important factor regarding concentrations and loads is when the event is occurring 
during the melt period. That is, how much material is available both on the road and from 
snowpack elution. The number of particles in the snow pack will decrease throughout the 
melt period, as wash-out is continuously taking place. However, using anti-skid material 
whenever roads become slippery is a common practice in this cold-climate region. This can 
occur at several occasions throughout the melt period; therefore, the availability of material 
might increase during parts of the period. Also important is the intensity of the lateral flow 
that is transporting the particles to the gully pot. This is predominantly important for the 
larger particles that need a high-intensity lateral flow to be transported. 

Few attempts to model snowmelt in urban areas have been made; therefore, existing models 
include snowmelt routines adapted for rural areas (Valeo and Ho, 2004). According to 
WMO, 1986, the simple degree-day method proved to be adequate for alpine and rural 
areas, but using the routines for an urban environment was considered uncertain. Different 
models containing temperature indexes for snowmelt were investigated by Semadeni-
Davies (2000). This investigation illustrates that the modified degree-day method was 
insufficient in describing the snowmelt, i.e., it does not take into account the radiation 
balance of urbanised catchments (Semadeni-Davies, 2001). Due to the problems of 
describing the snowmelt process correctly, the modelled concentrations and loads will also 
be affected. In addition, the routines for pollutant build-up and transport are too simple, 
which was also discussed by Sutherland and Jelen (1996). It is of great importance to be 
able to model concentrations and loads from snowmelt induced runoff in urban areas to 
predict and prevent environmentally hazardous runoff from reaching recipients without 
being treated. In many operational hydrological models of today, there are modules for 
snowmelt as well as pollutant accumulation and wash- off. However, the modules for 
pollutant accumulation and wash-off are not produced for cold climate conditions with snow 
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and ice, nor for snow removal or slipperiness control and need to be adapted for cold 
climate conditions. 
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6. CONCLUSIONS 

The overall conclusion was that the different conditions during the melt period and the rain 
period were found to have a significant influence on the quality, i.e. concentrations and 
mass loads, and transport of TSS, particles (4-120 μm), and heavy metals (Cd, Cu, Ni, Pb, 
and Zn), of road runoff.

The concentrations and mass loads of TSS, particles, and total heavy metals during the 
melt period were significantly higher, especially during rain-on-snow events, compared to 
the rain period. On the contrary, dissolved heavy metal loads were higher during the rain 
period.

More heavy metals were particulate-bound during the melt period compared to the rain 
period with a higher percentage of the dissolved fraction. 

During the snowmelt runoff, the concentrations of total heavy metals were highly 
correlated with investigated particle sizes and TSS concentrations. The correlation was 
less significant during the rainfall runoff. 

During snowmelt, most of the TSS load in the initial snow stayed on the surface when 
melted and a miniscule part was transported with the snowmelt.

The transported load of TSS with snowmelt was more influenced by the addition of road 
salt compared to a change in ambient temperature or surface slope.

Two different shapes of cumulative curves for particles were discerned. One shape 
occurred when the transport for all different particle sizes was very similar, and the other 
shape occurred when the different particle sizes were being transported at different times.  

The load of transported chloride indicated a preferential elution while the transported load 
of H+-ions, TSS and total and dissolved heavy metals showed a uniform release with 
snowmelt from the snowpack. 

Snowmelt from disturbed urban snowpacks differs substantially from that in rural or 
undisturbed urban conditions with respect to higher TSS and total and dissolved heavy 
metal loads, high pH buffering capacity, and a general absence of early or delayed 
pollutant release from the snowpack. 

The total and dissolved heavy metal levels observed at the study site indicated a likelihood 
of their causing biological effects during spring snowmelt. 

The modified temperature index method and the equations for build-up and wash-off of 
fine and coarse particles were inadequate to describe the snowmelt dynamics and the 
transport of TSS well during snowmelt and wintry conditions.
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The analysis of TSS underestimates the actual particle load contained in snow and 
snowmelt runoff, making total particle mass balances difficult to perform. 

The different factors governing the quantity and quality of snowmelt-induced and rainfall-
induced runoff respectively suggest different treatment solutions in different climates or 
during different times of the year. 
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Chapter 22 
Stormwater in cold climates 

Camilla Westerlund and Maria Viklander 

INTRODUCTION
The interest in and knowledge of urban stormwater has increased greatly since the early 1970´s. It was reported already 
in 1972 by Sartor and Boyd that road runoff was substantially contributing to urban pollution and hypothetical 
calculations showed that runoff during the first hour of a storm could contribute with considerably more pollution load 
than would the same city’s sanitary sewerage during the same period of time. Within the European Union today, and 
maybe especially in Scandinavia, access to clean water is taken for granted without a second thought. However, it is not 
often realized that many of the human activities put a great burden on water quality and quantity. All polluted water, 
whether polluted by households, industry, agriculture, or traffic returns back, in some way, to the environment and may 
cause damage to human health or effects on biota, including impacts on vegetation and biodiversity of such aquatic 
communities such as benthos or fish. The increasing demand for cleaner rivers and lakes, groundwater and coastal 
beaches was the driving force for the EU Water Framework Directive which has the overall aim of reaching, and 
keeping a “good status” for water within the EU. The protection should include all waters, surface waters and 
groundwater, and should be achieved before year 2015 (European Commission, 2006). With these increasing demands 
upon water quality, further research is required in terms of the quantity and quality of stormwater (Chapter 1). 

According to Marsalek (1991) and Thorolfsson (2000), the stormwater focus has earlier been on warm or temperate 
climates and only have small parts been directed towards cold climate perspectives. The importance of understanding 
the special requirements for stormwater systems in cold climates was pointed out by experts in the field during the 
international conference on urban drainage and highway runoff in a cold climate, in Riksgränsen, Sweden, March 2003 
(Viklander et al., 2003). Further research is required specifically in areas with a cold climate due to the special 
conditions: (1) storage of precipitation and pollutants in snowpacks during extended time periods, (2) processes in the 
snowpack influencing the availability of pollutants, and (3) different transport dynamics due to snow and ice. As a 
result, the runoff quantity and quality will differ compared to snow and-ice free climates (Marsalek, 2003).  

In this chapter, processes and influencing factors affecting snowmelt and snowmelt induced runoff in cold climates 
will be presented. The special requirements concerning the applicability, operation and need of special design of various 
best management practices (BMPs) in a cold climate will be addressed. This research has been conducted within the 
framework of the EC funded research project DayWater (Chapter 1). 

DEFINITIONS OF COLD CLIMATE 
There are many definitions of cold climate areas, but there is no unified definition (Chen et al., 2006). According to the 
Stormwater BMP design manual for cold climates by Caraco and Claytor (1997), the cold climate identification for 
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BMP modification, is decided by temperature (the average daily maximum temperature for January, less than 1.7ºC), 
plant growing season (the number of days between the last freezing day in spring and the first freezing day in autumn, 
less than 120 days) and depth of snow (greater than 0.9 m), which are data available from National Weather Service or 
local weather stations. Typically, the most common measure of cold climates is the air temperature during the winter 
period or in January as the coldest month (UNESCO, 2000; Caraco and Claytor, 1997). In UNESCO´s Urban drainage 
in specific climates (2000), cold climate is described by a simple definition based on an average historical temperature 
of winter season less than 0ºC. Another stronger criterion, used in some countries in Europe and North America, is that 
the region belongs to a cold climate if the return period of January temperature greater than 0 or -1ºC is more than 10 
years This means that a warm January with temperatures higher than 0 or -1º C can not occur more than 1 time during 
10 years. 

It is of importance to realise that cold climate areas could be subdivided into smaller areas with different climatic 
zones. For example, in Sweden, the winter could be divided into, at least, two different types. One type of winter 
climate, which is found in the south of Sweden, has a temperature often fluctuating around 0°C. Snowfall is received at 
precipitation and temperatures below zero, however, the snow is commonly melting instantaneously or shortly after the 
snowfall. The other type of winter climate is what could be found in the north of Sweden, having long periods with 
temperatures below 0°C. During this time there is an accumulation of snow and pollutants until spring when the 
temperature is rising and the snowmelt begins. This melt period is critical when it comes to risks connected to both 
quality and quantity. The highest concentrations of pollutants and the highest flows are found during snowmelt and 
rain-on-snow events respectively. The Nordic Road & Transport Research has been dividing Sweden into four different 
climate areas since the 1970s, using weather statistics (snow depths and January average temperatures) for a longer 
period, nowadays stretching from 1960 to 1990. Originally, this subdivision was used for traffic safety studies and latter 
in studies of speed adjustments (Öberg, 2007). Different cold climate classifications could be appropriate depending on 
the important parameters for the research area. However, for stormwater related research in cold climates, parameters as 
discussed above e.g., temperature, snow depth and plant growing season, should be appropriate for deciding if an area 
should belong to cold climate or not. 

SNOWMELT PROCESSES AND RUNOFF 
Stormwater is affected in many ways by a cold climate, with regards to both physical and chemical aspects 

(Bengtsson, 1990; Marsalek, 1991; Sansalone, 1996; Novotny, 1999; Oberts et al., 2000). Precipitation in the form of 
rain immediately runs off or infiltrates, while snow is stored in snow packs in the urban catchment or transported due to 
different snow handling operations or to snow drifting. The relocation of snow will change the hydrological cycle since 
the recipient of the snowmelt will be different than the recipient of the precipitation if it had been rain. The resulting 
snowmelt is dictated by the amount of snow and by climatic variables such as air temperature, wind and solar radiation 
(Bengtsson, 1990). Furthermore, the snowmelt is largely affected by anthropogenic factors in the urban environment 
such as de-icing chemicals, solids from anti-skid material, atmospheric deposition, vehicle exhaust, etc…, 
contaminating the snow and lowering the albedo. Sun exposure, depending on building orientation and topography of 
the urban area, heating sources, depending on building material and distance to snow etc…, will also affect the 
snowmelt (Semadeni-Davies and Bengtsson, 1998). An important variable in snowmelt hydrology is the snow water 
equivalent (SWE) i.e., the depth of water that would theoretically result if the snowpack was instantaneously melted. 
The SWE determines the water volume available for runoff generation. The SWE can be calculated by multiplying the 
on-site measured snow density and depth. Another important variable is the percentage of snow covered area (SCA) as 
it is very inhomogeneous in urban areas (Semadeni-Davies and Matheussen, 2003). The heterogeneity of snow covers 
and snow covered areas in inner city and residential areas were investigated by e.g. Westerström (1984), Semadeni-
Davies (1999b) and Bengtsson and Westerström (1992) in Sweden, Buttle and Xu (1988) and Ho and Valeo (2005) in 
Canada, Matheussen and Thorolfsson (2001) in Norway. At snowfall in urban areas, the snow is heterogeneously 
distributed due to turbulence and lee effects of the built environment. Subsequently, the snow is redistributed within the 
cities due to snow handling practices, removing snow from streets and other impervious areas (Bengtsson and 
Westerström, 1992). Furthermore, large snow volumes are often transported to central snow deposits outside the cities. 
Due to these practices and effects, many impervious surfaces are snow free at the beginning of snowmelt. However, 
Matheussen and Thorolfsson (2001) underlined that it was more the snow handling than the topography which affected 
the SCA in urban areas. Consequently, snowmelt-controlling variables vary in urban areas; therefore, the snowmelt will 
change with time and space (Semadeni–Davies, and Bengtsson, 1998; Oberts et al., 2000). During snowmelt, there is 
usually a larger surface contributing runoff because the frozen ground results in decreased infiltration possibilities 
(Westerström, 1984; Bengtsson and Westerström, 1992). Research indicates that, in cold climate, the largest runoff 
events during the year are rain-on-snow events (Westerström, 1984).  
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STORMWATER QUALITY IN COLD CLIMATES 
All urban water discharges are potentially hazardous to the environment; however, discharges in cold-climate regions 
seem particularly severe. This severity arises from the long winter period where the precipitation falls as snow and stays 
on the ground for several months, accumulating pollutants till the snow melting period (Figure 1) (Marsalek et al.,
2003). 

Figure 1: The road “Södra Hamnsleden” in Luleå after snowfall at the beginning of winter (left) and at the end of the snow 
melt period, after months of pollutant accumulation (right). 

Urban snowmelt may have damaging effects on receiving waters, soil, vegetation, animals and micro-organisms. The 
impact depends both on the properties of the snowmelt, such as concentrations and loads of pollutants, volume, flow, 
and temperature, as well as the sensitivity of the receiving body. Depending on the concentration and loads of 
pollutants, the effects can either be short-term, usually due to oxygen-demanding compounds, solids and bacteria, or 
arise after a long period of time due to heavy metals and nutrients (Malmqvist, 1983). According to Oberts (1982), up to 
65% of the annual load of sediment, organic compounds, nutrients and lead can be attributed to spring melt events.  

Westerlund et al., (2003), and Westerlund and Viklander (2006), investigated concentrations for total suspended 
solids (TSS) and heavy metals which showed higher concentrations during snowmelt runoff than during rainfall runoff. 
Another study, for two sites, that compared seasonal variations was made in mid-Sweden (Bäckström et al., 2003): 
larger total and dissolved metal concentrations were observed for several of the studied elements (e.g., Cu, Cd, Pb and 
Zn) in the runoff, during winter compared to runoff during summer. The fraction of particulate concentrations for Pb 
and Zn was found to increase during winter while other element particulate distribution factors remained constant. The 
major part of the mass transport of these heavy metals occurred during the winter runoff. Higher loads towards the end 
of the melt period were also observed for TSS and for total heavy metals (Westerlund et al., 2003). Extreme pollutant 
loads was observed during the end-of-season melt events when rain falls on snow and flushes soluble and particulate 
pollutants from the snow banks, as well as from impermeable and frozen or saturated permeable surfaces (Schöndorf 
and Herrman, 1987). Sansalone et al., (1995) investigated the event mean concentrations (EMCs) for TSS, Cu, Cd, Pb, 
and Zn at six sites during snowmelt and rainfall runoff: all investigated elements showed higher EMCs for the snowmelt 
runoff as compared to the rainfall runoff except one site, which had higher concentrations for Cu and Pb during rainfall 
runoff. Sansalone and Buchberger (1996) again reported higher concentrations for TSS and total heavy metals during 
melt events than during rainfall events: they explained this observation by the lower flow and the contribution of TSS, 
and associated metals, eluted from the melting snow bank.  

Sources for pollutants in snow and road runoff 
Many pollutants are similar to those found for other climatic conditions. However, some of the pollutants are present in 
larger quantities in a cold climate, as compared to a temperate climate (Oberts, 1994). In Chapter 11, a tool (CHIAT) 
for selecting priority pollutants in stormwater is presented. As well, in chapter 14, a tool for sources and fluxes of urban 
stormwater systems. The reason for higher quantities of some pollutants, in a cold climate, relates to the higher energy 
and fuel usage due to e.g. heating of buildings and cold starts of engines (Malmqvist, 1983): it was found that a cold-
vehicle engine produces 2 to 8 times more particles, as compared to a warm engine (Kobriger and Geinopolos, 1984). 
When lowering ambient temperatures from +20 to -7ºC, the emissions of particulates increased approximately 19 times 
(Ludykar et al, 1999). By lowering the starting temperature from -7 to -20ºC, the car engine emission of particles was 
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further accentuated up to 2.5 times. Also, vehicles contribute to snow pollution through motor exhaust and wearing of 
tyres, brakes, and engines (Hvitved-Jacobssen and Yousef, 1991). There is also a large wear of the pavement due to the 
use of studded tyres in many areas with cold climates (Baekken, 1994).  

Slipperiness control 
In North America, it is common to use a “bare road policy”, meaning that road salt or de-icing chemicals, such as e.g. 
sodium chloride (NaCl), calcium chloride (CaCl2), or magnesium chloride (MgCl2), are used to keep the roads clear 
throughout the whole winter period (Marsalek, 2003). The quality of urban snow is often poor due to these de-icing 
chemicals, but also due to anti-skid material used on the roads. The primary de-icing chemical used in Sweden is NaCl: 
the salt is used either as a solid, as a water solution, or mixed with sand or gravel to avoid frozen lumps. During the 
winter 1990/91 about 210,000 t NaCl were spread on Swedish roads as compared to the winter of 2002/2003, where 260 
000 t were used, showing approximately a 20% increase in the use of NaCl (Ojala, L. and Mellqvist, E., 2004). The 
usage of road salt, as a slipperiness control measure, is more common in the southern parts of Sweden where the 
temperature is often fluctuating around 0°C, and build-up of ice layers on roads is common in winter time (Reinosdotter 
and Viklander, 2005). In the north of Sweden temperatures are often lower and the de-icers do not work efficiently at 
such temperatures. Another difference is that the build up of pollutants is more significant for the winter climates, with 
long, cold periods, since the freezing-thawing cycles are not as frequent. When this accumulated snow is starting to 
melt, there are usually high concentrations of pollutants and, later during the melt period, there are large quantities of 
water and often high loads of pollutants (Oberts, 1994). 

De-icing chemicals in the form of NaCl is clearly harmful to the environment, destroying vegetation, disturbing 
ecosystems and polluting groundwater, etc... The presence of NaCl will shift the partitioning between dissolved and 
particle-bound heavy metals towards the dissolved phase, which usually is more toxic and hazardous to the 
environment. Warren and Zimmerman (1994) found that an increase in chloride will increase the dissolved phase of Cd, 
Cu and Zn. In addition, cyanide concentrations can sometimes be high in snowmelt runoff because of cyanide added to 
salt to prevent clumping. Furthermore, in cold climate areas where salt is employed, corrosion of building material, such 
as copper in roofs and galvanized steel used in vehicles, etc…, is increased and contributes highly to the level of 
pollution (Malmqvist, 1983). According to Malmqvist (1994), 25% of all Zn in stormwater comes from corrosion in 
areas where Zn is used as a building material. For Cu, the corresponding value can be up to 65-75%. Air- borne residues 
in urban snow come from long-distance and local sources which differ greatly depending on local activities such as 
industrial plant operations and solid waste incineration.  

According to Marsalek (2003) environmental benefits can be made by smart use of de-icers and by BMP adaptation 
to allow chloride dilution and passage at low concentrations, instead of accumulating chloride, and reducing or 
preventing chloride discharge to sensitive surface water and groundwater.  

The use of anti-skid material is also a large pollutant source in areas with a cold climate, this material settles in the 
stormwater pipes, causing partial and sometimes total blockage of the system. Also, the sediments dissipate energy to 
stay in suspension, reducing the cross sectional area or increasing the frictional losses. Subsequently, their presence will 
lead to loss of hydraulic capacity and provoke surface flooding or, where combined systems are used, premature 
operation of CSOs. According to Thorolfsson, 2003, there was a large increase in solids removed from a stormwater 
pipe after a year of accumulation during 2001, as compared to a year of accumulation one decade earlier. This is due to 
a greater usage of sand as a skid control material for public safety reason.  

Additionally, the sediment adsorbs pollutants which will be transported to receiving waters through the stormwater 
sewer or during CSO operations. During a melt period Westerlund et al., (2003) found that particles larger than 1.6 μm 
could be associated with the highest concentrations of total metals (Cu, Cd, Ni, Pb and Zn). If additional treatment of 
the runoff is required during the melt period, a reduction of the TSS phase is most efficient inducing a reduction of high 
heavy metal concentrations. However, many studies indicates that more than 50% of heavy metal loads are to be found 
in the sandy fractions (larger than 0.125 mm) (Ellis and Revitt 1982; Stone and Marsalek, 1996; Sansalone and 
Tribouillard, 1999; German and Svensson, 2002). During the rain period, the correlations between total concentrations 
of heavy metals and TSS and of different particle sizes were not as significant as for the melt period. The lower 
correlations are explained by the lower percentage of particulate-bound metals during the rain period, as compared to 
the melt period: this is due to the lower amount of available particulate material during the rain period, providing less 
adsorption surfaces for heavy metals (Westerlund et al., 2003; Sansalone and Buchberger, 1996). Cold climate areas, 
where snow handling strategies exist, will be influenced by the choice of strategy. As discussed in the previous section, 
the relocation of snow will change the hydrological cycle, since the recipient of the snowmelt will be different. 
Obviously, this will also apply to the pollutants accumulated in the snow. Furthermore, the choice of local snow deposit 
as an alternative to central snow deposits might decrease air emissions (Reinosdotter et al., 2003). 
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Transport of stormwater pollutants  
The transport of urban pollutants is also affected by different climatic conditions; therefore, a good understanding of 
hydrology is needed to address the transport of associated pollutants correctly (Oberts et al., 2000). Rainfall-induced 
runoff often results in a quick hydraulic response, with rapidly ascending flows and high peaks and volumes. Such 
rainfall events have a high intensity and can transport both soluble and pollutants associated with solids. It was found by 
Sartor and Boyd (1972) that contaminant materials on a surface is removed by two simultaneous mechanisms: (1) 
soluble fractions are present in solutions where the impacting raindrops and horizontal sheet-flow provide good mixing 
continuously replenishing solvent; (2) particulate matter is detached from the surface through the impact of falling 
drops, so called rain drop erosion; when detached, the repeated impact of adjacent drops will maintain reasonably large 
particles in pseudo-suspension. Snowmelt, however, is generally a slower process, which can transport pollutant-
associated solids of varying size, depending on the energy of the event. This transport can be dictated by the amount of 
available pollutants or by the transport capacity of the flows (Oberts et al., 2000).  

Pollutant accumulation in a snow pack and its release from it are dynamic processes, including pollutant influx 
through deposition and precipitation, and pollutant release through intermittent melt-events, rain-on-snow events or the 
final snowmelt. During every snowmelt, pollutants in the snowpack are released (Figure 2). The initial stages of 
snowmelt are generally slow and the first melt exerts high pollution concentrations of soluble pollutants, but not a high 
pollution load. This phenomenon is frequently referred to as a “first flush”. As the snowmelt continues, the dissolved 
pollutants are washed out, leaving particulates and associated pollutants behind. Medium and coarse particles usually 
stay behind until the snowpack is entirely depleted (Viklander, 1997), or until the occurrence of a high intensity rain-on-
snow event with enough energy for transport of these particulates (Westerlund et al., 2003).  
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Figure 2: Snowpack release of soluble pollutants, water and solids (total suspended solids and large particles) from 
initiation of melt (T0) to end of melt (T) (Oberts et al. 2000). 

STORMWATER SOURCE CONTROL IN A COLD CLIMATE 
In cold climates, snowmelt or rain-on-snow events might be the biggest event of the year, both in terms of volume and 
pollutant loads and concentrations. Therefore, these events rather than storm events, which are commonly used 
elsewhere in the world, might be appropriate in the design of BMPs for both quantity and quality issues. During 
snowmelt, the occurrence of large volumes of melt water together with large pollutant loads coincides with frozen 
grounds and reduced infiltration capacity, frozen pipes and inlets/outlets, ice-layers, low biological activity and changed 
water chemistry (Oberts, 2003). Due to the described cold climate conditions, the effectiveness of BMPs is often 
lowered and needs special considerations concerning design criteria, performance, maintenance and operation. In the 
stormwater BMP design for cold climates (Caraco and Claytor, 1997), the following general issues have been pointed 
out: (1) pipe freezing, (2) ice formations, (3) reduced biological activity, (4) reduced settling velocities, (5) reduced 
oxygen levels in bottom sediments, (6) reduced soil infiltration, (7) frost heave, (8) short plant growing season, (9) high 
runoff volumes and pollutant loadings during snowmelt and (10) environmental problems associated with de-icing 
chemicals, gritting and snow management.  
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Structural BMPs 
Swales/Filter strips 
These types of open channels are common BMPs in cold climates. An advantage of swales, in a cold climate, is their 
capacity to become potential snow deposit areas (Caraco and Claytor, 1997) and of conveying melt water during the 
snow melt period (Lindwall and Hogland, 1981). However, the snowmelt conveyance can decrease in case of ice 
blockages at swale inlets and outlets. Furthermore, in a cold climate, the infiltration rate can be very limited and 
therefore decrease the effectiveness of a swale (Caraco and Claytor, 1997). Stormwater pollution control in grassed 
swales is controlled by sedimentation, adsorption and infiltration. However, in a cold climate, the positive effects of 
vegetation, such as flow retardation and pollutant uptake, is decreased during snowmelt. It was reported by Bäckström 
(2003) that snow-covered swales, from three different sites, indicate removal rates in the 78-99% range for TSS and 
total concentrations of Cu, Pb and Zn. Dissolved Cu and Zn were instead washed out from the swale with the snowmelt, 
this process being registered as a negative removal rate. This is in accordance with observations of Viklander (1997) 
where most of the particle bound pollutants in snow deposits ended up as gravel below the snow layer and the dissolved 
pollutants were released with the snowmelt. On the contrary, 30-40% of dissolved Pb was retained which was explained 
by the higher adsorbance of Pb as compared to Zn and Cu. It was also observed that the removal efficiency of a swale 
depends on the incoming pollutant concentrations: high concentrations gave a high removal rate, mainly due to 
sedimentation of particles, whereas low incoming concentrations yielded release pollutants (Bäckström, 2003). 
Considering that swales are widely used in cold climates, the documented knowledge of the performance is rather 
confined. 

