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Abstract
Urban stormwater hydrology of cold regions, including northern Sweden, is characterized by freezing temperatures, 
accumulation of precipitation and pollution in seasonal snowpacks, release of such accumulations during short melt 
periods, major contributions of snowmelt to runoff, rainwater storage in snowpacks, and increased runoff from frozen 
grounds. Thus, the hydrology of cold regions differs significantly from that of the regions without frost and snow, and 
such differences need to be accounted for in stormwater management. Additional uncertainties are introduced into these 
considerations by climate change impacts on urban drainage, which in northern Sweden include additional hydraulic 
loading on urban drainage systems (UDS) and stormwater control measures (SCMs). Thus, the main objective of this 
thesis is to advance the understanding of urban drainage operation during the winter/spring transition in cold regions, by 
examining the processes affecting stormwater quantity and quality during this period, and the resulting implications for 
stormwater management and adaptation to climate change. 

To advance the understanding of runoff generation processes with respect to seasonal changes, experimental and 
modelling approaches were used. Infiltration into frozen soils was investigated in laboratory experiments with two 
engineered (sandy) soils holding two different initial water contents, 5 and 10%. The infiltration was significantly 
impaired by a complete blockage of soil pores in the initially wetter soil (i.e. 10%). Higher soil moisture and finer soil 
gradation slowed down the process of thawing and restoration of the infiltration capacity. In the modelling approach, 
the factors affecting the runoff generation were systematically investigated for a set of scenarios developed for two case 
studies in the Lindsdal (Kalmar) and Kiruna catchments. Winter scenarios were characterized by reduced infiltration, 
compared to the summer conditions. The simulation results showed a significant runoff volume increase, by 275%, in 
Lindsdal. Simulations of rain-on-snow events revealed that the snowpack depth strongly affected surface runoff by 
providing potential storage capacity. Consequently, even though the volume of runoff from rain-on-snow events in 
Kiruna increased by 180-500% for a range of snowpack depths, the smaller increases applied to the greater snowpack 
depths. 

Seasonal changes and rain-on-snow events greatly impacted the UDSs performance by producing more flooded nodes 
and surcharged sewer pipes. The impact of climate change was studied for future climate scenarios in two ways: 
applying upscaled precipitation in the Lindsdal catchment, and applying uplifting factors to both precipitation and 
temperature on the basis of Representative Concentration Pathways (RCPs), for low and intermediate emission 
scenarios, RCP2.6 and 4.5. The results showed adverse impacts of climate change on the UDS performance. 

Accumulations of pollutants in snowpacks were investigated by compiling concentrations of TSS and trace metals (Cd, 
Cr, Cu. Ni, W, and Zn) in snow samples from 11 sites, with various traffic densities, in Trondheim (Norway) and Luleå 
(Sweden). Data analysis for individual sites confirmed the assumption of a linear trend in accumulation of constituents 
with time (0.65<R2<0.95) and a cause-effect relationship between TSS and trace metals concentrations, with three 
predictors: the snow residence time (SRT), annual average daily traffic (AADT) and the cumulative traffic volume 
(CTV=SRT×AADT). 

To advance simulation of urban snowmelt, a classification system of 13 types of urban snow covers was developed 
through a literature review, with the aim of better representing heterogeneous urban snow conditions in modelling. For 
that purpose, anthropogenic activities, land use, and the origin of deposited snow were considered and applied in two 
case studies in the Kiruna and Östersund catchments (Sweden). In Kiruna, modelling snowmelt and runoff from rain-
on-snow events was investigated, and in Östersund, the feasibility of snowmelt event simulations with the SWMM 
model was addressed, with the objective of proposing improvements to the modelling approach. Snow quality 
modelling resulted in developing two parsimonious models, from field observations, for prediction of the pollution 
accumulated in roadside snowbanks. The prediction accuracy of the TSS export from the monitored Östersund 
catchment was examined using the simulated and measured runoff flows, which showed the importance of including the 
dynamics of the meltwater release during various stages of the melt in the modelling process. 

Finally, the results from the experimental and simulation studies were discussed in the context of practical implication 
and functionality of selected SCMs (e.g. green roofs, green areas and bioretention) for the current and future climates. 
Green roofs showed a good potential for compensating for extra roof runoff due to climate change, during seasons 
without snow. Green infrastructures including green areas and bioretention facilities, were adversely affected by climate 
and seasonal changes, manifested by increased hydraulic loading and reduced infiltration due to soil freezing. The latter 
effect could be mitigated by draining down bioretention media via under-drains, before the onset of freezing. Finally, 
the water storage capacity of snowpacks and its role in attenuating runoff peaks from rain-on-snow events should be 
recognized. 
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Sammanfattning

Den urbana hydrologin i kalla regioner, såsom i norra Sverige, karakteriseras av minusgrader där nederbörd och 
föroreningar ansamlas i snötäcket under vintern och frigörs under en relativt kort snösmältningsperiod. Förutom att en 
stor volym frigörs under en kort period så förhindrar tjälen i marken att vattnet infiltrerar vilket leder till en ökad 
avrinning. Hydrologin i kalla regioner avviker därför kraftigt från hydrologin i regioner utan frost och snö, sådana 
skillnader måste man ta hänsyn vid hantering av dagvatten