Infiltration systems 
Infiltration systems for stormwater, such as percolation basins, may have ice-clogging problems inside the facility and 
in surrounding soils, due to frost penetration during winter and, as a consequence, the infiltration capacity can be 
reduced during the snow melt period (Caraco and Claytor, 1997; Stenmark , 1992). Also, ice formations in pipes and 
inlets/outlets and frost heave might lead to floodings and over-flows (Stenmark, 1992; Lindwall and Hogland, 1981). 
Thus infiltration systems in cold climates should be designed for a higher infiltration rate to compensate for such 
clogging and reduced infiltration rates. For example Caraco and Claytor (1997) are suggesting not using infiltration 
systems in areas with permafrost. The performance of a percolation basin during the snow melt period was examined in 
Luleå during 1990 (Stenmark, 1991): factors such as the temperature distribution inside the basin and the hydraulic 
conductivity of the soil were investigated both through measurements and calculations. The temperature distribution 
and water levels were measured by placing probes and observation pipes throughout the basin, both vertically and 
horizontally. Furthermore, a laboratory study of a percolation basin model, in a climate room, was conducted to 
investigate the risk of a total ice blockage in the infiltration pipe or in the macadam layer. According to Stenmark, the 
study indicated a small risk of a total ice blockage, in the percolation basin, during the snow melt period, for minimum 
temperature of -15°C inside the basin. For insulation and decreased frost penetration, it was recommended to place the 
percolation basin in areas with vegetation and undisturbed snow layer, i.e., not affected by snow removal practices 
(Stenmark, 1992, 1995) 

According to Marsalek (2003) stormwater infiltration facilities that receive chloride-laden stormwater could 
contribute to groundwater contamination and metal leaching, and the permeability could be reduced by chloride 
interference with soil structures. The risk could be mitigated by controlling the chloride use in exposed areas, focusing 
on infiltration of chloride–free, clean runoff (e.g., from roofs), and restricting infiltration practices to the areas with 
limited uses of groundwater.  

Porous pavement/asphalt 
In a study in a housing area in Luleå during 1995–1996, measurements of ground temperature, frost penetration depth, 
frost heave, groundwater levels and runoff, were performed for two different road sections, one porous and one 
impermeable (Bäckström, 1999). In this study, it was found that the snowmelt runoff volumes could be reduced by 50-
60% by using a porous pavement (Figure 3), which also was found to be more resistant to freezing compared to 
conventional, impermeable pavement. The reason for such higher resistance was the higher water content in the 
underlying soil giving an increase in latent heat. Also, Hogland and Wahlman (1990) reported that porous pavements 
are more resistant to freezing and to frost actions, than conventional roads. The thawing process was also found to be 
faster for a porous pavement due to the snowmelt infiltration. Indications that roads with porous asphalt become free 
from snow and ice earlier than conventional roads was observed during several inspections in different parts of Sweden 
(Hogland and Wahlman, 1990). There were tendencies of more frost heave resistance for porous pavement, as well as 
decreased frost penetration depth, and shorter length of frost period. Therefore, the risk of frost damage was concluded 
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to be lower for roads with porous paving, which was explained by the absence of stormwater pipes and manholes in the 
porous pavement. Overall, the Luleå study results indicated good performance during cold climate conditions. 
However, on streets where the friction material applied in winter was smaller than 2-4 mm, porous pavement was not 
recommended since the pavement could clog (Bäckström, 1999). It should also be remembered that the Luleå study was 
performed in a housing area where there was no sanding nor salting operations during winter. According to the BMP 
manual by Caraco and Claytor (1997) the use of porous pavement should be cautious in a cold climate, due to problems 
of clogging, the need of regular maintenance and to damages during snow removal operations. The risk of groundwater 
contamination through chloride-laden stormwater has to be considered and monitoring the groundwater for chlorides is 
recommended.  

Figure 3: Comparison of porous pavement (left) and a nearby impermeable pavement during the snowmelt period (right). 

Ponds and wetlands 
Ponds and wetlands are wide-spread BMPs and despite their reduced efficiency in cold climate regions, ponds are 
regarded as the most reliable BMP (Caraco and Claytor, 1997; Oberts 1994). The reduced winter performance of ponds 
and wetlands is described in a detailed manner by Oberts (1994) and Oberts et al. (2000). Ice-layers during winter 
formed on ponds and wetlands will decrease the effective volume of the pond, thus lower the treatment efficiency. The 
first snowmelt will enter underneath the ice and create turbulence, whereas already settled particles might resuspend 
(Figure 4). 
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Figure 4: Schematic figure of flow under partial ice cover, either seen from above (top) or from the pond side (bottom) 
(Oberts, 1990). 

However, it was shown in a study by Marsalek et al. (2003) that for a stormwater pond with an ice-layer of 0.3-
0.5 m, the near bottom velocity during a snowmelt event was not high enough for scouring the bottom sediment. When 
the volume under the ice is full, additional snowmelt will be forced above the ice, which will further reduce the 
treatment capability due to the minimal settling depth above the ice. Furthermore, particles settled on the ice will easily 
be resuspended at the next melt/rain event or melt of the ice-cover (Figure 4). Settling velocity of a particle is controlled 
by particle size, but also by the shape, e.g. roundness and sphericity, and density of the particles, as well as the viscosity 
and density of the fluid. Consequently, the higher viscosity of the water due to lower temperatures in winter, results in a 
lower settling velocity of the particles. The temperature effect on particle settling velocities was discussed by Jokela and 
Bacon (1990). The ice-cover and decomposition of organic matter hinder aeration of the water-column, leading to 
anoxic pond conditions (Pettersson, 1996; Oberts et al., 2000) and an increase of nutrients and metals due to the release 
from bottom sediments (Striegl, 1987). Finally, the vegetation and biological activity for reduction of e.g. nutrients is 
reduced during the winter period. 

The heavy metal (Cd, Cu, Pb and Zn) treatment efficiency of a stormwater pond, with a surface area of 530 m2 and a 
depth of 1.2 m, was studied during a rainfall event and a snowmelt event respectively in 1997 and 1998 (Pettersson, 
1999). During the rainfall event, the total heavy metal effluent concentrations were rather low at the beginning of the 
event but increased towards the end, most probably due to the pond volume which was half the size of the runoff 
volume. The total heavy metal effluent concentrations during the snowmelt event were constantly high throughout the 
event, as compared to the rainfall event. The conductivity was 10 times higher for the snowmelt event, as compared to 
the rainfall event, due to the usage of road salt, the main source of high conductivity in urban runoff. It was also 
concluded that more Cu and Zn were in the dissolved phase during the snowmelt event, most probably due to the higher 
ionic force of the solution. On the contrary, this was not the case for Pb and Cd, which had higher percentage in the 
dissolved phase during the rainfall event. According to Marsalek (2003) chloride in ponds have a number of environmental 
implications such as a strong stratification, inhibiting vertical mixing and aeration of bottom sediments. The lack of oxygen 
and high concentrations of chloride may lead to release of chemicals from the bottom sediment. Finally, the high chloride 
concentrations may cause toxic effects on the pond biota. 

Another study was made on the performance of a stormwater pond, at Bäckaslöv in the south of Sweden, during 
summer 1997 and winter/spring 2003 (Semadeni-Davies, 2006). Summer sampling, during 1997, showed a good 
treatment performance, while the winter of 2003 showed tendencies of lower removal efficiency for some of the 
measured pollutants. A seasonal comparison showed the same efficiency during summer and winter/spring for Cd 
(75%), and Cu (49%), while removal of Pb, Zn, and TSS dropped from 79%, 81%, and 80% in summer to 42%, 48%, 
and 49% in winter/spring. It was also pointed out that the removal efficiency varied greatly between different events. 

Oberts et al. (1989) report on the effectiveness of 4 different detention ponds in Minnesota during both snowmelt 
and rainfall (Table 1). The data collected show upon a wide range of pond removal rates and a marked reduction in the 
ability of a pond to treat snowmelt induced runoff, as compared to rainfall induced runoff. It should be noted that the 
Woodbury pond was undersized.  
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Table 1: Mean pollution removal rates (%) of ponds in treating either snowmelt or rain runoff in Minnesota (Oberts et al.,
1989). 

 Percent pollutant removal during snowmelt events 
(during rainfall events) 

Pond TSS VSS TP DP COD TKN NO3 TPb 
McCarrons
(0.97 ha) 

58
(91)

58
(95)

41
(78)

38
(57)

50
(90)

22
(88)

13
(60)

40
(85)

Lake Ridge 
(0.38 ha) 

72
(90)

63
(70)

10
(61)

6
(11)

-
-

10
(50)

19
(10)

18
(73)

McKnight Basin (2.24 
ha)

85
(85)

48
(67)

30
(48)

11
(13)

-
-

10
(31)

8
(24)

59
(67)

Woodbury  
(0.15 ha) 

-60
(46)

-46
(32)

-17
(24)

-12
(21)

-
-

-27
(14)

4
(18)

-40
(42)

TSS: total suspended solids  DP: dissolved phosphorous  NO3: nitrate nitrogen 
VSS: volatile suspended solids  COD: chemical oxygen demand  TPb: total lead 
TP: total phosphorous   TKN: total Kjeldahl nitrogen 

Oberts and Osgood, 1988, reported from a study on a Minnesota wetland system that pollutants can move through a 
wetland even when it appeared like the system was operating correctly. Table 2 lists the pollutant removal rates for 
snowmelt and for the two first rainfall events after snowmelt in a 2.5 ha, six-chambered, wetland treatment system. The 
wetland outlet was completely frozen during the winter and an accumulation of all melt events and base flow occurred 
in the final wetland chamber. The snowmelt and settled material stayed in the final wetland until the outlet gradually 
allowed all of the collected melt water to leave. However, the material had settled on ice layers and was washed away 
by the first two rainfalls that occurred about one week after the snowpack was entirely depleted. A way of improving 
the treatment in this situation would have been to keep the outlet open to prevent the formation of an ice layer, and then 
allowing detention to occur in contact with the wetland soils. The calculated removal rates both for ponds and wetland 
were based upon the mass inflows and outflows for each event, aggregated over the entire study period.  

Table 2: Mean pollution removal rates (%) of wetlands in treating either snowmelt or rain runoff in Minnesota (Oberts and 
Osgood, 1988) 

TSS VSS TP DP COD TKN NO3 TPb 
Snowmelt 82 78 68 68 74 53 54 71 
Two rainfalls after melt 4 15 6 -5 10 22 -20 39 

According to Marsalek (2003) the effects of chloride upon wetlands are not well understood but it is unlikely that 
there would be a significant risk of chloride accumulation due to the low water depths in wetlands.  

Oil and grit separators 
Oil and grit separators (OGS) are often used for small impervious areas to improve the stormwater quality where oil and 
petrol spills can be expected, e.g. at gasoline stations, industrial areas, and sometimes at urban transportation areas. 
Different types of OGS either perform sedimentation of grit and TSS, or flotation of oil and grease. Marsalek (2003) 
reported that deep storage compartment OGS, designed to prevent resuspension of solids, tend to accumulate dissolved salts 
and, especially, chlorides. The chemo-stratification could potentially hinder removal of fine suspended solids since the dense 
bottom layer might become a barrier against incoming stormwater. Furthermore, the chloride interference with trapped 
sediment and adsorbed heavy metals could allow potential metal leaching. Not many investigations are done on OGS 
performance focusing on cold climate performance, i.e. during snowmelt events. 

Gully pots 
Gully pots are maybe the most common BMP. Deposited sediments, and associated pollutants such as heavy metals and 
organic substances transported by stormwater, will be collected in the grit chambers of the gully pots (Karlsson, 2006). 
Of interest is the performance of specially designed filters installed in gully-pots for treatment of road runoff. Filter 
systems have been tested in-situ in Sweden in a stormwater management system that was constructed in Västerås, in 
1998 (Färm, 2003). The system consisted of a detention pond, the filter system and a constructed wetland and area 
catchment of 4.3 ha, including a highway with a high traffic density (20,000 vehicles/day). The results showed that the 
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filter system (consisting of calcium silicate rock) was not permeable after the winter period. Water could not pass 
through the filter and the clogging was probably caused by cementation of the material. As for OGS, not many studies 
have been done on filter systems in gully pots during snowmelt and thus, require further research.

Non-structural BMPs 
Stormwater quality can be amended, not only by structural devices, but also through measures where the source of 
pollutants can be effectively controlled (Chapter 8). Introduction of non-structural BMPs, such as street sweeping, a 
different snow handling strategy, gully put cleaning etc., or public education campaigns can reduce the need for 
treatment in structural BMPs.  

Street cleaning 

After snowmelt, street sweeping can be an efficient measure for removing sediment, and associated pollutants, before 
the sediment is washed off by rainfall (German, 2003). According to Ellis and Revitt (1982), street sweeping is 
particularly efficient in removing particles larger than 250 μm and therefore it might be expected that conventional 
street sweeping will have a small effect on the reduction of toxic runoff, since most metals have a greater affinity for 
smaller particles, which will be transported through the sewer system into receiving waters. However, despite that the 
metal content increases with a decreasing particle size, it was found in many studies that the largest metal loads were 
mostly associated with midrange to coarser particles, i.e. larger than 0.125 mm (Ellis and Revitt 1982; Stone and 
Marsalek, 1996; Sansalone and Tribouillard, 1999; German and Svensson, 2002). Stone and Marsalek (1996) found that 
less than 10% of the total metal load was in the smallest fraction; below 63 μm. Street sweeping is affecting the total 
available metal loadings as well as the elemental size distributions (Revitt and Ellis, 1980). Latter street sweeping 
experiences from Anchorage, Alaska, in 1999, showed tendencies of good street sweeping efficiency for particles 
greater than 100 μm (WMP, 2002). Recent studies from Canada have shown that street sweeping can remove sediments 
down to a few μm (Marsalek, 2006). According to Breault et al. (2005) most of the data related to sweeping efficiencies 
come from studies done in the late 1970s and in the beginning of 1980s, when street sweepers were nearly all 
mechanical and inefficient, or from manufacturers’ reports, most often published in trade journals. It was concluded that 
vacuum sweeper was 1.6 to 10 times more efficient, as compared to the mechanical sweeper, for all particle sizes (silt 
and clay <63 μm; very fine sand <125 μm; fine sand <250 μm; coarse sand < 2mm; 2 mm coarse sand) (Figure 5). The 
sweeper efficiencies are probably a function of total mass availability on street surface and location, with respect to the 
curb, particle-size distribution, and of variations of the sweeper operation.  

Figure 5: Street-sweeping efficiencies measured for the Pelican series P mechanical sweeper and the Johnston 605 
Series vacuum sweeper, New Bedford, Massachusetts (Breault et al., 2005). 

To investigate the efficiency of street-sweeping, experiments were performed in Jönköping, Sweden (German and 
Svensson, 2002). A six week study was conducted: (1) during the first three weeks (sweeping period 1) the street was 
swept once a week, (2) during the following three weeks (sweeping period 2) the street was swept every day (Table 3). 
Generally, an increasing frequency of sweeping increased the amount of removed sediment. However, the increased 
amount of sediment was not proportional to the increase in sweeping effort. The largest loads of metals and sediments 
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were found in the sandy fraction whereas it was concluded that street sweeping with modern sweeping equipment can 
be an effective pollutant control measure, in terms of removal of heavy metal loadings. 

Table 3: Removed sediments and heavy metals in sediment (< 0.25 mm) during the street sweeping test periods 
(German and Svensson, 2001). 

Sweeping period All (kg) Sediments < 0.25 mm (kg) Cr (g) Ni (g) Cu (g) Zn (g) Pb (g) 
1 37.9 6.3 0.4 0.1 1.5 1.2 0.2 
2 46.6 10 0.5 0.2 2.5 2.5 0.4 
1+2 84.5 16.3 0.9 0.3 4 3.7 0.6 

Snow handling practices 
For people in winter cities, snow gives joy as well as problems. One of the positive aspects with snow is the possibility 
for skiing and other outdoor activities; in addition, many people find a snowy city beautiful. Nevertheless, problems 
such as space limitations, poor accessibility and unsafe road conditions are caused, therefore making it important that 
the streets are cleared of snow. This is done by the city snow handling practices, which usually consist of removal, 
slipperiness control, transport, and dumping. These practices achieve the objective of road safety and uninterrupted 
traffic flow, but cause inconvenience due to the large number of vehicles involved during the ploughing and 
transportation of the snow. It presents an impact on the environment such as noise and exhausts fumes and, in addition, 
put great strain on the municipalities’ budget. The costs for winter road management are, together with the costs for 
maintenance of the pavement and street lightning, the largest operation costs for Swedish municipalities. Snow removed 
from streets and parking areas will be dumped either in water or on land. If the snow is dumped directly in a water 
course, all the substances are spread in the water. The particle-bound substances settle on the bottom, while the 
dissolved fractions, to a larger extent as compared to the particle-bound substances, enter the biological systems.  

A major part of the city snow must be transported to central snow deposits, which are usually located outside the city 
centre and housing areas. It is also rather common that snow is dumped into small deposit sites in city centres, the so-
called local snow deposits. An increased use of smaller snow deposits inside the city will give a more effective use of 
the resources. However, the surroundings may be affected in many ways; vegetation may be damaged by the snow 
weight and the melt water runoff and the plant growing season may be delayed. Under the snow deposit, the soil may be 
contaminated and the ground temperature will probably be affected. The snowmelt, with its content of pollutants, may 
cause environmental impacts on close recipients as well as the groundwater. The snowmelt induced runoff may cause 
damage to buildings due to large volumes of water during a short period. An increased number of local snow deposits 
will also affect the people. The deposits can be perceived as enrichment in the urban environment or as a problem. How 
will we handle the risk for personal injures, which can arise if children will use the snow piles as play-yards? 

The environment is heavily affected by the polluted snow and choice of snow management. One suggested strategy 
to improve the environmental effects is to sort the snow in different categories between less polluted snow and heavily 
polluted snow (Malmqvist, 1985; SEPA, 1983). Heavily polluted snow should be transported to a central snow deposit 
appropriately located, designed and operated in order to reduce negative environmental effects during the snowmelt 
period. In contrast, less polluted or clean snow can be dumped at storm water outlets. Consequently, snow-handling 
procedures can be a good example of non-structural BMPs, under cold climate conditions.  

CONCLUSION 
The different conditions during a cold climate, as compared to a temperate climate, have a great influence on the 
quantity and the quality. The concentrations and loads of TSS, particles, and associated pollutants during snowmelt 
events are high, especially during rain-on-snow events, compared to rain events (Oberts, 1994).  

An important factor for pollutant concentrations and loads during snowmelt are the conditions before the occurrence 
of the melt event i.e. how much material is present due to abrasives or de-icing chemicals, both on the road, and from 
snowpack elution (Figure 6). Has the temperature been below 0°C during the entire winter, or has intermittent melt 
events occurred? The number of particles in the snow pack will decrease throughout the melt period as wash-out is 
continuously taking place. However, the use of anti-skid material, for slippery road conditions, is a common practice in 
cold-climate regions: they occurr at several occasions throughout the melt period. Therefore, the availability of material 
might increase during parts of the snowmelt period. Also, of importance is the intensity of the lateral flow that is 
transporting the particles to the gully pot. This is predominantly important for the larger particles that need a high 
intensity lateral flow to be transported.  
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Figure 6: Difference in accumulated material at the same study site in Luleå, Sweden, during snowmelt (left) and rainfall 
events (right). 

The different factors governing the quantity and quality of snowmelt-induced and rainfall-induced runoff 
respectively suggest different treatment solutions in different climates or during different times of the year.

A comparison was made of heavy metal and TSS concentrations determined in stormwater runoff from a road with 
7400 vehicles per day, for both rainfall and snowmelt induced runoff (Westerlund et al., 2003) with concentrations for 
roads runoff (below 15,000 vehicles per day) calculated by the Swedish Road Administration (SRA). The Luleå study 
concentrations for heavy metals during the melt period were well in agreement with the suggested min–max range, 
while the concentrations for the rain period were slightly lower than suggested values. The concentrations for TSS 
during the melt period were much higher than the suggested concentrations, while the TSS concentrations for the rain 
period were within the suggested range. The calculated concentrations by the SRA, and by similar institutions in many 
other countries with a cold climate, could be improved by incorporating values for both rainfall - and snowmelt-induced 
runoff. As discussed earlier, the differences in content and composition of runoff between snowmelt and rainfall will 
affect the efficiency of various BMPs. In a study by Bäckström and Viklander (2000) three general indicators (runoff 
control, pollution control and level of integration) and a fourth indicator specific for cold climate (winter performance) 
were defined and estimated for a chosen set of stormwater BMPs (Table 4). The study was based on a literature review 
of stormwater BMPs and the score for each indicator ranged between low (--) to very high potential (++) effect. 

Table 4: Positive (+) and negative (-) effects of different stormwater components. 

 GENERAL INDICATORS 
STORMWATER BMPs Runoff control Pollution control Level of integration Winter performance 

Combined pipe system + - - - - - 
Separate pipe system (no treatment) + + - - - - - - 
Stormwater Infiltration  + + + + -
Percolation basin + + + +
Porous pavement + + + + + + 
Grassed swales and ditches + + + + + + 
Wet pond (including wetland) + + + + + +
Dry basin (dry pond) + + + -
Stormwater reuse (household) + - + - - 
Large-scale snow deposit + + - - +
Local snow deposit +/- - + + +/-

The general indicators were then plotted against the winter performance as seen in Figure 7. From this figure it was 
then possible to determine which BMPs were more or less suitable in a cold climate. Of course, this information is 
based upon literature reviews and on the perception of the authors: it should not be seen as a definite answer or solution 
to the best BMP to choose in a cold climate, but should instead be used as a base for discussion. 
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Figure 7: Winter performance vs. general performance indicators (Runoff control + Pollution control + Level of 
Integration) for different BMPs for stormwater source control in cold climate conditions. 

Knowledge about winter performance of BMPs is essential for decision making when dealing with stormwater 
treatment, snow handling, and street sweeping. Many BMPs developed for controlling flow and pollutants have showed 
reduced efficiencies or not work at all in winter, during snowy and icy conditions. Still, there is a good understanding of 
the processes behind the pollutant accumulation in and transport from snow. However, further research is needed on 
assessing snowmelt impact on receiving water bodies, modifying existing BMPs, and modelling of urban snowmelt 
quantity and quality (Oberts et al., 2000). To decrease impacts from road runoff in different climatic regions, it is 
therefore important to understand the dynamics of pollutants and then use this knowledge to predict and prevent 
environmental damage. 

This work was conducted within the DayWater project framework (Chapter 1). Although parts of it are mentioned in 
the BMP catalogue (Chapter 8), no specific ADSS component was developed for its valorisation. 
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Abstract In regions with cold climate the urban drainage and highway runoff processes become much more
complex, compared to temperate regions. Therefore, climatic conditions should be taken into account in
planning and design of BMPs and snow handling strategies. In order to increase the knowledge of road
runoff quality during melt and rain periods, respectively, measurements were carried out at a field site during
a two-month period. The field site was situated at Södra Hamnleden, a road with 7,400 vehicles/day, in the
central part of Luleå. Runoff samples were analysed for suspended solids and heavy metals (Pb, Cu, Cd, Ni
and Zn). The results showed that the concentrations of suspended solids, lead, copper and cadmium were
higher for the melt period, compared to rain generated runoff on the catchment without snow, and the
highest concentrations were found during the rain-on-snow events. The results indicate a flow dependent
increase in the concentration of suspended solids during the melt period. A comparison of the total mass of
suspended solids over a one-month period showed that the melt period produced about 3 times more
suspended solids. Metal elements during melt period were more particulate bound as compared to the rain
period characterised by a higher percentage of the dissolved fraction. 
Keywords Heavy metals; quality; road runoff; snowmelt; suspended solids

Introduction
During the last decade, treatment of stormwater and road runoff has been receiving increas-
ing attention. As a result of this, different types of treatment methods of stormwater have
been built in cities and along highways. These methods, often called Best Management
Practices (BMPs), change the path and final destination of water, as well as pollutants, in
urban areas. However, the available knowledge of the suitability and performance of these
BMPs in pollution control is inconsistent and the effect of various BMPs on receiving water
quality is poorly understood, or not known (Mikkelsen et al., 2001).

The functionality of a BMP will depend greatly on climatic conditions (Marsalek,
1991). The complexity of the urban hydrological cycle in a cold climate, with respect to
precipitation, hydrologic abstractions, and pollutant generation, accumulation and release
from snowpacks, results in many differences between cold and temperate climates. For
example, when rain falls on the ground without snow cover it instantaneously runs off or
infiltrates, whereas snow may accumulate on the ground and then be relocated due to snow
drifting and snow handling operations (Oberts, 1994). Total concentrations of metals and
solids are higher in snowmelt runoff compared to rainfall runoff. One reason is that
snowmelt runoff volume is smaller than that of a rainfall/runoff event. Another reason is
that the residence time of a snow bank can be up to months, during which time they act as
repositories trapping metals and solids (Sansalone and Buchberger, 1996). The snow is
continuously polluted through dry and wet deposition and gas adsorption. Additionally,
larger quantities of some substances are present during the cold period due to the heating of
buildings, burning of fuels, cold starts of engines, exhaust fumes, tyre-wear, and road wear
due to studded tyres. Also, snow handling and skid control with sand and salt addition con-
tribute to pollution and increased corrosion (Malmqvist, 1983). Another difference is an
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often larger contributing surface runoff area during snowmelt, compared to rain runoff, due
to the reduced infiltration capacity of the frozen ground (Bengtsson and Westerström,
1992). Research has shown that some of the largest annual runoff volumes can occur during
a rain-on-snow event (Westerström, 1984 and Bengtsson and Westerström, 1992). Due to
the mentioned differences depending on climatic conditions, it is of importance to give cold
climate conditions special consideration.

Objectives
The aim of this paper is to increase the knowledge about the quality of road runoff during a
melt period and a rain period. For that purpose the concentrations and the mass loads for
suspended solids and selected metals (total and dissolved) were studied.

Study area and methods
Field site

The site for the field measurements is a roadside at Södra Hamnleden in the central part of
the Luleå urban area. The samples were collected from two lanes, which are drained by a
curb and gutter system. The traffic density of the 6-metre-wide road is approximately 7,400
vehicles/day. The slope of the road surface towards the curb is 2.6%. The gutter inlet is con-
nected to a separate storm sewer that conveys runoff to a nearby receiving water body. The
gutter receives runoff from a 110 m long section of road (Bäckström, 2002).

Sampling

During the periods March 25 to April 25 and May 25 to June 26, 2000, flow measurements
were performed for all snowmelt, rain-on-snow and rainfall events (Table 1).

According to the Swedish Meteorological and Hydrological Institute there was an exist-
ing snow layer of varying depth during the first period, while the second period was repre-
sented by bare ground. Hence, the two periods will be referred to as the melt period and the
rain period, respectively, due to the climatic conditions during each period. In total there
were 16 events during the melt period and 12 during the rain period, although only the
events with three or more analyses performed for SS and total/dissolved heavy metals were
chosen for further studies (see Table 1). The gutter at the road surface was equipped with a
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Table 1 Number of analyses for SS and heavy metals during events

Melt period Rain period

Number of analyses during event Number of analyses during event

Date SS Metals Date SS Metals

March 25 2 – May 25* 12 3
March 26* 3 3 May 26* 14 3
March 28* 4 – May 28* 3 2
March 29 2 2 June 3–5* 7 –
March 30 1 – June 10 1 –
April 6* 6 3 June 11 2 –
April 7 2 – June 13* 24 4
April 8* 13 – June 19 1 –
April 9* 8 – June 20* 5 –
April 10* 10 – June 22* 8 –
April 14 1 – June 23* 22 –
April 15 2 – June 26 2 –
April 16 2 2
April 17* 21 7
April 23* 3 –
April 25* 25 5

* Events chosen for further studies (more than three samples were analysed for SS and heavy metals)



flow weir and an automatic water sampler (EPIC 1011), which was designed to take flow-
weighted samples. The measured parameters were the flow, concentration of suspended
solids and concentrations of total and dissolved heavy metals.

Laboratory analyses

The concentration of suspended solids (SS) was measured according to the Standard
Method SS 02 81 12. The concentrations of total and dissolved heavy metals were meas-
ured by ICP-MS and ICP-AES techniques at SGAB Analytica, Luleå, Sweden. The fraction
of dissolved heavy metals was attained by analysing the content of filtered samples (0.45
μm filter).

Data analyses

Event mean concentration and mass load calculations and statistical analyses were performed.
Event Mean Concentration, EMC, is calculated by dividing the mass load of a sub-

stance by the total runoff volume for each event (Huber, 1993).
The mass load (ML) of suspended solids and heavy metals during an event was calculat-

ed by numerically integrating constituent fluxes during short time intervals. The method
used is exemplified in Figure 1. ΔV1 was the accumulated volume at time t1, ΔV2 and ΔV3
were the means of the accumulated volume at t1 and t2, and so on. The mass loads for the
three estimated volumes were then calculated by multiplying the analysed concentrations
at t1, t2, and t3 by the associated volumes.

Statistical analyses were performed using the program Statgraphics to compare data
between the melt period and the rain period. First, box and whisker plots were used to
achieve a good data overview and to discover tendencies. Subsequently, t-tests were per-
formed, at a 95% confidence level, to test whether a statistically significant difference
occurred between the two periods or not.

Results and discussion
Hydrology

In general, the mean and maximum event flows during the melt period were lower com-
pared to the rain period except for the rain-on-snow events, as shown in Table 2. The reason
for the higher runoff of a rain-on-snow event, compared to a summer rain event, is that the
soil is saturated or frozen and the fast melting snow increases the runoff volume (Oberts,
1994).

Concentrations

Suspended solids. In general, the concentrations of SS seemed higher during the melt peri-
od (see Table 3), which could be explained by the amount of available material and flow.
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Figure 1 Method of estimating the volume used in mass load calculations



To determine if a significant difference existed between the EMCs of the melt and rain
periods, statistical analyses were performed. The box and whisker plot indicated a signifi-
cant difference between the two periods (see Figure 2).

To test this indication, a t-test was conducted. The t-test gave a p-value of less than 0.05,
which implied that the EMCs for the melt period were significantly higher compared to the
rain period at a confidence level of 95%.

The melt period contained two types of events, snowmelt events and rain-on-snow
events. As mentioned before, the concentrations were higher for both these types of events
when compared to the rain period without snow. However, the explanation for the higher
concentrations is different for these two types. The highest concentrations of SS 
were found during the rain-on-snow events most likely because the rainfall flushed the
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Table 2 Event duration (h), runoff volume (l), mean flow during the event (l/h), maximum flow during the
event (l/h) and the type of event for melt and rain periods. M =melt, R = Rain and S = Snow

Melt period Rain period

Date Event Runoff Mean flow Max. flow Type of Date Event Runoff Mean flow Max.flow Type of

duration vol. (l) (l/h) (l/h) event duration vol. (l) (l/h) (l/h) event

(h) (h)

March 26 6.5 334 51 108 M May 25 16 8,185 512 1,819 R
March 28 8 500 62.5 196 M May 26 15 4,266 284 3,419 R
April 6 11.5 852 74 750 M* May 28 8.5 779 92 1,404 R
April 8 10.5 1,241 118 325 M June 3–5 51.5 25,301 491 3,036 R
April 9 18 887 49 514 M June 13 7 5,724 818 4,946 R
April 10 11 2,219 202 961 R on S June 20 5.5 1,022 186 1,484 R
April 17 8 3,886 486 8,726 R on S June 22 4 1,545 386 2,707 R
April 23 7 379 54 272 R on S June 23 8 4,437 555 3,326 R
April 25 10 4,607 461 1,859 R on S
Sum 14,900 51,300

* Snow on snow

Table 3 Maximum, minimum, mean concentrations and EMC for suspended solids during the melt and rain
periods (mg/l)

Melt period Rain period

Date Min-max Mean St. dev. EMC Date Min-max Mean St. dev. EMC

March 26 110–730 373 320 374 May 25 37–200 83 50 104
March 28 160–280 232 53 228 May 26 76–310 178 92 120
April 6 380–860 605 187 551 May 28 30–53 38 13 36
April, 8 140–450 257 99 260 June 3–5 46–200 90 56 61
April 9 180–540 298 118 297 June 13 34–270 110 54 101
April 10 550–1,600 780 345 758 June 20 13–89 56 30 60
April 17 300–5,000 1368 1193 1640 June 22 7.1–33 18 10 19
April 23 65–200 128 68 131 June 23 2–43 14 12 15
April 25 240–1,600 667 278 764

Box-and-Whisker Plot
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Mean 555.822 64.525
Median 373.8 60.55
Variance 216977.0 1624.1
Standard deviation 465.808 40.3002
Minimum 131.3 14.7
Maximum 1640.1 120.1

Figure 2 Box and whisker plot for EMC with the related table



suspended solids accumulated in the snowbanks. In addition, the higher flow due to the rain
transported coarser materials, e.g. the material used for skid control, which had accumulat-
ed on the road surface. This conclusion agrees with the findings of Oberts (1994). The rea-
son for the higher concentrations during melt events, compared to the rainfall events, was
not only the lower flow but also due to a contribution of SS extracted from the melting
snowbank, as also reported by Sansalone and Buchberger (1996).

The SS concentrations for all events were plotted against the flow for the melt-and-rain
periods, respectively, in Figures 3 and 4. The events of April 17 and 25 had high flows,
which made it difficult to see the plotted concentrations vs. flow for the other events.
Therefore, two plots were made for the melt period – one with all events and the other with-
out these two events, as shown in Figures 3A and B. Figure 3B indicates a tendency of flow
dependent increase in the concentration of suspended solids during the melt period. This
tendency was also found in a study carried out in Cincinnati, Ohio (Sansalone and
Buchberger, 1996). However, when each event was analysed separately, this tendency was
not so clear.

For the rain period, the concentrations of SS were not flow dependent (see Figure 4), but
seemed to depend more on the inter-event time. Rain events following a period of dry
weather tended to produce higher concentrations, while rain events following shortly after
other events tended to produce lower concentrations.

Heavy metals. In general, the concentrations for all heavy metals seemed higher during the
melt period compared to the rain period (see Table 4). The box and whisker plots showed
tendencies of higher concentrations during melt periods compared to rain periods for all
metals. T-tests, at the 95% confidence level, confirmed that the EMCs for Cd, Cu and Pb
were higher during the melt period compared to the rain period. No statistical difference
was found for Ni and Zn. However, because of the relatively few analyses made for metals,
definite conclusions were difficult to draw.

The highest concentrations for all metals, as well as suspended solids, occurred during the
snow-on-rain events. This occurrence indicates that most metals were most likely particle-
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bound and therefore, the reason for the high concentrations would be the same as for suspend-
ed solids. Previous investigations have shown that a strong correlation exists between metals
and EMC for suspended solids from snowmelt runoff (Sansalone et al., 1995).

The concentrations for all metals, within both the melt period and the rain period, were
compared to the Swedish Environmental Protection Agency (1999) guidelines. The com-
parisons showed that the highest concentrations in the runoff, during both periods studied,
exceeded the threshold values, which cause high risks of effects on the ecosystem in receiv-
ing waters. Consequently, these metals should all be considered when runoff is treated at
Södra Hamnleden in Luleå.

C
. W

esterlund et al.

98

Table 4 Maximum, minimum, mean concentrations and EMC for total and dissolved Cd, Cu, Ni, Pb and Zn
during the melt-and rain period

Melt period          Rain period

Date Min-max Mean St. dev EMC Date Min.-max Mean St. dev EMC

Cadmium
Tot. (μg/l) March 26 0.1–0.3 0.2 0.12 0.2 May 25 0.08–0.21 0.16 0.07 0.12

April 6 0.5–0.7 0.6 0.13 0.4 May 26 0.11–0.27 0.20 0.08 0.03
April 17 0.3–1.9 0.9 0.55 0.4 June 13 0.07–0.35 0.18 0.13 0.04
April 25 0.3–0.7 0.5 0.15 0.3

Diss. (μg/l) March 26 0.04–0.06 0.05 0.012 0.05 May 25 0.03–0.04 0.03 0.009 0.02
April 6 0.02–0.03 0.03 0.005 0.02 May 26 0.03–0.05 0.04 0.015 0.01
April 17 0.01–0.04 0.02 0.012 0.01 June 13 0.05–0.07 0.04 0.025 0.01
April 25 0.02–0.03 0.02 0.004 0.01

Copper
Tot. (μg/l) March 26 29–52 37 13 37 May 25 14–39 30 14 22

April 6 85–125 111 22 65 May 26 23–54 40 15 5.6
April 17 50–465 199 146 103 June 13 16–85 45 31 10
April 25 62–134 98 30 43

Diss. (μg/l) March 26 11–14 13 1.670 13 May 25 5.8–9.1 7.7 1.7 5.3
April 6 4.4–6.2 5.2 0.917 3.5 May 26 4.2–6.5 5.2 1.2 0.7
April 17 2.4–5.6 3.5 1.130 1.3 June 13 9.6–16 8.6 6.0 2.0
April 25 2.4–6.5 4.1 1.683 1.6

Nickel
Tot. (μg/l) March 26 6.3–16 9.9 5.3 10 May 25 3.3–23 12 10.7 8.8

April 6 23–36 31 6.4 18 May 26 3.7–11 8.2 3.9 1.1
April 17 14–177 73 57 39 June 13 1.9–14 6.9 5.6 1.5
April 25 19–44 32 10 15

Diss. (μg/l) March 26 1.7–1.9 1.8 0.087 1.8 May 25 1.1–1.7 1.5 0.3 1.0
April 6 1.4–2.2 1.8 0.430 1.2 May 26 0.7–1.3 0.9 0.3 0.1
April 17 0.9–2.9 1.5 0.686 0.5 June 13 1.5–2.6 1.2 1.1 0.3
April 25 0.6–2.3 1.4 0.751 0.5

Lead
Tot. (μg/l) March 26 8.5–31 16 12 16 May 25 5.1–19 14 7.5 10

April 6 33–48 42 7.7 25 May 26 9.9–25 19 8.0 2.6
April 17 27–168 80 50 40 June 13 7.0–30 17 10.4 3.9
April 25 24–59 39 14 18

Diss. (μg/l) March 26 0.1–0.2 0.14 0.02 0.14 May 25 0.2–0.6 0.4 0.2 0.3
April 6 0.2–0.3 0.25 0.04 0.16 May 26 0.2–0.3 0.3 0.1 0.0
April 17 0.2–0.4 0.24 0.06 0.10 June 13 0.3–0.4 0.2 0.2 0.1
April 25 0.2–0.3 0.23 0.04 0.12

Zinc
Tot. (μg/l) March 26 83–147 105 37 105 May 25 55–168 130 65 97

April 6 334–436 395 54 238 May 26 89–207 150 59 21
April 17 235–1680 791 514 393 June 13 42–358 169 143 37
April 25 252–607 410 138 181

Diss. (μg/l) March 26 11–16 14 2.6 14 May 25 22–50 34 14 25
April 6 11–14 12 1.8 8.0 May 26 23–49 33 14 4.6
April 17 7.1–22 12 6.6 4.2 June 13 62–117 55 46 12
April25 10–20 14 4.0 5.4



There was no statistical proof or any tendencies that the EMCs of the dissolved fraction for
any metals would be higher during melt period compared to rain period or vice versa.
However, there were tendencies for the maximum values of the dissolved metals to be higher
during the rain period, except for Ni. Also, the t-test showed that the maximum values for Zn
were, at a 95% confidence level, higher during the rain period compared to the melt period.

Mass loads

Suspended solids. Mass loads were calculated for SS during melt and rain periods (see
Table 5). The t-test showed that, at a 95% significance level, there was no difference for the
mass loads between melt and rain periods. However, when the sums of mass loads for 
the two periods were compared, they were about 3 times higher for the melt period. It can
also be seen that the mass load was increasing in time for the events within the melt period
and that the greatest loads came during the rain-on-snow events. This could be explained by
the larger amount of available material during the melt period, which the higher flows
during the rain-on-snow events could transport to the gutter.

Heavy metals. The t-test, at a 95% significance level, indicated no difference in mass loads
between the melt and rain periods. On the other hand, the mass load sums for all metals
were higher during the melt period compared to the rain period. On the contrary, dissolved
metal loads were higher during the rain period.

When examining the percentage of dissolved/total heavy metals in Figure 5, it was clear
that during the melt period more metals were particulate-bound as compared to the rain
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Table 5 Mass load of SS for melt and rain periods respectively

Melt period Rain period

Date Mass load SS (kg) Date Mass load SS (kg)

March 26 0.12 May 25 0.85
March 28 0.11 May 26 0.51
April 6 0.47 May 28 0.03
April 8 0.32 June 3–5 1.54
April 9 0.26 June 13 0.58
April 10 1.68 June 20 0.06
April 17 6.37 June 22 0.03
April 23 0.05 June 23 0.07
April 25 3.52
Sum 13 Sum 4

Table 6 Mass load of heavy metals for melt and rain periods respectively

Melt period Rain period

Date Cd Cu Ni Pb Zn Date Cd Cu Ni Pb Zn

Total (mg) March 26 0.07 12 3.3 5.4 35 May 25 0.97 183 72 85 796
April 6 0.32 55 15 21 202 May 26 0.12 24 4.9 11 90
April 17 1.7 401 149 153 1526 June 13 0.24 58 8.7 22 213
April 25 1.2 200 68 82 834
Sum 3.3 668 235 261 2597 Sum 1.3 265 86 118 1099

Diss. (mg) March 26 0.02 4.3 0.61 0.05 4.6 May 25 0.19 43 8.3 2.5 201
April 6 0.01 3.0 1.0 0.14 6.8 May 26 0.02 3.0 0.53 0.15 20
April 17 0.02 5.0 2.1 0.38 16 June 13 0.05 11 1.5 0.31 70
April 25 0.05 7.4 2.5 0.54 25
Sum 0.1 20 6 1 52 Sum 0.3 57 10 3 291



period with a higher percentage of the dissolved fraction, which confirms the earlier discus-
sion in the section on concentrations of metals that most of the metals during the melt
period were particle-bound. This was also found in the study carried out in Cincinnati, Ohio
(Sansalone and Buchberger, 1996).

The differences, in content and composition of road runoff, between melt and rain
periods will affect the effectiveness of various BMPs. This knowledge is essential for deci-
sion making when dealing with road runoff treatment, snow handling and street sweeping.
For example, since the highest concentrations of suspended solids, as well as metals, were
found during rain-on-snow events, one way to reduce the concentrations in the melt runoff
could be to clear the road surface before the melt period begins. After that, when the road
surface is bare, the remaining material should be swept as soon as possible followed by
repeated sweepings which will keep the road surface clean.

Conclusions
The different conditions during the melt period and the rain period with no snow on the
ground were found to have a great influence on the quality, i.e. concentrations and mass
loads of suspended solids and heavy metals, of road runoff from Södra Hamnleden, Luleå.

The flows, mean and maximum, for the melt period events were lower compared to the
rain period events, except for the rain-on-snow events. The intensity of the flow together
with the amount of available material influenced the concentrations and mass loads of sus-
pended solids and heavy metals during the melt period.

The concentrations of suspended solids were higher during the melt period compared to
the rain period; the highest concentrations occurred during rain-on-snow events. A
tendency of flow dependent increase was shown for the concentrations of suspended solids
during the melt period while this could not be detected for the rain period.

The results indicated higher concentrations of all heavy metals during the melt period
compared to the rain period, although statistical tests could not support this for all the
metals studied. The results for the dissolved fraction of the metals were much more compli-
cated, i.e. no clear conclusions could be drawn.

The detected concentrations of heavy metals during both the melt and the rain periods
were compared to threshold values according to the Swedish Environmental Protection
Agency. The conclusion made from these comparisons was that all metals should be
considered when runoff is treated at Södra Hamnleden in Luleå.

The mass load for suspended solids was about 3 times higher for the melt period com-
pared to the rain period. The same comparison was made for all heavy metals, which
showed higher mass loads during the melt period compared to the rain period. On the con-
trary, dissolved heavy metal loads were higher during the rain period. It was also shown
that more heavy metals were particulate-bound during the melt period as compared to the
rain period with a higher percentage of the dissolved fraction.
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Abstract

This study analysed road runoff in northern Sweden with respect to the concentrations of and the loads of particles in

different size fractions (4–6, 6–9, 9–15, 15–25, 25–40, and 40–120 Am) between a snowmelt period and a rainfall period, as

well as during events within each period. There are also comparisons of the transport of different particle sizes between the two

periods and during events within the periods and discussions on how different metals are associated with the varying particle

sizes. The results showed, on average, eight times higher concentrations and five times higher loads of particles during the

snowmelt period compared to the rain period for all particle size intervals. Using a t-test with 14 degrees of freedom, at a 90%

and 95% confidence level, the mean- and the event mean concentrations of all particle size intervals were higher during the melt

period compared to the rain period. Also, the particle concentrations for both periods decrease as the particle size increases.

During the snowmelt and rainfall period, important factors influencing the concentrations and loads were the availability of

material, the intensity of the lateral flow for the transport of the particles, and, additionally, for the rain period, the length of dry

weather in between events. During the melt period, investigated particle sizes and TSS were highly correlated with total

concentrations of Cd, Cu, Ni, Pb, and Zn. During the rain period, the correlations between total metal concentrations and the

different particle sizes were not as significant.

D 2005 Elsevier B.V. All rights reserved.

Keywords: Cold climate; Metals; Particle size distribution; Road runoff; Snowmelt

1. Introduction

In the northern part of Sweden, the snowfall is not

prone to melt for 4 to 6 months through the winter

period. For safety reasons, the maintenance of roads

and highways during this period is very important.

Large amounts of snow are ploughed to the sides and

redistributed in different ways within, and sometimes

outside, the urban area. The snow can be left as snow

banks on the side of the road or transported to a local

or central snow deposit (Reinosdotter et al., 2003).

Relocation of snow due to snow handling will affect

the environmental impact because the recipient at
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snowmelt will be different than the recipient of rain-

fall in the summer.

Another important part of the winter maintenance

is protection against icy and slippery road conditions.

In many parts of the world with a cold climate, large

amounts of salt are used to keep a bare-road policy

(Marsalek, 2003). However, in the very north of

Sweden, the temperatures are often too low for salt,

in the form of NaCl, to effectively melt snow or ice.

Instead, the extensive amounts of sand continuously

put on the roads accumulate during the winter period.

After the snowmelt period, large amounts of sand and

grit, with their associated pollutants, are left on the

streets. The sand is collected by street-sweeping

machines and often deposited. Ellis and Rewitt

(1982) suggested that street sweeping is efficient in

removing particles greater than 250 Am. The street-

sweeping machines are becoming better (Sutherland

and Jelen, 1997) and recent research (German and

Svensson, 2001) has shown that street sweeping is

an efficient method of removing sediments and metals

from a street’s surface. However, a large amount of

finer particles is still left on the surface, which, during

snowmelt, will be transported to a recipient or through

the sewerage system to a treatment plant. In the latter

case, the treatment plant and sewer systems are

affected by the melt water because large volumes

during short periods lead to overflow and less effec-

tiveness in the treatment plant due to low temperatures

and the content of substances that the treatment plant

is not built to remove.

The interest in snow and snowmelt-induced runoff

started around 1970 when an increased acidity in

many watercourses in Sweden and Norway was

reported (Odén, 1968; Jensen and Snevik, 1972).

Acid snow is one reason for fish kill and reproduction

failures in these lakes. This impact was studied only

for rural areas while the studies in urban areas were

focused on salt usage along roads and its effects on

roadside vegetation (Thomas, 1965) and pollution of

ground water (Hanes et al., 1970; Pilon and Howard,

1987). In addition to the effects of salt, snowmelt can

cause environmental damage on water, soil, vegeta-

tion, and animals as a result of different pollutants,

such as metals.

Storm water levels of Zn, Cu, Cd, Pb, Cr, and Ni

are considerably above ambient background levels,

and for many roadways, Cu, Pb, and Cd often exceed

US EPA surface-water discharge criteria (Sansalone

and Buchberger, 1997). These heavy metals are pre-

sent in both snowmelt- and rainfall-induced runoff.

However, the snowmelt levels for these metals and

suspended solids can be several orders of magnitude

higher compared to those in rainfall runoff (Sansalone

and Buchberger, 1996). Snowmelt may occur during a

short period in the spring and, during this time, the

incoming load to the recipient can momentarily be

very high. The impacts can either be acute toxic or

arise after a long period of time, depending on the

concentrations of the pollutants. When the runoff

finally reaches the recipient, its impact will depend

on the quality of the runoff, such as concentrations of

pollutants, volume, flow, and temperature, and on the

sensitivity of the recipient.

2. Objectives

The objective of this article is to compare concen-

trations and loads of particles in different size frac-

tions between a snowmelt period and a rainfall period,

as well as between events within each period. There

are also comparisons of the transport of different

particles sizes between the two periods and during

events within each period and discussions on how

different metals are associated with the varying parti-

cle sizes.

3. Study area and methods

3.1. Field site

The sampling operation was performed in an

urban experimental facility in the central parts of

Luleå in northern Sweden. The facility consists of

a manhole connected to a gully-pot that receives

runoff from a road surface approximately 6�110

m during rainfall. However, during snowmelt or

rain-on-snow events, the contributing area is larger

because the snow banks on the side of the road are

contributing runoff.

The traffic intensity of the investigated road is

about 7400 vehicles/day.

The runoff is conveyed to a nearby water recipient

via a separate storm-water sewer.
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3.2. Sampling

The sampling in 2000 was conducted from March

25 to June 26, where continuous flow measurements

were made for snowmelt, rain-on-snow, and rainfall

events. Analyses of suspended solids (SS), particle-

size distribution, total and dissolved heavy metals,

pH, and conductivity were performed during a selec-

tion of these events.

In this article, the particle size distribution and total

and dissolved heavy metals were considered (see

Table 1). From March 25 through April 25, there

was an existing snow layer of varying depth, while

the latter part of the sampling period featured bare

ground. Thus, these two periods will be referred to as

the melt period and the rain period, respectively.

The gutter at the road surface was equipped with a

flow weir and an automatic water sampler (EPIC

1011), which was designed to take flow-weighted

samples. The temperature was measured at the field

site every 48 min from March 20 to May 19, with a

Tinytalk data logger. Precipitation measurements,

measured every 12 h, were received from the closest

meteorological station, Kallax airport, located 7 km

away.

3.3. Laboratory analyses

The particle size distribution was analysed with a

Coulter Multisizer II particle counter for particles

within the range of 4 to 120 Am. This equipment

sizes and counts particles by measuring changes in

Table 1

Catchment hydrology and analyses.

Melt period Rain period

Date Event

duration

(h)

Runoff

volume

(l)

Mean.

flow

(l/h)

Max.

flow

(l/h)

Type of

event

Date Event

duration

(h)

Runoff

volume

(l)

Mean.

flow

(l/h)

Max.

flow

(l/h)

Type

of event

March 25 5 190 40 110 M May 19 16 210 10 10 R

March 261 6.5 330 50 110 M May 251 16 8200 510 1800 R

March 281 8 500 60 200 M May 261 15 4300 280 3400 R

March 29 8 570 70 220 M May 27 7 40 6 30 R

March 30 8.5 70 9 30 M May 28 8.5 780 90 1400 R

April 1 2 10 5 8 M June 3–5 51.5 12000 240 3000 R

April 2 1.5 10 8 20 M June 10–11 11 680 60 1400 R

April 4 5 10 2 5 M June 131 7 5700 820 4900 R

April 61 11.5 850 70 750 M June 18–19 7.5 60 9 30 R

April 7 11 830 70 310 M June 19–20 7.5 200 30 250 R

April 8 10.5 1200 120 330 M June 20 5.5 1000 190 1500 R

April 9 12 2100 180 510 M June 22 4 1500 390 2700 R

April 9–10 6 160 30 100 M June 23 8 4400 560 3300 R

April 10 11 2900 270 960 R on S June 25 8.5 20 2 5 R

April 10–11 24 470 20 360 M June 26 21 1700 80 8800 R

April 12 11 150 10 130 R on S

April 12–13 10.5 120 10 30 R on S

April 13 5.5 40 7 30 M

April 14–15 26 590 20 270 R on S

April 16 8.5 300 40 150 R on S

April 171 8 3900 490 8700 R on S

April 18 12 360 30 140 R on S

April 23 7 380 50 270 R on S

April 251 10 4600 460 1900 R on S

Sum 16,000 Sum 26,000

Sum 21,000 Sum 41,000

M=melt, R=rain and S=snow.
1 z3 analyses made for heavy metals.

Bolded dates are events where particle size analyses were performed.
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electrical impedance produced by non-conductive par-

ticles suspended in an electrolyte.

The concentration of suspended solids (SS) was

measured according to the standard method SS-EN

872, which has the status of the European Standard

EN 872: 1996. This standard specifies a method for

determination of suspended solids by filtration

through glass fibre filters. The lower limit of detection

is 2 mg/l. No upper limit has been established. The

concentrations of suspended solids were determined

by immediately filtering the samples through a What-

man GF/A filter (Whatman International Ltd., Maid-

stone, UK). The filter has an average nominal pore

size of 1.6 Am, a thickness of 0.25 mm, and a rate of

filtration of 13 ml/s. The filters were weighed before

the filtration and subsequently dried and weighed

again after the filtration to determine the concentration

of suspended solids (EN 872, 1996 and SIS, 1996).

The concentrations of total and dissolved heavy

metals for Cd, Cu, Ni, Pb, and Zn were measured

by ICP-AES and ICP-SFMS techniques (Manufac-

turer; Thermo Finnigan, Model; Element ) at SGAB

Analytica, Luleå, Sweden. These metals were chosen

since they are important from an environmental point

of view.

Isotopes which has been analysed with ICP-SFMS

are following; Cd111(LR), Cd114(LR), Pb206(LR),

Pb207(LR), Pb208(LR), Fe56(MR), Ni60(MR),

Cu63(MR), Cu65(MR), Zn64(MR), and Zn66(MR)

(LR= low resolution (about 300) and MR=medium

resolution (about 4000)).

The optimisation of ICP-SFMS was firstly done by

a mass calibration and then an oxide formation with

BaO where BaO154/BaO 138 should be b0.5%
(usually about 0.1%). Doubly charged ions, Ba++69/

Ba138, should be b5% (usually about 1%) and the

sensitivity, In115, was N100 MHz/ppm (usually 200–

400 MHz/ppm).

The method of quantification was quantitative. The

detection limits for the total concentrations of heavy

metals were the following; Cd(0.05 Ag/l), Cu(1 Ag/l),
Ni(0.6 Ag/l), Pb(0.6 Ag/l), and Zn(4 Ag/l). The detec-

tion limits for the dissolved concentrations of heavy

metals were the following; Cd (0.002 Ag/l), Cu(0.1
Ag/l), Ni(0.05 Ag/l), Pb(0.01 Ag/l), and Zn(0.2 Ag/l).
High resolution ICP-SFMS was used so most of the

polyatomic interferences are gone (especially for Na,

Mg and Ca). During the evaluation, many of the

elements were corrected for polyatomic interferences

and isotopes with the same mass. For example Cd was

corrected for interferences by Mo and Sn. For ana-

lyses of the water samples, two different manufac-

turers of every element standards were used. Every

calibration solution was made out of standards man-

ufactured by bUltra Scientific" and every reported

element was represented in that standard. Synthetic

reference materials and quality control standards were

made from standards of the manufacturer bHigh Pur-

ity StandardsQ and every element that Analytica is

accredited for was represented in the standard.

These standards have to be approved and cannot differ

by more than 10%. Control diagrams were used for all

control solutions and reference material.

The analyses of total metal concentrations were

made by ICP-SFMS for Cd, Ni and Pb and ICP-AES

for Cu and Zn. Before the analyses, the metals were

extracted from the particles by digestion with a 20 ml

sample and 2 ml suprapur HNO3, which was processed

in sealed teflon containers in a specially modified

microwave oven for 50 min at a temperature of 160

8C. This enables far more rapid dissolution compared

to the traditional technique (i.e. using open vessels on a

hotplate). It also prevents the loss of volatile elements

and avoids contamination from the environment.

The fraction of dissolved heavy metals was

attained by analysing the content of filtered samples.

The used filter was a 0.45 Am syringe filter manufac-

tured in the United States by Sarstedt. Subsequently, it

was added 1 ml HNO3 for every 100 ml of the sample.

The analyses for all dissolved metals were made by

ICP-SFMS.

4. Results and discussion

4.1. Climatological data

The temperature and precipitation data at the study

site during the sampling period (2000) is presented by

the hyetograph in Fig. 1. The precipitation was very

large during April 4 to 6. The explanation behind the

fact that there was no runoff event during these dates

is that the temperature was below zero so the preci-

pitation, falling as snow, was stored in the snowpack

until the temperature was above zero or that the sun

radiation was strong enough to melt the snow. There is
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no temperature data after May 19 since the tempera-

ture was consistently above zero, and the precipitation

was falling as rain. After the end of the melt period,

there was one month of dry weather until May 25

(apart from one small rain on May 19).

4.2. Hydrology

The catchment hydrology for every event with a

runoff volume of more or equal to 10 l during the melt

and the rain period is presented in Table 1. There are

tendencies of lower mean and maximum event flows

during the melt period compared to the rain period

except for the rain-on-snow events, as shown in Table

1. The reason for the higher runoff of a rain-on-snow

event, compared to a summer rain event, is that the

soil is saturated or frozen and the rain together with

the fast melting snow increases the runoff volume

(Oberts, 1994).

The bolded dates are events where three or more

particle size distribution analyses were performed.

These events are studied further in this paper.

4.3. Concentrations of particles

The concentrations of particles denote the number

of particles per volume and event mean concentration

denotes the event number of particles per event vol-

ume. The original particle data was condensed into six

particle size intervals: 4–6, 6–9, 9–15, 15–25, 25–40,

and 40–120 Am. bSmaller particlesQ refers to particle

sizes: 4–6, 6–9, and 9–15 Am, and the blarger particlesQ

refers to particle sizes: 15–25, 25–40, and 40–120 Am.

The results for May 25 are presented in the paper, how-

ever, no conclusions could be made from this event and

therefore it was not further discussed in this paper.

4.3.1. Differences between the melt period and the

rain period

Events analysed for particle size during the snow-

melt period had, on average, 8 times higher number of

particles per litre of runoff, in the size range 4–120

Am, compared to the rain period. The higher concen-

trations for events during the melt period were also

found for suspended solids by Westerlund et al.

(2003). Another study in Cincinnati, Ohio showed

that total metal elements and solids concentrations

are higher in snowmelt-induced runoff compared to

rainfall runoff. This difference was explained by the

lower runoff volume during snowmelt compared to

rainfall runoff and the long residence time of a snow-

bank, where the snow is continuously polluted (San-

salone and Buchberger, 1996).

When mean and the event mean concentrations for

all six particle size intervals during the two periods

were compared, the values for the melt period seemed

to be higher than those for the rain period (see Table 2).

To authenticate this, a statistical test was performed

using the statistical programme Statgraphics. The test

was a two-sample comparison of the means, a t-test, for

the event mean concentrations and the mean values of

the concentrations of the six particle size intervals bet-

ween the two periods. According to the t-test, using 14

degrees of freedom, at a 95% confidence level, the
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Fig. 1. Temperature and precipitation data for the sampling period.
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Table 2

Minimum-, maximum-, mean-, and event mean concentrations for different particle sizes during the melt and rain period, respectively (number

of particles/ml)

Size Melt period Rain period

fraction
Date Minimum–

maximum

conc. (*103)

Mean

conc.

(*103)

Standard

deviation

(*103)

Event mean

conc (*103)

Date Minimum–

maximum

conc. (*103)

Mean

conc.

(*103)

Standard

deviation

(*103)

Event mean

conc. (*103)

4–6 April 6 500–1000 750 200 710 May 25 10–130 50 40 90

April 8 200–700 400 170 400 May 26 80–280 150 60 150

April 9 200–600 390 130 300 May 28 40–70 50 10 50

April 10 600–1 100 800 150 850 June 13 30–350 80 60 80

April 17 100–2 600 1000 750 1200 June 20 10–60 40 20 40

April 23 70–230 140 85 150 June 22 9–40 20 10 20

April 25 300–1 000 550 220 470 June 23 2–30 10 8 10

6–9 April 6 90–220 160 50 140 May 25 3–30 10 10 20

April 8 30–130 65 30 65 May 26 30–100 60 20 60

April 9 40–170 80 40 60 May 28 7–20 10 5 10

April 10 160–320 220 40 210 June 13 10–80 30 20 30

April 17 20–1 140 350 310 420 June 20 3–30 20 10 20

April 23 10–40 25 15 30 June 22 3–10 8 4 8

April 25 70–370 220 75 210 June 23 0.7–10 6 4 6

9–15 April 6 20–60 40 20 30 May 25 2–6 3 2 5

April 8 6–30 10 7 10 May 26 10–30 20 9 20

April 9 7–50 20 10 10 May 28 2–4 3 1 3

April 10 30–80 50 20 50 June 13 4–30 10 6 10

April 17 5–420 110 100 140 June 20 1–10 6 4 7

April 23 2–5 4 2 4 June 22 1–5 3 1 3

April 25 15–130 70 30 70 June 23 0.2–7 3 2 3

15–25 April 6 3–9 6 2 5 May 25 0.4–2 1 0 1

April 8 2–5 3 1 3 May 26 2–6 4 2 3

April 9 2–10 4 3 3 May 28 0.6–1 1 0 1

April 10 3–11 7 3 6 June 13 0.5–6 2 1 2

April 17 1–83 20 20 20 June 20 0.3–2 1 1 1

April 23 0.5–1 0.7 0.2 0.7 June 22 0.2–1 0.5 0.3 0.5

April 25 1.3–43 10 8 14 June 23 0.03–1 0.5 0.4 0.5

25–40 April 6 1–3 2.2 0.7 2 May 25 0.06–0.7 0.3 0.2 0.3

April 8 1–4 1.9 0.9 1.9 May 26 0.3–1 0.9 0.3 0.9

April 9 0.6–3 1.8 0.9 1.9 May 28 0.2–0.4 0.3 0.1 0.3

April 10 0.5–4 1.8 1.1 1.8 June 13 0.2–0.8 0.5 0.2 0.4

April 17 0.1–16 3.8 3.5 4.8 June 20 0.2–0.7 0.4 0.3 0.4

April 23 0.1–0.5 0.3 0.2 0.3 June 22 0.06–0.3 0.2 0.1 0.2

April 25 0.6–9 2.2 1.5 2.9 June 23 0.01–0.3 0.1 0.1 0.1

40–120 April 6 0.3–2 1 0.4 0.8 May 25 0.02–0.4 0.2 0.1 0.1

April 8 0.3–3 1.3 0.8 1.2 May 26 0.05–0.6 0.4 0.2 0.4

April 9 0.1–3 1.1 0.9 1.8 May 28 0.2–0.3 0.2 0 0.2

April 10 0.2–2 0.8 0.6 1 June 13 0.06–0.4 0.2 0.1 0.2

April 17 0.07–6 1.2 1.4 1.7 June 20 0.08–0.4 0.2 0.1 0.2

April 23 0.05–0.3 0.1 0.1 0.2 June 22 0.03–0.2 0.1 0.1 0.1

April 25 0.08–2 0.8 0.6 0.7 June 23 0.01–0.2 0.1 0.1 0.1
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mean of the concentrations during the melt period was

significantly higher compared to the mean during the

rain period for all particle size intervals. The same was

concluded from the t-tests of the event mean concen-

trations, apart from the intervals 9–15 and 15–25 Am,

where the confidence level was 90% instead of 95%.

It was observed that a larger flow implied a larger

spread for the standard deviation of particle concen-

trations during both periods. This larger spread was

evident since the variation in flow will affect the

particle concentrations. Also, there were decreasing

particle concentrations with larger particle sizes for

both periods (see Table 2).

4.3.2. Differences between events during the melt

period

When the event mean concentrations of the size

fractions 4–6, 6–9, 9–15, and 15–25 Am were exam-

ined, the concentration of particles between the first

and the second event during the melt period had

decreased (see Table 2). The runoff from these events

was snowmelt-induced runoff, which initially con-

tained higher concentrations due to a low flow and

high concentrations of available particles accumulated

during the winter period. This result was not applic-

able for the two largest particles (25–40 and 40–120

Am), which explains why a higher flow was needed to

transport these particles. Transportation of the parti-

cles refers not only to the transport on the road caused

by the lateral flow but also to the transport of particles

from the snow pack to the road, i.e., elution.

The first rain-on-snow event was April 10, which

was reflected by the increasing number of particles for

the size fractions 4–25 Am. The increase was caused

by the rain-on-snow giving a bflushQ through the snow
pack that was able to elute more particles. This

increase was not visible for the two largest fractions,

which again was due to the required larger flow.

The largest event, in terms of maximum and mean

flow, during the snowmelt period was April 17. This

rain-on-snow event had the highest energy to transport

the largest number of particles for all size fractions.

However, April 9 had about the same event mean

concentration for the largest size fraction, 40–120

Am. This result was not expected because the mean

and max flow was much lower during April 9.

April 23 had the lowest number of particles during

the melt period for all size fractions. The low numbers

of particles was due to event attributes as low max-

imum and mean flow as well as being an end-of-season

event. The second largest event was April 25, which

resulted in an increase in event mean concentration.

Consequently, during the snowmelt period, an

important factor for event mean concentrations seemed

to be howmuch material was available both on the road

and through elution from the snow pack during the melt

period when the event was occurring. The number of

particles in the snow pack decreased throughout the

melt period as washout was continuously taking place.

However, a common practice in this cold-climate

region is to use anti-skid material whenever roads

become slippery. Using such material could have

occurred at several occasions throughout the melt per-

iod; therefore, the availability of material might have

increased during parts of the period. Also important

was the intensity of the lateral flow that was transport-

ing the particles to the gully pot. This intensity was

predominantly important for the larger particles that

needed a high intensity lateral flow to be transported.

4.3.3. Differences between events during the rain

period

During the rain period, the highest event mean con-

centrations were found on May 26 for every particle

size interval (see Table 2). As discussed for the melt

period, the larger particles required a higher lateral flow

to be transported. Consequently, high event mean con-

centrations for the larger particles were found at events

with high overland flows, such as May 26 and June 13.

Despite the street sweeping, a certain amount of

particulate matter would still have been left on the street

at the beginning of the rain period. The number of

particles was expected to decrease with time, as rain

events occurred. However, in between the rain events,

pollutants build up on the street surface. Higher event

mean concentrations for the all particles were found for

May 26 compared to June 13, in spite of the higher

overland flow for June 13, most likely due to more

material having been available, i.e., the residuals from

the street sweeping.

The higher event mean concentrations for all parti-

cle sizes during June 20 compared to those for the two

following events, even though a high overland flow

occurred during June 23, are explained by the reduction

of initial residuals throughout the rain period and by the

longer build-up period previous to June 20.
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During the rain period, the most important factors

in terms of influencing the concentrations and event

mean concentrations seemed to be the length of dry

weather in between rain events and the intensity of the

overland flow. Also important was the amount of

available material, the residuals from the street sweep-

ing, at the beginning of the rain period. According to

Sansalone et al. (1998), the primary variables control-

ling solids and particle delivery are runoff rate and

duration as well as traffic intensity.

4.4. Mass load of particles

4.4.1. Differences between the melt period and the

rain period

Events analysed for particle size during the snow-

melt period had about 5 times higher number of

particles in the size range 4–120 Am compared to

the rain period. The higher loads for events during

the melt period were also found for suspended solids

and total heavy metals by Westerlund et al. (2003).

During the two sampling periods, some recorded

events could not be sampled and as a result a certain

percentage of the total load was unavailable for ana-

lysis. To compensate for this unaccounted load, it was

assumed that the missing load was proportional to the

runoff volume of the non-analysed events. Thus, the

total volumes of the non-analysed events, 16,000 and

26,000 l, was compared to the total runoff volume for

all events, 21,000 and 41,000 l, for the melt and rain

period, respectively (see Table 1). Consequently, 24%

and 37% of the total melt and rain runoff was attrib-

uted to the non-analysed events and these same per-

centages were used to arrive at the missing loads.

However, the assumption used above does not always

hold as an increase in flow does not imply a linear

response in the increase in particle transport. Consid-

ering the assumption, further investigation of the two

sampling periods showed that the number of particles

within the different size fractions was 3–5 times

greater during the melt period as opposed to the rain

period. Furthermore, the melt period had around 5

times the load of the rain period for the total number

of particles, 4–120 Am (see Table 3).

The events during the melt period had, on average,

75% of the total number of particles in the size frac-

Table 3

Number of particles (E *8) for different particle sizes (Am) for events during both periods

Date Number of particles (E *8) during event within the different size fractions Total number of particles

4–120 Am (E *8)
4–6 Am 6–9 Am 9–15 Am 15–25 Am 25–40 Am 40–120 Am

Melt period

April 6 6000 1200 280 46 17 7 7500

April 8 5000 810 170 39 24 20 6100

April 9 6400 1300 310 73 40 40 8200

April 10 25,000 6200 1300 190 53 30 33,000

April 17 45,000 16,000 5300 940 190 70 68,000

April 23 550 100 10 3 1 0.6 670

April 25 22,000 9800 3400 640 130 30 36,000

Total 110,000 36,000 11,000 1900 460 190 160,000

Total* 140,000 44,000 13,000 2400 560 240 200,000

Rain period

May 25 7700 1900 400 80 20 10 10,000

May 26 6500 2500 850 140 40 20 10,000

May 28 390 100 20 7 2 2 520

June 13 4700 1800 740 120 24 10 440

June 20 450 180 70 10 5 3 720

June 22 320 120 40 7 3 2 500

June 23 580 270 120 20 6 4 990

Total 21,000 6900 2200 400 97 50 30,000

Total* 28,000 9500 3100 540 130 70 42,000

*Total number of particles after compensation for missing loads.
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tion 4–6 Am, 19% in the size fraction 6–9 Am, 5% for

9–15 Am, 1% for 15–25 Am, b1% for 25–40 Am, and

b1% for 40–120 Am. The corresponding numbers for

the rain period were 66, 23, 8, 2, b1, and b1%.

Despite the higher loads of particles during the melt

period, it was deducted that the percentage distribu-

tion between different particle sizes are similar

between the two sampling periods (see Table 4).

4.5. Particle transportation

4.5.1. Differences within events during the melt period

and the rain period

A concentration factor, Ci, was used to analyse the

variations in concentration during different events for

the melt period and the rain period. The concentration

factor was used for each particle size.

Ci ¼ ci=ca

where

Ci concentration factor for particle size biQ
ci snowmelt or rain runoff concentration of particle

size biQ
ca arithmetic mean concentration

The concentration factor, Ci, for all particles sizes

during the first melt water varied between 0.1 and 2.6.

The corresponding values for the first rain runoff were

0.1–4.6. The higher Ci for the rain period indicates a

first flush. TheCi, of substances, for the first melt water

from rural snow ranged from 1.3–10 (Abrahamns et al.,

1988; Bales et al., 1990; Henrikssen et al., 1974;

Johannesen and Henriksen, 1978). The difference in

result between the melt water in this study and the one

of rural snow, was to a great extent explained by the

larger content of particles in urban snow (Oberts et al.,

2000).

For some events during the snowmelt period, as

well as for the rainfall period, showed a tendency

for the two smallest fractions of the particles (4–6

and 6–9 Am) to have the largest concentrations at

the beginning of each event. A rapid wash off of

particles in the range 2 through 8 Am was also

observed during a study of a highway in Cincinnati

during rain events (Sansalone et al., 1998). This

tendency seemed to be valid for particles size 9–

15 Am, as well, during certain events. The larger

particles were, instead, varying more throughout the

event, probably because they were more dependent

on the melt and rain intensity.

The cumulative curves showed similar tendencies.

The cumulative curves describe the percentage of the

total number of particles for each size fraction trans-

ported to the gully pot at a certain percentage of the

total runoff volume. To begin with, two different

shapes of the cumulative curves were discerned

(see Fig. 2).

One shape occurs when the transport out to the

gully pot for all different particle sizes was very

similar, e.g., April 6, 23, May 28, and June 20, 22.

The other shape occurs when the different particle

sizes are being transported at different times, e.g.,

April 8, 9, 10, 17, 25, May 26, and June 13 and 23.

The difference in shapes seemed to depend on the

flow during the events within each period. Events

with a high flow tended to have different particle

sizes transported at different times while events with

lower flow transported the particles at the same

time.

The curves indicating where the particles are

transported at different times illustrate that the smal-

lest particles (4–6, 6–9, and sometimes 9–15 Am)

were being transported earlier than the larger parti-

Table 4

Percentage of each size fraction for events during the snowmelt- and

rain period

Date % of each size fraction during event

4–6

Am
6–9

Am
9–15

Am
15–25

Am
25–40

Am
40–120

Am

Melt period

April 6 80 16 4 0.6 0.2 0.1

April 8 83 13 3 0.6 0.4 0.3

April 9 79 16 4 0.9 0.5 0.5

April 10 76 19 4 0.6 0.2 0.1

April 17 66 24 8 1 0.3 0.1

April 23 83 15 2 0.4 0.2 0.1

April 25 61 28 10 2 0.4 0.1

Rain period

May 25 76 19 4 0.8 0.2 0.1

May 26 65 24 9 1 0.4 0.2

May 28 75 19 5 1 0.5 0.3

June 13 63 25 10 2 0.3 0.2

June 20 62 25 10 2 0.6 0.4

June 22 64 25 9 2 0.6 0.4

June 23 58 27 12 2 0.6 0.4
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cles. At comparison, events where the particle trans-

portation occurred at different times during the two

periods, a first flush tended to occur for the smaller

particles of the rain period. On the contrary, corre-

sponding events during the melt period showed ten-

dencies of a last flush for the larger particles.

Laboratory studies showed that repeated freeze

and thaw cycles lead to a delayed elution of particles

and associated pollutants (Schöndorf and Herrman,

1987; Viklander, 1994). The delay could be

explained by the particles being accumulated and

detained at ice layers within snowbanks.
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Fig. 2. Cumulative curves for different particle sizes the melt period and the rain period.
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4.6. Heavy metals

To investigate how heavy metals (Cd, Cu, Ni, Pb,

and Zn) were associated with particles, a regression

analysis was made for the concentrations of metals

against the six different particle size intervals and total

suspended solids (see Table 5) for snowmelt-induced

and rainfall-induced runoff separately. The original

concentrations of the total and dissolved heavy metals

are presented in Table 6 (Westerlund et al., 2003).

Only linear regression analysis was performed

because not enough analyses were made for heavy

metals to perform more advanced regression analysis.

For the melt period, the regression for total metals

against particle sizes and total suspended solids had

the highest correlation for the total suspended solids.

The higher correlation found for total suspended

solids means that suspended solids z1.6 Am can be

associated with the highest concentrations of total

metals. Therefore, even if source control measures,

such as street sweeping, are performed, high concen-

trations and loads might reach recipients, because

sweeping efficiency does not allow for the collection

of particles smaller than 250 Am (Ellis and Rewitt,

1982). If additional treatment of the runoff is required

during the melt period, a reduction of the total sus-

pended solid phase is most efficient regarding a reduc-

tion of the heavy metal pollution.

Among the different particle sizes, 6–9 Am had the

highest correlation with total heavy metals, apart from

Cd which had the highest correlation with 4–6 Am.

Then, the correlations decreased as the particle size

increased. The same correlations were found in many

studies, for example by Sansalone et al. (1995), and

German and Svensson (2002).

During the rain period, instead, the highest correla-

tion for heavy metals was for the smallest particle

size, 4–6 Am. However, the correlations between total

concentrations of heavy metals and total suspended

solids and different particle sizes were not as signifi-

cant as for the melt period. Also, as for the melt

period, the correlations decreased as the particle size

increased. The lower correlations are explained by the

lower percentage of particulate-bound metals during

the rain period compared to the melt period, which is

due to a less amount of available material during the

rain period, providing less adsorption surfaces for

heavy metals (Westerlund et al., 2003; Sansalone

and Buchberger, 1996).

Even though the toxicity of metal pollutants in

receiving waters is mostly connected to the dissolved

fraction, knowledge about the solid fraction of the

metals is still important. One reason for this impor-

tance is that when the runoff reaches the recipient, the

conditions might be different and might cause a

change in the distribution between dissolved and par-

ticulate fractions. The worst case is an increase in the

dissolved fraction of the metals.

Of interest is knowing which particle size or sizes

are associated with most of the pollutants and know-

ing how to treat the runoff most efficiently. For exam-

ple, in Anchorage, Alaska, Watson (1999) found that

Table 5

Correlation coefficients for the concentrations of metals regressed against total suspended solids and different particle sizes

Total suspended solids 4–6 Am 6–9 Am 9–15 Am 15–25 Am 25–40 Am 40–120 Am

Melt period

Cd-tot 0.96 0.97 0.95 0.93 0.89 0.85 0.76

Cu-tot 0.99 0.97 0.98 0.96 0.93 0.87 0.77

Ni-tot 0.99 0.96 0.98 0.98 0.95 0.88 0.78

Pb-tot 0.98 0.97 0.97 0.95 0.91 0.85 0.75

Zn-tot 0.98 0.97 0.98 0.95 0.91 0.83 0.74

Rain period

Cd-tot 0.75 0.94 0.85 0.62 0.42 0.13 0.02

Cu-tot 0.64 0.96 0.80 0.53 0.31 0.05 *0.02

Ni-tot 0.51 0.59 0.45 0.26 0.18 *0.09 *0.28

Pb-tot 0.78 0.94 0.88 0.67 0.48 0.18 0.06

Zn-tot 0.58 0.95 0.74 0.45 0.22 *0.01 *0.01

*Negative correlation coefficient.
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using oil grit separators to control snowmelt-induced

runoff was not practical because the largest wash off

fraction is fine particulate.

It is also relevant to know if there is a difference

between how metals are associated with solids during

snowmelt-induced and rainfall-induced runoff, respec-

tively. Differences might suggest different treatment

solutions in different climatic zones or during differ-

ent times of the year.

5. Conclusions

The concentrations during the melt period were

significantly higher compared to those during the

rain period for all particle size intervals. The events

analysed during the melt period contained, on aver-

age, eight times as many particles per litre of runoff,

for all particle sizes, compared to the rain period. The

particle concentrations decreased as the particle size

increased for the melt period, and rain period.

During the snowmelt and rainfall period, important

factors influencing the concentrations were the avail-

ability of material, the intensity of the lateral flow for

the transport of the particles, and, additionally, for the

rain period, the length of dry weather in between

events.

Events during the melt period had about five times

a higher number of particles, for all particle sizes,

compared to the rain period.

Two different shape-cumulative curves were dis-

cerned. The difference in shapes seemed to depend

on the flow during the events within each period.

Events with high flow tended to have different par-

ticle sizes transported at different times while events

with lower flow transported the particles at the same

time. Events where the particle transportation

occurred at different times during the two periods

tended to have a first flush for the smaller particles

during the rain period.

During the melt period, investigated particle sizes

and total suspended solids were highly correlated with

total concentrations of Cd, Cu, Ni, Pb, and Zn. The

highest correlations were found for total suspended

solids and particle sizes 6–9 Am. During the rain

period, the correlations between total metal concen-

trations and the different particle sizes were not as

significant.

The overall conclusion was that a significant dif-

ference existed between the melt period and the rain

period in terms of concentrations, loads, transporta-

tion, and the association with heavy metals of parti-

cles in different size fractions. Dissimilar conditions

during the two periods suggest that cold climate needs

special considerations and that different treatment

solutions should be considered during different sea-

sons or in different climate regions.
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ABSTRACT 

In this paper, a simple conceptual model is presented to describe the dynamics of total 

suspended solid transport during snowmelt and rainfall induced road runoff from a small 

urban runoff plot in northern Sweden. The study period (March 28 to May 28, 2000) included 

both snowmelt and rainfall. A temperature index method is used to describe snowmelt and the 

accumulation and transport of total suspended solids is described by a linear build-up function 

and a wash-off model. The model was verified through measurements taken from March 22 to 

May 22, 2001. The simulation results showed that the simple model concept was capable of 

describing the dynamics of road runoff and total suspended solids well, based on the 

continuous course of events for the whole modelling period. However, if the model was used 

for simulating a snowmelt period, or single events during snowmelt, the model approach 

would be too simple. 

mailto:cam@ltu.se
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INTRODUCTION 

Runoff from urbanised watersheds is often contaminated and should be treated to protect both 

human health and safety and the quality of receiving waters. The physical, chemical, 

biological, and combined effects that runoff has on receiving waters are different, depending 

on the climatic conditions, but they seem to be particularly severe during snowmelt and rain-

on-snow in cold, alpine, and some temperate climates (Marsalek et al., 2003). The reason for 

this difference is that precipitation in cold climates can accumulate and stay as snow on the 

ground for several months, depending on the weather conditions. During this time, the 

snowpack will store chemicals, solids, and other pollutants that also have a higher release 

during winter months compared to the rest of the year due to, for example, the heating of 

houses, burning of fuels, starting of cold engines, wearing of tires, wearing of roads due to 

studded tires, and use of anti-skid control agents (Malmqvist, 1983; Viklander, 1997; 

Marsalek et al., 1999).  

Today, there are a number of operational models used for urban areas which includes routines 

for snowmelt and pollutant build-up and transport, e.g., SWMM, and MOUSE. As well, there 

are models initially intended for snowmelt in rural areas, such as the HBV-model, which has 

been used in urban areas. A model specially designed for urban snowmelt processes, taking 

anthropogenic activities into account, was recently developed in Norway (Matheussen, 2004). 

However, this model is too sophisticated for operational use. The fact that urban snowmelt 

was not accurately represented in urban hydrology models was pointed out at, e.g. the third 

international conference on Urban Storm Drainage in Gothemburg, 1984 (Bengtsson, 1984), 

at the Symposium in Budapest on the topic “Modelling snowmelt induced processes” 
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(Bengtsson, 1986) and the international conference on Urban Hydrology under wintry 

conditions in Narvik, 1990 (Buttle et al., 1990). The differences between snowmelt in urban 

and rural areas and for different runoff conditions during snowmelt and rainfall induced 

runoff were discussed thoroughly by Bengtsson (1984, 1986, 1990) and Semadeni-Davies and 

Bengtsson (2000). It was further pointed out by Semadeni-Davies (2000) and Valeo and Ho 

(2004) that the different temporal and spatial scales in urban and rural areas makes the 

temperature index model unsuited for urban response. However, temperature index models 

are commonly included in many software packages used in urban areas today and are 

considered to provide melt rates with sufficient accuracy for most practical purposes.  

In cold climates where traction sand is used as slipperiness control, the loads of total 

suspended solids to receiving water bodies can be extensive and might cause problems for 

stream health and aquatic life. High TSS concentrations of up to 5,000 mg/l during a 

snowmelt period were reported by Westerlund et al., (2003). The concentrations of TSS 

during snowmelt was reported five-fold higher as compared to rainfall runoff and the 

concentrations of particle-bound metals were found to be influenced by the concentration of 

suspended solids (Daub et al., 1994). The modelling of the snowmelt quality is not as 

developed as the snowmelt quantity modelling (Marsalek et al., 2000). Attempts to model 

urban snowmelt quality dates back to the early 1970s and progress have been made in 

conjunction with, for example, the U.S EPA Stormwater Management Model (Huber and 

Dickinson, 1992) and in the form of independent model algorithms (Bartosova and Novotny, 

1999). To decrease impacts from road runoff in cold regions, it is important to understand the 

dynamics of pollutants and then use this knowledge in models to predict and prevent 

environmental damage.  
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OBJECTIVES 

The objective of this study is to test an existing model concept included in commonly used 

software (MOUSE RDII and MOUSE TRAP) primarily for the dynamics of total suspended-

solids (TSS), and consequently the dynamics of road runoff and transport, within a small 

urban runoff plot. The reason for this is to see whether the applications included in the 

software model are capable of describing the TSS transport accurately during snowmelt and 

rainfall induced runoff.  

RUNOFF PLOT DESCRIPTION 

The small runoff plot is situated at Södra Hamnleden in the central urban areas of Luleå, 

consisting of a road with two traffic lanes and a grassed area besides the road, see Figure 1. 

The impermeable road and the permeable grassed area besides the road have physical areas of 

6 x 72 meters, respectively. The traffic intensity of the road is about 7,400 vehicles/day. The 

runoff was drained via a gutter to a gully pot which is connected to a separate storm-water 

pipe that conducts runoff to a nearby recipient. Traction sand, 4-8mm, is used as an anti-skid 

material, but no de-icing salts are used in the central parts of Luleå. 

Plan view:    Section view:
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Figure 1. Plan and section view of the runoff plot (broken lines) and the sampling station.
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SAMPLING 

From March 28 to May 28, 2000, flow measurements were performed for snowmelt (March 

28 to April 16) and rainfall events (April 17 to May 28). Throughout the period March 22 to 

May 22, 2001, flow measurements used to verify the model were performed for snowmelt 

(March 22 to April 8) and rainfall events (April 9 to May 22). The gully pot at the road 

surface was connected to a v-notch flow weir and a submersible pressure transducer, logged 

every two minutes during runoff, and an automatic water sampler (EPIC 1011), designed to 

take flow-weighted samples. For every 100 or 200 litres of runoff to the gully pot, a sample 

was taken for laboratory analyses. Precipitation (measured every 12 hours) data were received 

from the nearest meteorological station, Kallax Airport, about seven kilometres from the 

runoff plot due to equipment problems at the site. The temperature was logged every 48 

minutes (factory set) within the runoff plot. Measured and discussed parameters in this article 

were flow and concentrations of TSS. The concentrations of TSS were measured in 

accordance with the standard method SS 02 81 12 (Swedish Standards Institute, 1996). 

MODEL DESCRIPTION

The model of the runoff plot is defined by two different surfaces: the road surface and the 

grassed area beside the road. When runoff is dominated by snowmelt, only the grassed 

surface, by assumption, contributes to flow because precipitation that falls as snow in the 

runoff plot will be ploughed off the road surface onto the grassed surface. When the runoff is 

dominated by rainfall, only the road surface contributes as the contribution from the grassed 

area is deemed to be negligible due to an assumption of permeability. The model consists of 

two parts: one describing the dynamics of the road runoff and the other describing the 

dynamics of TSS. The dynamics for the snowmelt and rain runoff were simulated in an Excel 

spreadsheet and later in the MOUSE RDII software (DHI, 2003) because some calibrating 
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parameters are not available to the user for manipulation in MOUSE RDII. The dynamics of 

the TSS transport were simulated in MOUSE TRAP (DHI, 2003). All MOUSE software 

belongs to DHI, Water, Environment and Health, Denmark. 

Runoff 

The snow-melting process in the model is based upon the simple degree-day method where 

the quantity of snowmelt runoff is proportional to the number of positive degree days. To 

calculate the growth and melting of the snow cover, temperature data is used. Precipitation 

together with a negative air temperature implies an addition of precipitation to the snow cover 

while a positive temperature starts the snow-melting process. The time step of the simulations 

are five minutes which is disaggregated data from the Kallax precipitation data and the field 

site temperature data. When using shorter time steps than one day it is appropriate to address 

the method as a temperature index method instead of the degree-day method. In the simplest 

form, the temperature index method can be expressed as follows: 

mamelt TTCQ   Q=melt rate (mm/ time) Tm=threshold melt temperature (Cº)

 Cmelt =melt rate factor (mm/ºC/ time) Ta=air temperature (Cº) 

However, a modification of the temperature index method was done according to Hernebring 

(1996), where consideration is given to the capability of the snow pack to retain water, i.e., 

the water retaining capacity (H2Ocap). The water retaining capacity was reported by U.S. 

Corps of Engineers (1956) to be approximately 4 weight-% for “ripe” snow with approximate 

density of 0.4-0.45 and 8 weight-% for snow with approximate density of 0.55-0.6.  The water 

retaining capacity of 8 weight-% is used in the model. The snow storage is divided into two 

parts: a liquid part, SNlq and a frozen part, SNfr. During thaw, the liquid part is first filled up 
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until it reaches a certain percentage of the frozen part. The runoff from the snow storage will 

not start until the melting has satisfied the liquid water fraction. 

Figure 2. Details of the model concept for runoff - modified temperature index method.

A description of refreezing of the snow storage is also included in the modification. The 

equation for refreezing comes from equations used for describing the freezing of lakes. In the 

same manner as the snowmelt, the ice growth was calculated by a temperature index method 

where the thickness of the ice h, was calculated by the following formula; 

SCh fr

Cfr is the refreezing constant and S is the number of negative degree-days (Bengtsson and 

Eneris, 1977). In the model, five minutes is used instead of a daily time-step. A description of 

the model concept, implemented in MOUSE RDII, can be seen in Fig. 2. The surface runoff is 

routed with a simple linear time-area method and the concentration time set to 10 minutes. 

The rationale behind the set concentration time was a certain inertia needed to compensate for 

the digital resolution of the rain data. The verification was done by loading the model with 

precipitation data, when the shape of the hydrograph was produced correctly as compared to 

the measured hydrograph, it was considered verified. The runoff velocities for snowmelt  
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events are very low, and consequently, 10 minutes concentration time is accurate for both 

rainfall and snowmelt induced runoff. 

The parameters used for calibration in the Excel spreadsheet are the water retaining capacity, 

the starting depth of the snow cover i.e, the start depths of the liquid and frozen parts, the 

coefficients for melting and refreezing, Cmelt and Cfr, and the threshold melt temperature, Tm, 

which is used to compensate for such factors as e.g., closeness to buildings or other factors 

which will cause a change in temperature.

Total suspended solids 

The qualitative part of the model is based upon Svensson (1987). The model consists of the 

accumulation of particles, described by a linear build-up function, and the wash-off of 

particles from the surface of the runoff plot. The wash-off of particles is described in the 

model by raindrop erosion, Eqs. (1) and (2), and is separated into transport of fine and coarse 

particles. 

fine

rp

fine kArea
id
irdrQS         eq. (1) 

coarse

rp

coarse kArea
id
irdrQS eq. (2)   

   

The fine particles are independent of particle diameter and will be transported according to 

Eq. (1) as long as there are fine particles available at the surface to be washed off, while the 

amount of coarse particles is infinite in the model so the transport is only limited by the 

transport capacity of the overland flow. This maximum transport capacity of the coarse 

fraction is calculated by the Van Rijn formula (DHI, 2003). The geometric means of the fine 

and coarse particle diameters are 10 μm and 1mm, respectively. 

QS=mass transport of (fine or coarse) sediments (g/s)  
dr=detachment rate (m/s)  
ir=rainfall intensity (μm/s)  
id= rainfall intensity constant (μm/s) 
rp= rain power =2 (numerical exponent) 
Area=area of surface (m2)
kfine=porosity constant (fine particles) (dimensionless) 
kcoarse=porosity constant (coarse particles) (dimensionless) 
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RESULTS 

The climatological input data used for the calibration and the verification are shown below in 

Fig.3. The calibration period stretched from March 28 to May 28, 2000 and the verification 

period from March 22 to May 22, 2001. 
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Figure 3. Climatological data for the calibration (2000) and verification (2001) period 
respectively (average temperature and precipitation data per 12-hours interval). 

As seen in Fig. 4, for certain events there were large runoff contributions associated with 

small TSS fluxes, while the opposite also occurred. Thus, there is no linear relationship 

between accumulated runoff and accumulated loads of TSS. The model concept was used to 

describe this dynamic of road runoff and TSS transport. It should be noted that there were 

instances when runoff was measured but no TSS analyses were performed, and subsequently 

discrepancies between measured and modelled loads of TSS can therefore partly be attributed 

to this.  
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Figure 4. Measured accumulated runoff (m3) and massload of total suspended solids (kg). 

Runoff calibration 

During rainfall, the contributing road area was verified with on-site flow measurements and 

precipitation observations logged during rainfall events at the end of May and June, 2001. The 

modelled contributing road area was evaluated to be about 0.06 ha by these measurements. 

The verification gave a good agreement, R2=0.885 and 0.830, between modelled and 

measured series respectively (see Fig. 5).  

Figure 5. Verification of contributing area during rainfall 
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Unfortunately, no documentation of the snowpack was made, so indirect estimations were 

made based on the water balance and on temporal variations of the snowmelt runoff. The first 

step was to reproduce the growth and melting of the snow cover, i.e., the total snow storage 

(mm), by estimating and adding the amount of frozen and liquid H20 according to the model 

concept in Fig. 1. Precipitation data from Kallax airport and the logged temperature data from 

the runoff plot were used. To calculate the frozen and liquid H20, the melt-rate factor together 

with the water retaining capacity were calibrating factors. The melt-rate factor was calibrated 

to 4 mm/oC, d and the water retaining capacity to 0.08. These values were then kept constant 

for the whole simulation period. The freezing rate is set to a fixed value of 10 mm2/ oC, day, 

due to the difficulty of using it as a calibrating parameter (Hernebring, 1996). The initial snow 

storage was estimated to be 25 mm. The reference temperature in the model was set to zero 

degrees. The runoff that the modelled snow storage would produce during the measuring 

period was calculated (mm) and compared to the measured runoff. The calibrating factor in 

this case was the contributing runoff area. The result was a contributing area of 0.011 ha, 

which means that approximately 1.5 m of the snowbank is contributing with runoff, 

considering the physical length of 72 m. The area of 0.011 ha, was held constant throughout 

the simulation. 
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Figure 6. Measured and modelled volume (m3) of road runoff during the measuring period. 

During rainfall, i.e., after April 17, the curves for modelled and measured runoff volume agree 

very well, with a R2 of 0.927, meaning that the fitted model can account for 93 % of the 

observed variability in measured runoff (see Fig. 6). The good agreement was because the 

precipitation during this period was estimated from the measured runoff. This estimation was 

used because the precipitation data from Kallax airport were not accurate enough to produce 

the measured runoff from the plot and because the installed, site-specific tipping bucket rain 

gauge was not working properly. However, if only single-melt events were considered, i.e., 

before April 17, the accuracy in volume and timing was not as good as for the complete study 

period. The explanation for this was the good agreement of the modelled and measured 

rainfall induced runoff, concealing the less accurately modelled snowmelt part of the period. 
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Calibration of total suspended solids 

In MOUSE TRAP, the calibrating factors of fine TSS were the build-up rate (set to 7 

kg/ha/day), the maximum value of TSS on the surface (set to 48 kg/ha), and the dry weather 

period (set to 10 days). The model of build-up and wash-off of fine particles at the runoff plot 

can be seen in Fig. 7. The reason why Fig. 7 does not include the coarse particles is because 

this fraction is unlimited in supply but limited in transport capacity. The size of the coarse 

fraction was calibrated so that enough energy was provided for transport by overland flow, at 

least during one of the events. These values were kept constant for the whole simulation 

period. The simulation using the calibrated values gave a good agreement between measured 

and modelled loads of TSS, except after April 25, where the modelled load of TSS was much 

higher. The reason for the lower measured load of TSS was the street sweeping at the end of 

spring, where a lot of the anti-skid material is removed. According to the municipality of 

Luleå, street sweeping began on April 25. 
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Figure 7. Mass of TSS (kg) on the surface of the runoff plot. 

Due to this removal of material, the simulation for TSS was divided into two parts: the first 

simulation, prior to April 25, with the calibrated values described above, and the second 

simulation, subsequent to April 25, with new calibrated values for fine TSS. The new values 

were a build-up rate of 1 kg/ha/day, and a maximum load of TSS of 10kg/ha. The two 
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simulations put together showed good agreement between measured and modelled load of 

TSS (see Fig. 8B). However, during two events on April 10 and April 17, the congruence is 

not satisfactory.

Figure 8 A and B. Accumulated measured and modelled runoff (m3) and load of TSS (kg), 

2000.

VERIFICATION

Runoff 

The verification of the runoff model was made with flow measurements from March 22 to 

May 22, 2001. The initial snow storage was set to 57 mm, based on the water balance and the 

variations of the snowmelt runoff. Since site-specific precipitation data was not available, data 

from Kallax airport was modified to match the rainfall induced runoff measured during April 

9 to May 22. After these modifications, which were necessary for the subsequent TSS 

modelling, the measured and modelled runoff was very coherent (see Fig. 9A). 

          

Figure 9 A and B. Accumulated measured and modelled runoff (m3) and load of TSS (kg), 

2001.
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Total suspended solids 

The results for the verification of TSS indicated very high loads towards the end of the 

simulation period. It was mainly the coarse fraction showing a mismatch during May 19 to 

21, with an unreasonably high transport of 67 kg, and the model was therefore re-calibrated 

by increasing the diameter of the coarse particles. In 2001, the simulations are also divided 

into two parts prior to and subsequent to the street sweeping that occurred on May 17. The 

measured and modelled accumulated TSS for the two periods can be seen in Fig. 9B.  

DISCUSSION

After calibrating the model for 2000, the results showed a good congruence between modelled 

and measured runoff and the transport of TSS, based on the continuous course of events for 

the whole modelling period. However, when looking at the period before April 17, i.e., during 

snowmelt, the runoff was not accurately described (see Fig. 6 and 8A). For both years, 

accurate modelling of the snowmelt was difficult. This difficulty illustrates that the modified 

degree-day method is inadequate in describing the snowmelt process, i.e., it does not take into 

account the radiation balance of urbanised catchments (Semadeni-Davies et al., 2001). Also, 

features included in the model could influence the inaccuracy, e.g., that the melt rate factor 

and water retaining capacity were kept constant throughout the simulation period. Measured 

and modelled runoff volumes for events subsequent to April 17, 2000 agree very well. Also, 

the agreement between measured and modelled TSS subsequent to April 17 is also good (see 

Fig. 8B). The conspicuous events where the transport of TSS is discrepant in year 2000 are 

during April 10 and 17 (see Fig. 8B). The rationale behind the lower modelled load of TSS 

during April 10 could be that the intensity of the runoff is not accurately modelled (see Fig. 

8A). This resulted in a lower overland flow that is not capable of transporting the large 

amount of coarse TSS accumulated towards the end of the melt period. The higher modelled 
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load during April 17 could be explained by a too-simplified description of the transport of 

coarse sediments. April 17 is the only event where the overland flow is high enough to 

transport coarse sediments. The modelled and measured flow rate is at the highest 

approximately 0.8 l/s during April 17, see Figure 6. This mismatch might be improved by 

upgrading the model with a more detailed surface-runoff description more suited for a cold 

climte. A more physically based representation might be essential in describing total 

suspended solids transport dynamics for both coarse and fine TSS. Another way of improving 

the model could be to improve the description of the build up of as well as the wash-out of 

pollutants from a snowpack because it differs compared to bare ground conditions. A 

possibility would be to connect the traffic intensity to the build up of pollutants. 

The more accurate runoff in 2001 after April 9 is reflected in the better agreement of TSS 

transport within the events (see Fig. 9B). This demonstrates the importance of an accurate 

runoff volume to simulate the TSS correctly. It also shows that the model concept for the 

transport of TSS works better when the precipitation is falling as rain. The result for the 

transport of TSS during 2001 is discrepant at the beginning of the snowmelt because almost 

no runoff is produced in the model before March 31 due to the problems with the degree-day 

method (see Fig. 9A and B). For the same reason a large difference exists, during April 2 to 3, 

between the modelled and measured transport of TSS. Shortly after (April 4 to 7) there are, 

over-predictions of both runoff and TSS because the modelled snowmelt started later than 

measured melt. Therefore, a larger snow storage is left to generate more runoff and TSS in the 

model. Subsequent to this period, the runoff was modified, and the transport of TSS is 

seemingly more accurate. The last large event (April 19 to 21) is the only one during 2001 

where coarse TSS was transported, and a recalibration was required to fit the measured TSS. 

Again, this shows the need for a more physically based representation in describing total 

suspended solids transport dynamics.  
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CONCLUSIONS 

The temperature index method is inadequate to describe the snowmelt dynamics well for this 

small urban runoff plot. The simulation of the build-up and transport of fine and coarse total 

suspended solids should be improved during snowmelt conditions. Despite a simple model 

concept it was possible to describe the dynamics of road runoff and total suspended solids 

rather well, based on the continuous course of events for the whole modelling period. 

However, if the model was used for simulating a snowmelt period, or single events during 

snowmelt, the model approach would be too simple.
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ABSTRACT 
In the beginning of March 2006, polluted snow from a roadside in Luleå, in the north of 
Sweden, with a traffic intensity of approximately 7,400 vehicles/day, was collected. The 
snow was homogenously mixed and divided into samples of 30 litres. The initial 
volumes and densities of the snow samples were measured and calculated. The snow 
samples were melted in climate rooms, with four different experimental configurations, 
to investigate the influence of road salt, temperature, and surface slope upon the 
transport of total suspended solids (TSS) (three replicates for each experimental 
configuration). The total volume of snowmelt runoff was collected and analysed for pH, 
conductivity, and concentrations of TSS and chlorides. The results showed that 
measured concentrations, calculated loads, and performed statistical t-tests of TSS for 
the snowmelt of the four different configurations implied that the transported load of 
TSS was higher with the addition of road salt and at higher ambient temperatures. 
However, the results showed a lower load of transported TSS for the lower slope. 

KEYWORDS
Road salt, snowmelt, surface slope, temperature, TSS, transport. 

1 INTRODUCTION
Today’s rapid urbanization creates environmental problems, such as large quantities of 
solid waste, loss of green space, and the pollution of receiving air and water bodies. The 
sources of these pollutants in the urban environment are numerous, but, in cold climates, 
one source with detrimental environmental effects is NaCl, a de-icing chemical often 
used to keep ice-free conditions on roads and highways. NaCl is clearly harmful to the 
environment by destroying vegetation, disturbing ecosystems, and polluting 
groundwater. Viklander and Malmqvist (1993) discovered that the runoff intensity was 
more dependent upon the ambient air temperature and the initial snow density than the 
shape of the lysimeter. Viklander and Malmqvist (1994) also discovered that repeated 
freezing and thawing cycles had a delaying effect on pollutants attached to particles due 
to a detention within the snowpack. The same results were found earlier by Schöndorf 
and Herrman (1987). Westerström (1995) observed a low pH and high concentrations of 
chloride ions in the early phases of the snowmelt in comparison to the parent snow 
cover. However, because the studied lysimeter was located away from roads, the total 
suspended solids (TSS) concentrations were low. To mitigate environmental impacts, 
understanding the effects of different parameters such as road salt, temperature, and 
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surface slope on the transport of pollutants that accumulate during the long winter 
period in cold climates is critically important. 

2 OBJECTIVES
The objective of this article is to 
investigate the influence of road salt 
(NaCl), temperature, and surface slope 
upon the transport of TSS from urban 
snow during snowmelt. This 
investigation was done by studying the 
snowmelt from four different 
experimental configurations: five 
degrees, fifteen percent slope and no 
added road salt (+5ºC, 15%, NS); five 
degrees, fifteen percent slope and added 
road salt (+5ºC, 15%, S); five degrees, 
two percent slope and no added road 

salt (+5ºC, 2%, NS); and twenty 
degrees, fifteen percent slope and no 
added road salt (+20ºC, 15%, NS) (see 
Table 1).

Table 1. Experimental configuration 
 +5 º C +20 º C 

No 
salt Salt No 

salt Salt

Slope 2% X
Slope 15% X X X

3 EXPERIMENTAL SETUP, MEASUREMENTS AND ANALYSES 
On the 9th of March 2006, polluted snow 
from a roadside in Luleå, in the north of 
Sweden, with a traffic intensity of 
approximately 7,400 vehicles/day, was 
collected. The collected snow was 
stored on, and covered by, a tarpaulin 
from the 9th of March until the 9th of 
May. The snow was then homogenously 
mixed and divided into twelve samples 
of 30 litres with a cylindrical shape. The 
initial volumes, weights and densities of 
the twelve snow samples were 
measured and calculated (see Table 2). 
The twelve samples were subsequently 
melted in climate rooms, with four 
different experimental configurations, to 
investigate the influence of road salt, 
temperature, and surface slope upon the 
transport of TSS (three replicates for 
each experimental configuration). The 
configuration with road salt was 
simulated by adding and mixing five dl 
of NaCl into each sample. For all twelve 

samples, the total volume of snowmelt 
runoff was collected and analysed for 
pH, conductivity, and concentrations of 
TSS and chlorides. 

Table 2. Initial snow volume and 
density.
Configuration Snow volume 

(m3)
Density 
(kg/m3)

0.032 606
5º, 15%, NS 0.031 635

0.035 565
0.031 643 

5º, 15%, S 0.032 638
0.031 618
0.030 641

5º, 2%, NS 0.032 637
0.034 586
0.032 619

20º, 15%, NS 0.031 677
0.034 604

For the first 5 litres of snowmelt, 500-ml samples were collected; for the subsequent 5 
litres of snowmelt, 1-litre samples were collected; and for the rest of the snowmelt, 2-
litre samples were collected. After the samples were collected, they were processed 
(within a few hours after sampling was completed) in the laboratory at Luleå University 
of Technology. The pH was measured at 25º C, with a Radiometer PHM 95 and an 
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electrode Schott Blue Line 13 pH. The conductivity was measured using a Radiometer 
CDM 210 with electrode CDC 741 T at 25º C. The chloride concentration was 
measured by using a QuAAtro Applications. The method used was Method no Q-006-
04 (multitest MT9/MT10), chloride in water and wastewater. The concentration of TSS 
was measured according to the standard method SS-EN 872, which has the status of the 
European Standard EN 872:1996 (EN 872, 1996 and SIS, 1996).  

4 RESULTS AND DISCUSSION 
4.1 Initial snow 
The pH, conductivity, and concentrations of chloride and TSS in the initial snow, before 
the start of snowmelt, can be seen in Table 3. The initial values presented for the 
configuration with mixed-in road salt (5 , 15%, S) were measured before/after the road 
salt was added.  

Table 3. Concentrations of TSS, pH, and conductivity of initial snow for the four 
lysimeter configurations.

Configuration pH Cond (mS/m) Chloride (mg/l) TSS (mg/l) 
7.6 13 18 6600

5º, 15%, NS 7.5 13 16 7200
7.5 13 18 5800 
7.7 10 9 6700

5º, 15%, S 7.8    /    6.3 9.0    /    5100 8    /    19500 7400
7.9 10 11 6800
8.0 11 14 6100

5º, 2%, NS 8.1 12 14 6900
8.1 11 13 6400
8.2 9.0 8,7 7500

20º, 15%, NS 8.1 9.8 11 6400
8.1 11 13 6200

Generally, the values of the three replicates for each of the four configurations were 
relatively similar. The pH and concentration of TSS were high, compared to that in rural 
snow. The conductivity and chloride concentration are rather low, apart from the 
samples with added road salt. The added road salt caused an extensive increase in 
conductivity and chloride concentrations and a slight decrease in pH. 

4.2 Snowmelt 
4.2.1 Concentration
The total snowmelt volume of the three 
replicates for the four configurations 
can be seen in Table 4. The total 
snowmelt volume, approximately 
seventy percent of the initial snow 
volume, agreed well with the suggested 
initial snow density, see Table 2.

Table 4. Total volume of snowmelt. 
Configuration Volume (l)
5º, 15%, NS 19.5 20.7 19.9 
5º, 15%, S 20.2 18.4 19.6 
5º, 2%, NS 19.2 19.9 19.4 
20º, 15%, NS 21.9 21.0 20.5 
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In Figure 1, the sequence of measurements and analyses of the pH, conductivity, and 
concentrations of TSS and chlorides throughout the snowmelt can be seen. The average 
and standard deviation are presented in numbers within Figure 1 for each parameter. 
The pH was high and relatively constant for all the configurations apart from the one 
with added road salt (5º, 15%, S), where the pH is initially lower, but then increases 
successively toward the end of the snowmelt. Acidification of a soil profile was found 
by Hindar et.al., (1993) due to a sea salt episode where the chloride concentrations 
increased by eight times the normal concentrations. The acidification was explained by 
cation exchange processes involving the exchange of Na+ with H+ and Al and/or base 
cations. The acidification of the snowmelt could very well be explained by a 
competition of Na+ -ions in favour of H+ -ions for adsorption spaces on particles in the 
snowmelt. The NaCl was readily enriched in the first snowmelt for all configurations, 
which can be seen from the chloride measurements in Figure 1, and as the 
concentrations were decreasing through washout, the pH was increasing due to the 
declining number of competing Na+ -ions. For all the configurations, conductivity and 
chloride had a very good linear agreement. The same result has been found in many 
studies and the conductivity can be measured as an indication of road salt influence 
(Foos, 2002). The concentrations of TSS for all four configurations were the highest in 
the beginning of the snowmelt. However, this was not likely to occur during snowmelt 
since particles usually stay behind until the snowpack is entirely depleted (Viklander, 
1997), and the results were most likely due to high water content of the snow samples 
when they were collected and taken to the climate rooms. The high water content 
transported the particles earlier during the snowmelt than would have occurred if the 
snow samples had a lower liquid-to-solid ratio, i.e, lower density. Because of that 
experimental outcome, additional snowmelt experiments were performed. The same 
initial snow was used, except that these samples had been frozen before the start of the 
snowmelt. The concentration factor, Ct (snowmelt concentration at time t / arithmetic 
mean concentration), was used to investigate when, during the snowmelt, the 
transportation of TSS occurred. The results from this study showed that the 
concentrations of TSS were the highest at the end of the snowmelt, which was more 
likely (see Figure 2).
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Figure 2. Concentration factor for TSS from additional snowmelt experiments with and 
without road salt. 



pH
 

C
on

du
ct

iv
ity

 (m
S/

m
) 

C
hl

or
id

e 
(m

g/
l) 

T
SS

 (m
g/

l) 

0123456789

5º
, 1

5%
, N

S
7.

5±
0.

3

0102
0

3
0

4
0506
070

5º
, 1

5%
, N

S
29

±2
0

02040608010
0

12
0

14
0

5º
, 1

5%
, N

S
97

±1
32

0

10
0

20
0

30
0

40
0

50
0

60
0

70
0

80
0

5º
, 1

5%
, N

S
11

8±
14

0

0123456789

5º
, 1

5%
, S

4.
8±

1.
0

0

2
0

00

4
0

00

6
0

00

8
0

00

10
0

00

12
0

00

14
0

00

16
0

00

5º
, 1

5%
, S

60
58

±5
15

0

0

10
0

0
0

2
00

0
0

3
00

0
0

4
00

0
0

50
0

0
0

6
00

0
0

70
0

0
0

8
00

0
0

9
00

0
0

5º
, 1

5%
, S

27
96

7±
26

32
6

0

10
0

0

2
0

0
0

3
0

0
0

4
0

0
0

50
0

0

6
0

0
0

70
0

0

8
0

0
0

9
0

0
0

5º
, 1

5%
, S

10
76

±1
85

0123456789

5º
, 2

%
, N

S
7.

4±
0.

2

05101520253035404550

5º
, 2

%
, N

S
22

±1
1

0102
0

3
0

4
0506
0708
0

5º
, 2

%
, N

S
20

±2
2

0

2
0

0

4
0

0

6
0

0

8
0

0

10
0

0

12
0

0

5º
, 2

%
, N

S
20

6±
16

9

0123456789

20
º, 

15
%

, N
S

7.
5±

0.
4

0510152
0253
0354
045

20
º, 

15
%

, N
S

13
±9

.0

0

2
0

4
0

6
0

8
0

10
0

12
0

20
º,

 1
5%

, N
S

13
±2

1

0

50
0

10
00

15
00

2
00

0

2
50

0

3
00

0

3
50

0

4
00

0

4
50

0

50
00

20
º, 

15
%

, N
S

32
9±

75
5

Fi
gu

re
 1

. p
H

, c
on

du
ct

iv
ity

 (m
S/

m
), 

an
d 

co
nc

en
tra

tio
ns

 o
f c

hl
or

id
e 

an
d 

TS
S 

(m
g/

l) 
th

ro
ug

ho
ut

 sn
ow

m
el

t 

5



6

4.2.2 Loads
For all replicates of the four configurations, most of the pollutant load in the snow 
clearly stayed on the surface when melted and a miniscule part was transported with the 
snowmelt. The percentage and weight (on top of each bar) of transported TSS in the 
snowmelt as compared to the TSS concentrations in the parent snow samples are shown 
in Figure 3. 
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Figure 3. Percentage (%) and weight (g) transported load of TSS during the snowmelt. 

The percentage of the transported load (10.7%) of TSS for one replicate of the 
configuration with road salt (5º, 15%, S) was notably higher than the other two. This 
particular replicate was melting at a higher rate, likely because of the shape of that snow 
sample. The cylindrical shape was destroyed when the snow experiment was being set 
up. Generally, the replicates from the configuration with salt (5º, 15%, S) are 
transporting the largest load of TSS, compared to the three other configurations. The 
second largest transport occurred with the configuration with the higher temperature 
(20º, 15%, NS). The explanation for the higher transport with these two configurations 
could be the higher melting rate due to the road salt and the warmer temperature, 
resulting in a higher flow and, therefore, the increased transport capacity of TSS. A 
slightly lower transport capacity was found for the configuration with a low slope (5º, 
2%, NS). This was expounded by a lower transport capacity due to the lack of road salt 
and the lower temperature. However, the transport of TSS was lower for the 
configuration with a higher slope (5º, 15%, NS), compared to the lower slope (5º, 2%, 
NS). No good explanation could be found for this. 

Table 5. Performed T-tests. 
Configuration Statistically significant 

difference  
P-value

Salt vs no salt YES < 0.1 
High slope 15% vs low slope 2%  YES < 0.1 
High temp. +20ºC vs low temp. +5ºC YES < 0.05 

To statistically test if the discerned differences in the transport capacity of TSS 
depended on different temperatures, surface slopes, and the addition of road salt, t-tests 
were performed (see Table 5). The t-test gave a p-value of less than 0.1 for the 
comparison of the configurations with road salt (5º, 15%, S) and without road salt (5º, 
15%, NS) and the comparison of different slopes, (5º, 2%, NS) and (5º, 15%, NS), 
implying a significant difference and a higher transport of TSS for the configuration 
with salt and with the lower surface slope, at a confidence level of 90%. The confidence 
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level for the comparison of different temperatures (20º, 15%, NS) implied a significant 
difference at 95% with a higher transport at the higher temperature. 

In Figure 4, cumulative curves for TSS can be seen. As well as for the concentrations, 
the transported loads of TSS were the highest at the beginning of the snowmelt. 
However, if the first flush of TSS was disregarded due to the initial high water content, 
the TSS transport was somewhat linear, with a last flush of a TSS load for some of the 
configuration replicates. Similar patterns with a last flush of a TSS load were found for 
the additional snow samples, for both with and without the addition of road salt (see 
Figure 5). This similarity suggested that an initially low liquid - to- solid ratio, i.e., low 
density snow, would transport the highest concentrations and loads at the end of the 
snowmelt, while a high density snow would transport the highest concentrations and 
loads at the beginning of the snowmelt. 
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Figure 4. Cumulative curves of TSS (%) for the four configurations. 

The results suggested that, depending on climatic conditions and local attributes of the 
snow location, such as temperature and surface slope, as well as the choice of snow-
management strategies, e.g. the use of traction sand or de-icing chemicals, these 
parameters would affect the transport of solids from snow. 
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Figure 5. Cumulative curves of TSS (%) from additional snowmelt experiments with 
and without road salt. 

5 CONCLUSIONS 
Measured concentrations, calculated loads, and performed statistical t-tests of TSS for 
the snowmelt of the four different configurations implied that the transported load of 
TSS was higher with the addition of road salt, and at a higher ambient temperature. 
However, the results showed a higher load of transported TSS for the lower slope. 
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ABSTRACT

Water and pollutant release from a disturbed urban snowpack was studied in an experimental 
plot (A=540 m2) encompassing a road section (7,400 vehicles/24 h) and the adjacent grassed 
area serving for snow storage, located in Northern Sweden.  Winter road maintenance in this 
area includes snow ploughing and applications of grit (D = 4-8 mm) without any road salts.  
The observed variables included air temperatures, 12-h precipitation measured at a 
meteorological station 3 km distant, snowmelt flow rate, and snowmelt quality determined by 
analyzing samples for pH, conductivity, TSS (total suspended solids), chloride, and five total 
and dissolved heavy metals (Cd, Cu, Ni, Pb and Zn).  During the study period of about two 
months (Feb. 20-Apr. 23, 2004), 18 snowmelt events were observed and conveyed about 20 
mm of runoff (the total measured runoff from the plot was about 27 mm).  The snowmelt 
quality was characterized by relatively high and uniform pH (mean = 8.2), which was 
explained by high presence of solids.  Chloride event-mean-concentrations (EMCs = 6-120 
mg/l) and conductivity (12-61 mS/m) were low, because road salt is not used in the study 
area.  TSS EMCs ranged from 400 to 2,500 mg/l, greatly exceeded those reported for rainfall 
runoff, and contributed to high pH buffering capacity of the snowmelt.  Observed total and 
dissolved heavy metals were compared to three freshwater quality guidelines and indicated a 
high likelihood of biological effects; dissolved Cu concentrations exceeded both chronic and 
acute toxicity criteria of the U.S. EPA.  Concerning the temporal variation of pollutant 
releases from the snowpack, only chloride indicated an early release (i.e., preferential elution) 
which was explained by the occurrence of a chemical melt attributed to lowered eutectic 
temperatures.  All other constituents showed a uniform release with snowmelt from the 
snowpack.  The partitioning of heavy metals between total and dissolved loads indicated the 
highest dissolved fractions for Cu (up to 35%), followed by Cd, Ni and Zn (about 20%), and 
the lowest values were observed for Pb (< 1.3%).  Heavy metals partitioning in urban 
snowmelt is complex, and is affected by a number of confounding factors (chemical 
properties of individual metals, temperature, TSS, pH, and salts).  Finally, it was concluded 
that snowmelt from disturbed urban snowpacks, with characteristics similar to those in the 
study area, substantially differs from that in rural or undisturbed urban conditions with respect 
to higher TSS and other pollutant loads, high pH buffering capacity, and a general absence of 
early or delayed pollutant release from the snowpack.

KEYWORDS road runoff, urban snowpack, snowmelt, suspended solids, heavy metals
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INTRODUCTION

Urban runoff conveys a variety of materials and chemicals causing significant impacts on 
water quality and habitat conditions in the receiving waters (Marsalek et al., 2006).  During 
the past 40 years, probably more than 1,000 papers have been published on urban stormwater 
quality (Duncan, 1999), but the vast majority of these papers (  95%) referred to mild climate 
conditions characterized by above-freezing air temperatures (Marsalek et al., 2003).  In cold 
climate, the pollution processes occurring in urban catchments are dramatically altered with 
respect to: (a) Higher rates of accumulation of street sediment and chemicals (Malmqvist, 
1978), (b) storage of such pollutants in urban snow (typically stored in snowpacks, windrows 
along streets and roads, or storage site piles) (Viklander, 1997), and (c) processes taking place 
in such snow deposits, including the release of sediment and chemicals (Westerström, 1995).   

The process of pollutant release is particularly important for understanding the chemistry of 
snowmelt and winter runoff, and developing the capability of modelling such processes.  
Consequently, pollutant release from snowpacks has received a great deal of attention.  
Jeffries (1988) reviewed a number of studies dealing with pollutant release from (undisturbed) 
winter-long snowpacks in rural catchments.  Most of such data supported the notion of the 
preferential elution of solubles, which left the snowpack with early phases of snowmelt at 
elevated concentrations (Johanessen and Henriksen, 1978).  The underlying process was 
explained by (Colbeck, 1981) who noted that snowflakes respond to freezing and thawing 
cycles with metamorphism leading to the migration of impurities to the terminus of the 
crystal, where they are available for wash-off by the percolating meltwater. The meltwater 
scavenges soluble pollutants until the pack is saturated, the soluble pollutants are collected in 
a "wetted front" moving through the pack, and eventually leave the pack with a concentrated
pulse of meltwater. On the other hand, solids and associated hydrophobic substances stay in 
the pack until the last 5-10% of meltwater is leaving the pack (Schöndorf and Herrmann, 
1987), and coarser particles usually remain behind after the pack is fully depleted (Viklander, 
1997).  These processes of preferential or delayed pollutant release can be characterized by 
empirical relationships, which could be exploited for modelling the pollutant release, and 
were verified at various scales, including laboratory bench tests (Schöndorf and Herrmann, 
1987), a snow lysimeter (Westerström, 1995), an undisturbed snow pile (Viklander, 1997), 
and undisturbed natural snowpacks (Johanessen and Henriksen, 1978).

The main purpose of this study was to ascertain whether the same processes of early release 
(preferential elution) of solubles and delayed release of solids and associated hydrophobic 
chemicals occur in urban snow deposits along streets and urban roads, which are exposed to: 
(a) mechanical disturbances (e.g., by repeated snow ploughing or splashing of melted slush by 
vehicle wheels), (b) limited presence of chemical de-icers (brought in on vehicle wheels), (c) 
traction control materials, sand and gravel, applied in urban areas, and (d) altered fluxes of 
heat from anthropogenic sources.  Towards this end, an experimental site was established and 
monitored over a 2-months long snowmelt period, and the observed pollutant loads were 
analyzed with respect to the timing of their release.       
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METHODOLOGY 

Study site 
The study site selected for field monitoring was a section of Södra Hamnleden Road in the 
central part of the City of Luleå (  70,000 inhabitants), which is located in Northern Sweden 
at latitude of 65  35’ N and longitude of 22  10’ E.  The annual precipitation in this area is 
about 500 mm, with almost one half of this amount occurring as snow staying on the ground 
for 5-6 months of the year, from November / December through April / May (Hernebring, 
1996). The average annual air temperature is 1.5  C, with the lowest average monthly 
temperature occurring in January (-12.2 C)(SMHI, 2001).  The study site represents a 
rectangle of 540 m2, comprising a 72 m section of a two-lane road (width = 6 m) and a strip of 
grassed land on the road boulevard (width = 1,5 m) used for storage of ploughed snow in the 
form of a snow bank formed along the road. Snowmelt runoff from this area drains into the 
longitudinally sloping curb and gutter channel draining into a single gully pot. The gully pot 
is connected to a separate storm sewer discharging runoff into nearby receiving waters. The 
road crossfall is 2.6%, and the traffic intensity on this road was about 7,400 vehicles/day. In 
winter road maintenance, fine gravel (4-8 mm) was applied as anti-skid material, but no de-
icing salts were used in this central part of Luleå.

Field data collection and sampling procedures

The field data collected for the study area 
during the 2004 snowmelt period 
(February 20 to April 23) included: (a) on-
site measurements of air temperatures, (b) 
snow (respectively water equivalent) and 
rainfall measurements conducted by others 
at the closest meteorological station 
(Bergnäset, 3 km distant), (c) 
measurements of the study site runoff 
entering the gully pot, and (d) runoff 
quality measurements obtained by means 
of collecting and analyzing runoff samples. 
Air temperatures were measured using a 
Tinytalk data logger providing temperature 
readouts every 96 minutes. The Bergnäset 
station provided snow or rainfall 
measurements every 12 hours, and such 
data were supplemented by measurements 
recorded by a tipping bucket rain gauge, 
which was installed and operated at the site 
once the air temperatures rose above the 
freezing point. Runoff was measured 
continuously by a composite weir (a 
vertical slot expanding into a V-notch) 
installed in the manhole next to the gully 
pot. The accuracy of such measurements 
was estimated at  10%.  In total, 32 
runoff/snowmelt events were recorded at 
the study site, and 18 of these,

representing snowmelt only, were sampled 
and analyzed for total suspended solids 
(TSS), pH, and conductivity. As shown in 
Table 1, additional analyses were 
performed for chloride (14 events) and 
total and dissolved heavy metals (Cd, Cu, 
Ni, Pb and Zn – for 10 events). For this 
purpose, 1-litre runoff samples were 
collected manually every 0.5-1 hour, 
depending on the snowmelt discharge.

Table 1. Number of sample analyses 
during individual events 
Snowmelt event Number of analyses during event 

TSS Heavy metals Chloride
February, 20-21 5 5 5
March, 10 8 6 8
March, 16 4 - 4
March, 17 5 - 5
March, 18 8 8 8
March, 21 7 - -
March, 28 13 - -
March, 30 12 12 12
March, 31 9 9 9
April, 2 3 - 3
April, 3 10 - 2
April, 4 8 8 8
April, 5 6 - -
April, 6 6 6 6
April, 7 6 6 6
April, 9 2 2 2
April, 10 2 2 2
April, 23 15 - -
Total 129 64 80

Camilla Westerlund et al. 3



Analytical procedures 

The collected samples were immediately transported to, and processed within a few hours 
after collection in, the laboratory of Luleå University of Technology (LTU), and analyzed for 
pH, conductivity, TSS and chlorides; total and dissolved heavy metals were analyzed by 
SGAB Analytica laboratory in Luleå. In the LTU laboratory, pH was measured by a 
Radiometer PHM 95 with a Schott Blue Line 13 pH electrode, at 25º C, while stirring the 
sample. The conductivity was measured using a Radiometer CDM 210 with a CDC 741 T 
electrode, at 25º C. The chloride concentration was measured using Method No. Q-006-04 
(multitest MT9/MT10), Chloride in water and wastewater (BRANTLUBBE). TSS were 
measured by the standard method SS-EN 872, which has the status of the European Standard 
EN 872:1996. The method uses glass-fibre filters (1.6 m openings), and its detection limit is 
2 mg/l (EN 872, 1996 and SIS, 1996).  

At SGAB Analytica, 20 ml samples were digested with 2 ml Suprapur® HNO3 and processed 
in sealed Teflon containers in a specially modified microwave oven for 50 minutes at a 
temperature of 160 ºC. Compared to the traditional use of open vessels on a hotplate, this 
procedure enables more rapid dissolution, prevents the loss of volatile elements, and avoids 
potential contamination from the environment. Dissolved heavy metals were measured by 
analyzing the filtrate passing through the Sarstedt (USA) syringe filter with 0.45 μm 
openings.  Total metals were measured by ICP-SFMS for Cd, Ni and Pb and ICP-AES for Cu 
and Zn; all dissolved metals were measured by ICP-SFMS.  The detection limits were as 
follows:  (a) total metals - Cd (0.05 μg/l), Cu (1 μg/l), Ni (0.6 μg/l), Pb (0.6 μg/l), and Zn (4 
μg/l), and (b) dissolved metals - Cd (0.002 μg/l), Cu (0.1 μg/l), Ni (0.05 μg/l), Pb (0.01 μg/l), 
and Zn (0.2 μg/l). 

RESULTS AND DISCUSSION 

Snowmelt hydrology  

Air temperatures measured at the study site and precipitation data from Bergnäset, averaged 
over 12-h intervals, are shown in Fig. 1 for the period from Jan. 1 to May 10, 2004. The 
temperature record shows an extended ‘deep freeze’ preceding the snowmelt period, which 
started on Feb. 20 and finished (last snowmelt) on Apr. 23, 2004. Some events in Fig. 1 
represent rain events, or rain-on-snow-events, but those were not sampled to keep the study 
focused just on snowmelt events, which are listed in Table 2 together with their basic 
characteristics. Snowmelt event volumes varied from 0.067 to 2.22 m3, ranged in duration 
from 3 to 16 hours, and the maximum hourly flows ranged from 32 to 1232 l/h.  The total 
volume of snowmelt runoff was estimated at 15.5 m3 and represented about 75% of total 
runoff during the study period. 
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Figure 1. Climatological data for the study site. Jan. 1 – May 10, 2004 (on-site air 
temperatures, 12-h precipitation from the Bergnäset station 3 km distant)  

Table 2. Basic characteristics of the monitored snowmelt events 
Snowmelt event Duration (h) Volume (l) Mean flow (l/h) Max flow (l/h) Accumulated 

volume (m3)
February, 20-21 16 1730 75 284 1.7 
March, 10 6.5 840 131 765 2.6 
March, 16 13 1231 96 494 3.8 
March, 17 7 622 91 425 4.4 
March, 18 7.5 386 51 575 4.8 
March, 21 9 688 78 316 5.5 
March, 28 12.5 2220 179 900 7.7 
March, 30 10.5 2075 200 972 9.8 
March, 31 7.5 662 87 499 10.5 
April, 2 3.5 487 138 566 10.9 
April, 3 8 1726 212 597 12.7 
April, 4 5.5 816 142 428 13.5 
April, 5 7 229 33 128 13.7 
April, 6 7 509 71 186 14.2 
April, 7 4.5 67 15 32 14.3 
April, 9 2.5 239 93 413 14.5 
April, 10 2.5 172 68 306 14.7 
April, 23 3 800 332 1232 15.5 

Snowmelt quality  

Concentrations of the selected conventional water quality constituents, TSS, pH, conductivity, 
and chloride, are presented in Table 3. The mean value of pH was high and relatively constant 
throughout the snowmelt period, fluctuating between 8.1 and 8.4, except for two lows on 
April 6 and 23, when pH decreased down to 7.7. The mean concentration of chloride and the 
mean conductivity were the highest in the beginning of the snowmelt period and then 
gradually decreased, except for a minor peak on March 18, and towards the end of the 
snowmelt period on April 9 and 10. As expected, the agreement between chloride and 
conductivity data was very good r = 0.91 (p < 0.01). This strong relationship was then used to 
fill-in the missing chloride data for five events, shown in Table 3 bolded, using a linear 
regression analysis available in Statgraphics®. The mean concentrations of TSS in snowmelt 
varied throughout the snowmelt period, from 400 to 2,500 mg/l. Such values greatly exceed 
those reported for rainfall-generated urban stormwater in mild climates (e.g., in the U.S. 
NURP as 100 mg/l, USEPA, 1983) and confirm the significance of winter snowmelt 
contributions to annual stormwater pollution loads in cold climates.     
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Table 3. pH, conductivity and concentrations of TSS and chloride (mg/l) for the observed 
snowmelt events 

pH Conductivity (mS/m) Total suspended solids (mg/l) Chloride (mg/l) 
Date Mean St.dev Mean St.dev Min-Max Mean St.dev Mean St.dev 

Feb. 20-21 8.3 0.1 60.7 8.8 790-2200 1306 552 123.4 24.1 
March, 10 8.3 0.1 43.7 7.4 1400-3100 2088 587 78.3 10.8 
March,16 8.1 0.1 35.6 4.3 790-1600 1020 388 54.0 6.1 
March, 17 8.1 0.1 33.5 4.4 1200-1600 1400 187 58.0 10.4 
March, 18 8.4 0.1 38.4 4.0 960-2200 1745 389 64.7 3.4 
March, 21 8.1 0.0 23.8 5.0 330-800 534 149 31.0 10.4 
March, 28 8.1 0.1 23.8 7.7 290-3100 1209 777 30.8 9.3 
March, 30 8.3 0.1 23.5 2.5 1100-2700 1725 505 33.4 6.4 
March, 31 8.4 0.2 21.1 5.2 620-8000 2524 2183 27.5 6.9 
April, 2 8.4 0.1 17.4 1.0 1200-1400 1300 100 16.7 2.9 
April, 3 8.1 0.2 13.0 1.3 300-1300 796 296 8.8 3.1 
April, 4 8.1 0.1 14.5 2.0 520-810 683 89 12.8 2.0 
April, 5 8.1 0.3 11.6 2.2 320-540 388 96 5.7 4.5 
April, 6 7.7 0.2 16.7 4.6 270-1200 703 422 10.5 3.4 
April, 7 8.1 0.1 23.1 1.4 280-2200 780 705 12.7 2.4 
April, 9 8.2 0.1 33.7 5.9 1000-1700 1350 495 41.0 4.2 
April, 10 8.4 0.0 27.1 5.2 1500-1600 1550 71 35.0 9.9 
April, 23 7.7 0.4 15.9 8.6 220-3100 1049 814 14.6 17.7 

Compared to mean values reported for snowmelt in rural catchments (Oliver et al., 1974), pH, 
conductivity, and concentrations of TSS and chlorides were high. However, compared to 
snowmelt from areas with extensive use of chloride in winter road maintenance, the 
conductivity and chloride concentrations in Table 3 were much lower (Marsalek et al., 2003). 

Mean concentrations of total and dissolved fractions of the selected heavy metals (Cd, Cu, Ni, 
Pb, and Zn) are listed in Table 4.  Similarly to TSS, the total mean concentrations of heavy 
metals studied varied throughout the snowmelt period, without any clear pattern of higher 
concentrations in the beginning or at the end of the snowmelt period.  

Table 4. Concentrations of total and dissolved heavy metals Cd, Cu, Ni, Pb and Zn (μg/l). 
Cadmium (µg/l) Copper (µg/l) Nickel (µg/l) Lead (µg/l) Zinc (µg/l) 

Date Mean St.dev EMC Mean St.dev EMC Mean St.dev EMC Mean St.dev EMC Mean St.dev EMC
Feb., 20 1.07 0.11 246 66 67 17 67 22 893 208
Feb., 21 0.6 0.1 155 27 40 6 40 9 437 53
Mar., 10 1.4 0.3 1.3 458 116 437 120 30 113 91 21 85 1523 337 1461
Mar., 18 1.2 0.4 1.25 310 106 346 91 30 102 91 27 95 1095 314 1183
Mar., 30 0.9 0.2 1.0 288 74 308 87 23 93 72 18 76 972 211 1026
Mar., 31 1.3 0.7 1.4 356 185 396 119 69 130 120 115 134 1174 542 1328
April, 4 0.4 0.2 0.5 119 23 119 38 9 38 31 6 31 464 110 470
April, 6 0.4 0.2 0.4 115 58 111 36 19 35 36 19 35 436 228 409
April, 7 0.4 0.2 0.4 94 69 79 32 24 26 22 15 18 319 159 281
April, 9 0.9 0.2 0.7 240 63 205 85 27 70 62 15 54 970 255 830

Tot.
(µg/l)

April, 10 0.95 0.02 0.96 250 24 243 92 15 87 62 5 60 1096 190 1042

Feb., 20 0.05 0.01 16 1.1 3.3 0.3 0.07 0.01 13 3
Feb., 21 0.035 0.003 23.4 22.9 0.7 4.1 0.4 0.065 0.008 12.2 1.3 
Mar., 10 0.023 0.007 0.023 10.8 2.0 10.6 2.2 0.5 2.2 0.13 0.25 0.14 4.4 1.9 4.9 
Mar., 18 0.018 0.005 0.017 8.3 1.9 8.0 2.0 0.6 1.8 0.04 0.01 0.04 0.7 0.3 0.9 
Mar., 30 0.02 0.003 0.02 6.5 1.2 6.4 1.5 0.2 1.5 0.06 0.02 0.06 3.9 0.8 4.0 
Mar., 31 0.01 0.003 0.01 7.5 2.1 8.4 1.6 0.4 1.8 0.04 0.02 0.04 2.5 0.5 2.7 
April, 4 0.012 0.001 0.012 8.3 1.0 8.4 1.6 0.2 1.6 0.05 0.01 0.05 6.0 1.1 5.8 
April, 6 0.03 0.01 0.03 8.7 1.3 8.4 2.1 0.6 1.9 0.09 0.03 0.09 20 8 19
April, 7 0.03 0.01 0.03 16 2 15 2.8 0.3 2.8 0.11 0.01 0.11 21 4 21
April, 9 0.031 0.005 0.029 14 2 13 4.9 0.8 4.4 0.035 0.004 0.033 8.2 2.6 6.7 

Diss.
(µg/l)

April, 10 0.025 0.004 0.023 11.0 2.3 10.3 4.0 1.2 3.7 0.030 0.003 0.031 6.3 0.3 6.2 

The heavy metal burdens were predominantly in the particulate phase, with dissolved phase 
containing only a minor fraction (< 10%).  
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It was of interest to assess the environmental significance of the observed metal 
concentrations in snowmelt. For this purpose, three sets of criteria were used: those 
promulgated by the Swedish EPA, the Canadian Environmental Protection Act (CEPA), and 
the US EPA. The first two sets of criteria apply to total metal concentrations, the last set to 
dissolved concentrations. When comparing the total heavy metal concentrations observed in 
this study to the Swedish EPA guidelines, the heavy metals studied were typically in the 
following classes: Ni - class 3, Cd - class 4, and Cu, Pb and Zn - class 5 (Table 5), and this 
rating indicated the risk of biological effects and possibly even of acute toxicity (Swedish 
EPA, 2000). Similarly, the CEPA guidelines indicated some adverse biological effects 
(CEPA, 2003). On the other hand, the US EPA guidelines (US EPA, 2006) apply to dissolved 
metal concentrations, and only dissolved Cu indicated the risk of both acute and chronic 
toxicities in the study area. Thus, snowmelt originating at the study site causes some 
environmental concerns, particularly with respect to dissolved Cu and the associated risks of 
chronic and acute toxicity.

Table 5. Swedish EPA, Canadian CEPA and US EPA freshwater quality guidelines for 
selected heavy metals (μg/l)

Swedish EPA1 US EPA2 CEPA3

Total concentrations (μg/l) Dissolved (μg/l) Total (μg/l)
Class 1 Class 2 Class 3 Class 4 Class 5 Acute Chronic 

Cd  0.01 0.01-0.1 0.1-0.3 0.3-1.5 >1.5 2.0 0.25 0.017 
Cu  0.5 0.5-3 3-9 9-45 >45 13 9.0 2-4 
Ni  0.7 0.7-15 15-45 45-225 >225 470 52 25-150 
Pb  0.2 0.2-1 1-3 3-15 >15 65 2.5 1-7 
Zn  5 5-20 20-60 60-300 >300 120 120 30

1 Swedish EPA: Class 3 – biological effects may occur, Class 4 and 5 - a growing risk of biological effects; metal 
concentrations in Class 5 affect the survival of aquatic organisms even after short exposure times (Swedish EPA, 
2000). 
2 The US EPA guidelines for acute/chronic concentrations is an estimate of the highest concentration of a 
material in a surface water to which an aquatic community can be exposed briefly/indefinitely without resulting 
in an unacceptable effect (US EPA, 2006). 
3 The CEPA guidelines are meant to protect all forms of aquatic life; as long as conditions are within the levels 
established by the guidelines, one would not expect to see negative effects in the environment (CEPA, 2003). 

Pollutant release from the disturbed urban snowpack  

The release of pollutants from snowpacks was studied by many authors (e.g., Schöndorf and 
Herrmann, 1987; Westerström 1995; Viklander 1997) and typically was related to the release 
of water from the snowpack. For this purpose, the cumulative mass of pollutant ’p’, divided 
by the total mass of ‘p’ released over the whole snowmelt period, is plotted vs. the cumulative 
release of water divided by the total mass of water released from the snowpack over the 
snowmelt period. For a uniform release of pollutants, the load of a pollutant released at any 
time, expressed as percent of the total load during the snowmelt period, equals the same 
percent release of water. This relationship can be displayed graphically (e.g., in Fig. 2), and 
for uniform release, it is represented by a 45  line. When the curve plots above this line, it 
represents advanced release (also called the preferential elution, or the first flush, when 
plotted for a single event), and when the curve falls below the line, it represents a delayed 
release. The preferential elution was reported for releases of soluble chemicals from 
undisturbed snowpacks (Colbeck, 1981), the delayed elution was reported for hydrophobic 
chemical releases from undisturbed snowpacks (Schöndorf and Herrmann, 1987). This form 
of data analysis was adopted here and pollutant releases vs. snowmelt were plotted in 
dimensionless graphs to examine the mode of release, whether advanced, uniform, or delayed. 
The cumulative curves in Figure 2 show the release of H+-ions, chloride and TSS during the 
entire snowmelt period. Two modes of release are shown in Fig. 2; for H+-ions and TSS, the 
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release was uniform, while the chloride curve shows an advanced release, or preferential 
elution.
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Figure 2. Cumulative curves for TSS, H+ (calculated from pH), and chloride during the entire 
study period 

The finding of a uniform release of TSS and H+-ions in this study is completely different from 
that of the previous investigations reported in the literature for undisturbed snowpacks. 
Colbeck (1981) reported the expulsion of chemical ions (impurities) from crystallizing snow 
during freeze-thaw cycles and their availability for preferential elution with snowmelt. As the 
snowpack is depleted, the medium-to-coarse particles and associated pollutants are left behind 
on the ground after the snowpack has completely melted (Viklander, 1997), or are transported 
away by high intensity rain-on-snow events providing adequate energy for transport of these 
particulates (Westerlund et al., 2003). Similar findings were reported by Johannessen and 
Henriksen (1978), who noted that approximately 40 % of the H+ load was released with the 
initial 15% of snowmelt, and in general, 50-80 % of the total soluble pollutant load was 
released with the first 30 % of the snowmelt. However, Johannessen and Henriksen (1978) 
studied an undisturbed rural snowpack with low pHs ranging from about 4 to 5, and did not 
report on TSS concentrations, which were most likely much lower than those in urban snow 
enriched by anti-skid materials used for winter road maintenance. For similar conditions of a 
rural snowpack, Westerström (1989) reported pH as low as 3 to 5. Under such conditions, 
acid shocks occurring in the beginning of the snowmelt were reported. 

In urban conditions reported on here, the situation is quite different with respect to pH. It 
appears that high concentrations of solids in urban snow and snowmelt provide high capacity 
for buffering pH. This is documented in Fig. 3 showing the variation of snowmelt pH with 
TSS concentrations.
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Figure 3. Mean pH and TSS (mg/l) for all the sampled snowmelt events

Higher pH of urban snow containing high concentrations of solids was also found by 
Viklander and Malmqvist in a laboratory study of urban snow samples (Viklander, 1997). 
Perhaps the most important sources of TSS in urban snow are the applications of anti-skid 
materials in winter road maintenance. Grit materials applied onto the pavement are further 
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abraded by passing car wheels (tires and studs) and some portion of grit is totally pulverized.  
Other sources of solids include corrosion, vehicle exhausts, pavement attrition, tire and 
vehicle wear, as well as atmospheric deposition from local or remote sources.  The 
neutralising effect of solids on snowmelt pH was discussed by Oliver et al., (1974), who noted 
that in their study area with limestone geology, limestone (CaCO3) dissolution produced 
carbonate (CO3

2-) and bicarbonate (HCO3
-) ions, which consumed hydrogen ions and kept pH 

fairly constant and nearly neutral. This explanation does not apply to the study area, of which 
bedrock as well as the anti-skid material used in Luleå does not contain limestone. However, 
particles with a negative surface charge are abundant in urban snow and will provide 
adsorption surfaces for free H+ ions and thereby increase the pH readings, as observed in the 
study area.

Preferential elution was, however, observed for chloride originating in road salt. Road salt 
(NaCl) in snowmelt will dissolve into positively charged sodium ions and negatively charged 
chloride ions (Na+, Cl-). The chloride ion is very mobile and conservative, and consequently, 
will not react, to a large extent, with other pollutants or absorb to solids, and its transport is 
therefore much based on physical elution with snowmelt (Marsalek, 2003). Furthermore, 
chloride causes early chemical snowmelt by lowering eutectic temperature and consequently 
it is released from snowpacks with early snowmelt in the preferential elution mode. 
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Figure 4. Cumulative curves for total and dissolved heavy metals (Cd, Cu, Ni, Pb, and Zn) 
during the entire study period 
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The issue of pollutant release from the disturbed snowpack was also addressed for total and 
dissolved heavy metals, as shown by the cumulative release curves in Fig. 4. Essentially, the 
release of both total and dissolved heavy metals was uniform, even though some weak 
tendencies of an early release of dissolved metals can be discerned.  

The release of particulate heavy metals, representing more than 90% of the metal burden in 
the snowpack, is similar to that of TSS (compare Figs. 2 and 4). This similarity can be 
explained by the close affinity of metals to solids, caused by adsorption, exchange reactions, 
and complexation of the heavy metals and particles in urban snowmelt with high TSS 
concentrations. Depending on the properties of solids, i.e. the type of minerals, rock, and/or 
soil, and the type of heavy metal, metals are linked to different chemical species, which is 
important for determining their mobility. Truly dissolved metals, or those present in 
complexes smaller than 0.45 μm (operationally considered ‘dissolved’), are highly mobile and 
therefore easily transported through the snowpack, and in the catchment. In highway runoff, 
high concentrations of organic compounds contribute to formation of different types of 
colloidal or other complexes with metals. Also, metals can be readily transported if attached 
to solids larger than 0.45 μm (i.e., in the particulate phase), but still small enough to be easily 
suspended. It was observed by Westerlund et al. (2003) that a large part of the total heavy 
metal burden was in the particulate load during snowmelt induced runoff. Investigations of 
urban snow by Daub et al. (1994) and Glenn et al. (2002) also showed that the concentrations 
of total metals were strongly influenced by the concentration of suspended solids. A good 
correlation between concentrations of TSS and heavy metals was also confirmed in this study, 
as shown in Fig. 5. Consequently, the importance of the amount available and the nature of 
the TSS material (i.e., solids) should be stressed when examining the adsorption processes. 
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Figure 5. Coefficients of correlation between particulate heavy metals and TSS for the 
snowmelt events sampled 

The results presented here and discussion in the literature indicate that urban and rural 
snowpacks differ in many ways, including higher concentrations and loads of pollutants in 
urban snow, high presence of TSS in urban snow providing surfaces for adsorption of heavy 
metals and other pollutants, and the presence of de-icing salts in urban snow affecting heavy 
metal mobility (Novotny et al., 1998). These factors then affect the release of pollutants from 
urban snowpacks, particularly where such snowpacks are disturbed by road maintenance 
operations, including snow ploughing and spreading road salts and anti-skid materials. While 
increased solubility of metals in rural snowmelt is attributed to low pH, the situation in urban 
snowpacks is rather different. In highly buffered urban areas producing snowmelt with fairly 
steady high pH (mean pH in this study being 8.2), other factors than pH, such as temperature, 
NaCl, and dissolved organic carbon become important in explaining the partitioning of metals 
between particulate and dissolved phases (Warren and Zimmermann, 1994).  
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Stumm and Morgan (1981) suggested that the extent of sorption increases with temperature, 
thus lower temperatures in winter months will decrease sorption and contribute to higher 
dissolved (more bioavailable) fractions of metals.  The presence of NaCl also affects the 
partitioning between dissolved and particulate metals. In particular, the non-conservative Na+

cation, which is rarely found in its elemental form in nature, reacts with solids and pollutants, 
and by competitive adsorption may desorb the heavy metals bound to suspended solids.  
Furthermore, the presence of chloride promotes formation of soluble chloride complexes, thus 
reducing formation of particulate metal complexes. Such processes were reported by several 
authors and depend on specific properties of individual metals. Norrström (2005) explained 
strong correlations between Zn, Cd and chloride by formation of chloride complexes 
transporting the heavy metals. Warren and Zimmerman (1994) reported increased dissolved 
phases of cadmium, copper and zinc resulting from higher chloride concentrations. Similar 
findings were reported for cadmium by Morrison et al. (1984), who noted that in stormwater 
Cd forms strong chloride complexes, which explained Cd solubility and ease of release from 
the particulate phase.

Concerning the strength of bonds of various heavy metals found in urban waters, information 
was found in the literature for all the heavy metals addressed in this study (Cd, Zn, Ni, Pb and 
Cu). Cd was reported to be the most mobile heavy metal due to its large association with 
easily leached exchangeable fractions (Norrström and Jacks, 1998). Zn is also considered to 
be weakly bound and occurring in an exchangeable form, which indicates high mobility 
(Morrison, 1995). Zn is mostly associated with dissolved solids, although it may adsorb to 
suspended sediment and especially colloidal particles. Ni in stormwater is mostly associated 
with suspended solids such as carbonates and organic matter (Makepeace et al., 1995). Lead 
is typically found highly associated with the particulate phase (e.g., bound to Fe/Mn hydrous 
oxides), and is considered strongly bound and relatively immobile (Oliver et al., 1974; 
Norrström, 2005). In stormwater, Cu is considered to be relatively strongly bound to 
dissolved organic fractions (Norrström, 2005; Morrison, 1995). 

The partitioning between dissolved and total heavy metal concentrations during the study 
period was expressed as a percentage (i.e., 100 * Cdiss/Ctot) and displayed in Fig. 6. The 
pattern of time variation in partitioning of individual metals is consistent and shows a small 
peak during the February events, decrease during the March events and a large peak during 
the final snowmelt in April. It is speculated that the early peak was caused by chloride in the 
snowmelt, however, there is no explanation for the large peak in April. In the overall 
assessment, the highest soluble phase was found for Cu (up to 35%), the lowest for Pb (< 
1.3%), and the remaining metals, Cd, Ni and Zn, were about the same (  20%). It would 
appear that partitioning of these metals in urban snowmelt is rather complex, not as yet well 
understood, influenced by both natural (e.g., chemical properties, water temperature) and 
anthropogenic (TSS, pH, salts) factors, and requires further study.
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Figure 6. Partitioning of dissolved and total heavy metals (Cd, Cu, Ni, Pb and Zn) in studied 
snowmelt  

CONCLUSIONS

A disturbed urban snowpack in the study area melted over a two-month period producing a 
runoff of 20 mm, distributed over 18 snowmelt events.  The snowmelt quality was 
characterized by relatively high and uniform pH (mean = 8.2), and low chloride and 
conductivity levels.  TSS event-mean-concentrations ranged from 400 to 2,500 mg/l, greatly 
exceeded those reported for rainfall runoff, and contributed to high pH buffering capacity of 
the snowmelt.  Observed total and dissolved heavy metal levels indicated a high likelihood of 
causing biological effects, and in the case of dissolved Cu, exceeded both chronic and acute 
toxicity criteria of the U.S. EPA.  With respect to temporal variations of pollutant releases 
from the snowpack, only chloride indicated an early release (also called preferential elution) 
and this was explained by the occurrence of a chemical melt attributed to lowered eutectic 
temperatures.  All the other constituents showed a uniform release with snowmelt from the 
snowpack.  The partitioning of heavy metals between total and dissolved loads indicated the 
highest dissolved fractions for Cu (up to 35%), followed by Cd, Ni and Zn (about 20%), and 
the lowest values were observed for Pb (< 1.3%).  Heavy metals partitioning in urban 
snowmelt is complex, and is affected by a number of confounding factors (chemical 
properties of individual metals, temperature, TSS, pH, and salts).  Snowmelt from disturbed 
urban snowpacks, similar to that in the study area, substantially differs from that in rural or 
undisturbed urban conditions with respect to higher TSS and other pollutant loads, high pH 
buffering capacity, and a general absence of early or delayed pollutant release from the 
snowpack.
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ABSTRACT 
The pathways of particles during snowmelt were investigated for urban snow melting on a 
small, medium, and large-scale lysimeter. The results showed that low percentages of the TSS 
(total suspended solids) loads were transported with the snowmelt i.e., 3, 3.7, and 4.8 %, 
respectively for the small, medium and large-scale lysimeter. Consequently, most of the TSS 
load stayed on the surface of the lysimeters after the snowmelt. The transported load in the 
snowmelt was independent of the different start concentrations. When the particle mass 
balance was performed, the results showed that TSS analysis does not take into account the 
load of total particles contained in snow and snowmelt runoff; therefore, the actual particle 
load will be underestimated. 

KEYWORDS mass balance, snowmelt, TSS, particles 

INTRODUCTION 
Snow and snowmelt-induced runoff along roads and highways often contain major loads of 
pollutants, such as particulates, heavy metals, bacteria, salts, and organic compounds 
originating from anthropogenic activities, such as traffic activities, vehicle component wear, 
fluid leakage, tire and pavement wear, corrosion and atmospheric deposition (Hvitved-
Jacobsen and Yousef, 1991; Viklander, 1997). Depending on the loads and concentrations of 
hazardous substances in the snowmelt runoff as well as the sensitivity and type of receiving 
surface waters, the environmental impacts will vary. Common impacts are reduced oxygen 
levels; increased turbidity; eutrophication; toxic levels of heavy metals and organic 
substances which potentially harm vegetation; and adverse effects on biota (Marsalek et al.,
2003). A large part of road runoff pollutants, such as heavy metals and PAHs, are particle 
bound (Lau and Stenstrom, 2005). The pathways of pollutants in a cold climate urban setting 
are very complex (Figure 1). The sources of pollutants are local and long-distance wet and dry 
depositions. Snow is more polluted than rain when it reaches the ground, because of the larger 
specific surfaces and lower drop velocities (Gjessing and Gjessing, 1975). Additional loads of 
particles and hazardous substances during cold climate arise due to, for example, cold starts of 
vehicle engines, additional pavement wear due to the use of studded tires and heating. Winter 
road maintenance contributes pollution through vehicle exhaust during snow-handling 
operations and the spreading of traction sand and salts, which increase the particle loads in 
snowmelt induced runoff as well as the corrosion of road railings and other metals surfaces 
along roads and highways (Malmqvist, 1983). In addition, Viklander (1997) and Reinosdotter 
(2007) discovered that the choice of strategy for removing, transporting, and dumping snow 
will greatly affect the pathways of pollutants. Also, the pathways of the mentioned pollutants 
depend on how much of the pollutants in the snow will be transported with the snowmelt 
runoff and how much will stay on the surface. In turn, that depends on the partitioning 
between the dissolved and particulate phase of the pollutant. The partitioning is greatly 
affected by the concentrations of particles in the snowmelt (Viklander, 1999; Glenn and 
Sansalone, 2002; Reinosdotter; 2003; Westerlund et al., 2003). Viklander (1996) reported that 
the percentages of Cu, Pb, and Zn that left the snow during snowmelt were 28, 42, and 30 % 
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respectively for a laboratory study. The same percentages for a pilot study were 10, 0.5, and 
30 % and for a full-scale study 6.5, 1, and 10 %.  

Figure 1. Water and pollutant pathways during winter/spring; lined arrows refer to water and 
dashed arrows refer to pollutants.  

Defining the pathways of particles and associated pollutants during winter conditions is of 
great interest when developing appropriate pollution-mitigation measures to hinder polluted 
runoff from reaching receiving waters. To perform a first exploratory study of particle 
pathways under defined conditions, a snowmelt investigation was performed on small, 
medium, and large lysimeter setups. The objective was to determine the particle pathways for 
urban snow during snowmelt by performing particle mass balances.  

METHODOLOGY 
Mass balance calculations 
The mass balance calculations are based on a general “conservation of mass” theory, i.e., that 
matter cannot disappear or be created, Equation 1. The mass of pollutants or water entering 
the system’s boundary equals the mass leaving, enmeshed, or chemically changed in the 
system. The mass balances of water volume SWE (Snow Water Equivalent) and TSS weight 
for the small, medium, and large-scale lysimeter were set-up following the general 
“conservation of mass” theory; the calculated/measured water volume/ TSS weight in the 
initial snow (STARTSWE/P) should equal the actual measured snowmelt volume/ TSS weight 
(OUTSWE/P), plus the residual left on the lysimeter after snowmelt (RESIDUALSWE/P) (Figure 2). 
The SWE, the amount of water contained within the snowpack, is a common snowpack 
measurement. It could be thought of as the depth of water that would theoretically result if the 
entire snowpack were instantaneously melted.  
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PSWEPSWEPSWE OUTRESIDUALSTART /// (Equation 1) 

Figure 2. General snowmelt (SWE) or particle mass balance (P). 

Data collection and sampling procedures  
The large, medium, and small lysimeter snowmelt experiments were performed during 1991 
(Viklander 1996), 2004 (Reinosdotter, 2007), and 2006, respectively. All three experimental 
setups were well defined with impermeable lysimeter bottoms. Polluted snow from roadsides 
in Luleå, in the north of Sweden, with traffic intensities of approximately 7,400 to 21,900 
vehicles/day, was collected. For the three different-scale lysimeter setups, the initial snow 
volumes, weights, densities, and TSS concentrations were measured and calculated. For the 
small-scale experimental setup, there were 9 lysimeters of 30 litres with a cylindrical shape. 
The medium-scale experimental setup was one lysimeter, which was put inside a non-heated 
garage, the sample being greatly affected by the outside temperature. The snow pile was 
melted during three to four weeks. The large-scale experimental setup had one lysimeter, 
located outside on an asphalted field, with the lysimeter covered with a polyethylene film. At 
the lowest part of the lysimeter was a polyethylene pipe that led the runoff to a well, where 
measuring equipment had been placed. Snowmelt flow was continuously measured using a 
tipping-bucket-type meter during low flows and a standard water meter during high flows. 
Samples for TSS analyses were taken twice a day, two days a week, throughout the snowmelt. 
For all three different-sized lysimeters, all snowmelt was collected and analysed for 
concentrations of TSS. After melting, the particles remaining on the plastic sheets were 
collected and weighed.

Laboratory analyses  
After the samples were collected, they were immediately transported to and processed (within 
a few hours after completed sampling) in the laboratory at Luleå University of Technology for 
pH, conductivity, and total suspended solids (TSS). The concentration of TSS was measured 
according to the standard method SS-EN872, which has the status of the European Standard 
EN 872: 1996. This standard specifies a method for determination of TSS by filtration 
through glass-fibre filters. The lower limit of detection is 2 mg/l. No upper limit has been 
established. The concentrations of TSS were determined by immediately filtering the samples 
through a Whatman GF/A filter (Whatman International Ltd., Maidstone,UK). The filter has 
an average nominal pore size of 1.6 μm, a thickness of 0.25 mm, and a rate of filtration of 13 
ml/s. The filters were weighed before the filtration and subsequently dried and weighed again 
after the filtration to determine the concentration of TSS (EN 872, 1996 and SIS, 1996).

RESULTS AND DISCUSSION 
Water mass balance 
The pollutant mass balance is greatly affected by the water mass balance since it is the 
transporting medium. Subsequently, to increase the understanding of pollutant pathways, a 
water mass balance has to be performed prior to the particle mass balance (Equation 2).  

SNOWMELT END 

RESIDUALSWE/P

OUTSWE/P

SNOWMELT START 

OUTSWE/PSTARTSWE/P
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SWESWESWE OUTRESIDUALSTART    (Equation 2) 

To calculate the water mass balance for the small lysimeters, measurements and calculations 
were made of the volume and weight of the total initial snow, and the density was calculated 
(Table 1). Due to the size of the medium and the large-scale lysimeters, measurements of 
weight and volume were made on representative sub-samples taken from each lysimeter, and 
an estimated density was calculated as an average of the sub-samples. The amount of water 
contained in the initial snow, STARTSWE, in all the lysimeters, was determined by multiplying 
the initial snow volume by initial snow density. The amount of water left on the plastic sheets 
after snowmelt, RESIDUALSWE, was considered negligible.  

Table 1. Snow and snowmelt data laboratory experiments Values used in the water mass 
balance equation for the lysimeters (l or m3).
 Small1  Medium Large 
INITIAL SNOW
Snow volume (m3)  0.032** 0.83** 202** 
Snow weight (kg)  20** 310* 113* (ton)
Snow density (kg/m3)  619* 373* 560* 
STARTSWE (l) 20* 310* 113*(m3)
SNOWMELT 
OUTSWE (l)  20.2** 287** 100** (m3)
RESIDUAL
RESIDUALSWE Negligible Negligible Negligible 
1 Average of 9 lysimeters *Calculated  **Measured 

To obtain an absolutely correct water mass balance, the STARTSWE and OUTSWE should be 
equally as large since the RESIDUALSWE was considered negligible. According to Table 1, 
the OUTSWE was 100, 93, and 88 % of STARTSWE for the small, medium, and large 
lysimeters, respectively. Sources of errors for the inaccuracy of the water mass balance could 
be explained by the volume measurements for the medium and large lysimeters, since it was 
difficult to measure the volume due to the large size. On the contrary, the error source of the 
volume measurements for the small lysimeters could be considered minor. The weight 
accuracy for the medium and large lysimeters was dependent on the accuracy of 
measured/calculated density and volume; consequently, the error source should be smaller for 
the small lysimeters. The density calculations had small errors for the small, medium, and 
large lysimeters, since the snow was mixed and homogenised before measurements of the 
sub-samples were taken. The total measured snowmelt volume, OUTSWE, could contain 
measurement errors for the small and medium lysimeters, while flow measurements were 
performed for the large lysimeters, resulting in a higher accuracy. Leakage is also a possible 
source of error for all lysimeters. The calculated water mass balance was considered 
acceptable for all lysimeters. 

Particle mass balance 
From the measurements of TSS concentrations in the initial snow as well as continuous 
measurements of the snowmelt, TSS loads were calculated. The TSS loads were used to 
calculate the particle mass balance (Equation 3). The different TSS start concentrations of the 
three lysimeter setups depended on the different snow origins and the different time of 
collecting the snow.  

PPP OUTRESIDUALSTART    (Equation 3)
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The transported load of TSS in the snowmelt from the initial snow was 3, 3.7, and 4.8 % for 
the small, medium and large lysimeters, respectively. Consequently, the different initial snow 
concentrations seemed not to influence the transported TSS load. A similar result was found 
by Johannessen and Henriksen (1978). They concluded that the release of pollutants was 
independent of the starting concentration. To calculate the TSS loads in the RESIDUALp,
equation 3 was used (Table 2). A comparison of the TSS load in the RESIDUALp with the 
measured total particle load in the RESIDUALp indicated that the measured TSS load was 
obviously lower. This discrepancy illustrates an important problem related to the conventional 
method of measuring particle concentrations in snow and snowmelt, i.e., TSS analysis. The 
explanation of the difference in load between the calculated residual TSS and the measured 
total particle load in the residual was that large particles will not become suspended when the 
sample is stirred before filtration, but remain on the bottom of the sample container. 
Consequently, the large particles will not be a part of the TSS according to the standard 
method of the TSS analysis. Underestimating the particle load in the snow and snowmelt 
might have consequences when estimating costs of sweeping streets and unclogging pipes as 
well as environmental concerns as snowmelt reaches receiving waters. 

Table 2. Measured TSS concentrations (mg/l) and loads (g) in initial snow and snowmelt and 
residual particle load (g) for the small, medium, and large lysimeters.  
 Small 1  Medium   Large  
INITIAL SNOW       
TSS  (mg/l) 6600  1700;2300  630  
STARTP (g) 131  568  71 (kg)  
SNOWMELT       
TSS (mg/l) 235±524  92±119  29±35  
OUTP (g) 4  21  3,4 (kg)  
RESIDUAL       
RESIDUALP(g) 127* 547** 544* 3064** 67,6* (kg) 1870**(kg) 
1 Average of 9 lysimeters  *Calculated TSS load in residual **Measured total particle load in residual 

The TSS load in the RESIDUALp was calculated as a percentage of the total particle load of 
the residual, 23% (average), 18%, and 4 % for the small, medium and large lysimeters, 
respectively. The total residual particle load consisted of the TSS load and the larger particles, 
which would not be suspended during the performance of the TSS analyses. To calculate the 
total particle load for the initial snow and for the snowmelt, it was first assumed that all the 
large particles found in the residual were left on the plastic sheet after the melting of the 
initial snow and that none were transported with the snowmelt, thus providing an interval. 
However, this assumption was false, since it was ocular-noticed that large particles were 
transported with the snowmelt. Consequently, assuming the same TSS load as a percentage of 
the total particle load in the snow and snowmelt as for the residual (23%, 18% and 4 %), 
calculating a range of larger particles as well as total particle load for the initial snow and for 
the snowmelt was possible (Table 3).  

Table 3. Calculated loads of TSS, large particles and total particle load for the small, 
medium, and large lysimeters.

Small1 (g) Medium  (g) Large  (kg) 
TSS Large Total TSS Large Total TSS Large Total 

STARTP 131 417-430 548-561 568 2517-2614 3085-3182 71  1802-1893 1873-1964 
RESIDUALP 127 417 544 547 2517 3064 68 1802 1870 
OUTP 4 0-13 4-17 21 0-97 21-118 3 0-91 3-94 
1 Average of 9 lysimeters
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The mass balance concept was applied to a 
small runoff plot (540 m2) at Södra 
Hamnleden in the central part of Luleå 
(Figure 3) (Westerlund et al., 2003). 
Coarse material, 4-8 mm, was used as an 
anti-skid material, but no de-icing salts 
were used as slipperiness control. The 
study period stretched from the 3rd to the 
18th of March, 2004. Snow samples were 
collected from the snow bank close to the 
road, at the first and the last day, which 
will be referred to as sampling occasion 1 
and 2. 
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Figure 3. Snow sampling locations (F=Front 
sampling row; B= Back sampling row).  

The water and particle mass balance equations for the runoff plot were much more complex, 
due to the uncontrolled environment, compared to the lysimeter setups. In addition, melt 
events occurred before and after the study period and the runoff plot consisted of two 
interacting surfaces, a two-lane road (ROAD) and a strip of grassed land on the road 
boulevard used for storage of ploughed snow (GRASS) (Equation 4 and 5).  

SWESWESWESWE INOUTROADGRASSROADGRASS 2,1, )()( (Equation 4) 

For the water mass balance, the snow on the road surface ROADSWE, was considered negligible. 
The GRASSSWE, for occasion one and two, were calculated by multiplying the grassed area by 
the point SWE-measurements; 9.9 and 8.5 m3, respectively. The water going out of the runoff 
plot during the study period (OUTSWE) included snowmelt, snow-removal practices, infiltration, 
and evaporation. The snowmelt was continuously measured during the study period, and the 
total amount of snowmelt was 4.3 m3. Once during the study period, the upper part of the 
snow bank was levelled and transported to a central deposit outside the city. The transported 
amount of snow was approximately 30 m3, and an estimated density of 230 kg m-3 gave a 
SWE-removal of 6.9 m3. In this study, the infiltration and evaporation were considered 
negligible. In a model developed for quantity and quality of urban snowmelt runoff, 
Bartosová and Novotny (1999) have not neglected the infiltration, but instead, the infiltration 
was reduced according to the freezing depths. Studies showed the evaporation in wintertime 
in northern countries to be negligible (Bengtsson, 1980; Semádeni-Davies and Bengtsson, 
1999). The water entering the runoff plot during the study period was precipitation (INSWE).
The precipitation in the runoff plot was, in total, 18 mm (SWE) during the study period. The 
volume was calculated by multiplying the precipitation by the total area of the runoff plot, 
giving a volume of 9.7 m3. Applying the given values in Equation 4, results in an accurate 
water mass balance. 

PPPP
INOUTROADGRASSROADGRASS

2,1,
)()( (Equation 5) 

The mass of TSS on the grassed surface (GRASSP), for occasion one and two, was calculated 
by multiplying the TSS concentrations by the calculated water volume, given as an interval in 
Table 4. The lower values, 23 and 4 kg, were calculated by using the average TSS 
concentrations for the front and back sampling row multiplied by the water volume connected 
to each sampling row. The higher values, 28 and 12 kg, were calculated by using the unique 
TSS concentration for each sampling point multiplied by the water volume connected to each 
sampling point; these values were used in Equation 5. No measurement was performed for 
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TSS on the road surface (ROADP). The TSS load transported out from the runoff plot was a 
part of the snowmelt and the snow removal operation. The TSS load in the snowmelt was 7kg. 
The water volume transported out of the runoff plot during the snow-removal operation was 
calculated to 6.9 m3 for the water mass balance. Using the average TSS concentration of the 
front and back sampling rows, 4000 mg/l gave a transported TSS load of 27 kg. Infiltration as 
a transport of TSS from the runoff plot was considered negligible. Inputs to the runoff plot 
were slipperiness control, wet and dry fallout, pavement wear, tire wear, brake linings wear, 
and exhaust. Once during the study period, traction sand was applied to the road, the used 
load was 50 to 100 g/m2 according to the municipality of Luleå. However, the addition of 
traction sand was discarded from the TSS mass balance due to the size of 4-8 mm, thus it was 
unlikely to be a part of the TSS. From the literature, a range of values was found for the other 
sources, apart from wet and dry fallout (Table 4).  

Table 4. Values used in the TSS mass balance equation (kg).
Field TSS load (kg) 

  Input values  Interval (kg) Chosen value (kg) References 
GRASSP,2  4 -12* kg 4-12  12  
GRASSP,1  23-28* kg 23-28  28
OUTP Snowmelt 7* kg 7  7  

Infiltration n.m. Negligible   
 Snow removal 4000-6000* mg/l 27-41  27 Forsberg, B., 2007 
INP Slipperiness control 50-100 g/m2 Discarded Discarded
 Wet and dry fallout n.m. Negligible   
 Pavement wear 2-10 g/ vkm-1 17-85  17 Gustafsson, M., 2001 
 Tire wear 0.024-0.36 g/ vkm-

1
0.2-3.1  

3.1

Baekken, 1993 
Rogge et al., 1993
Lindström and Rossipal, 
1987

 Brake linings wear 3.2-8.8 mg/ vkm-1 0.03-0.1 
0.1 Gustafsson, M., 2001

 Exhaust 1.4-30 mg/ vkm-1 0.01-0.3  0.3 Gustafsson, M., 2001 
SRA, 2007 

n.m.=no measurements 
* measured values 

Using the chosen values (Table 4) in Equation 5, the accumulated load of TSS on the road 
surface ( ROAD), during the study period, was calculated to 2.5 kg. Using the same 
relationship between TSS and the total particle load for the ROAD as for the small, medium, 
and large lysimeter experiments (23, 18, and 4 % respectively) gives a total particle load of 
11, 14, or 63 kg. After snowmelt, the road was swept, and a total particle load of 608 kg was 
collected. Estimating the annual total particle load for the road surface from the ROAD
values, gives an interval of approximately 250 to 1400 kg. This interval is probably 
overestimated due to a higher particle emissions during the studied period compared to the 
rest of the year. Comparing these figures to the swept load shows that the total particle load of 

ROAD is reasonable. 
To be able to perform a mass balance for the field site, the analyses have to take the total mass 
of particles into account, not only TSS, because the traction sand is a large percentage of the 
total mass and it is not a part of TSS. 

CONCLUSIONS 
The particle mass balance for the small, medium, and large lysimeters in this study showed 
that the transported load of TSS in the snowmelt from the initial snow was 3, 3.7, and 4.8 %, 
respectively. The transported load in the snowmelt was independent of the different start 
concentrations. The conclusion is that total suspended solids (TSS) analysis does not 
characterize the load of total particles contained in snow and snowmelt runoff and that the 
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analysis will underestimate the actual particle load. The results from this study may assist in 
increasing the understanding that appropriate analysis methods are needed to accurately 
perform mass balances for total particle loads in snow and snowmelt. 
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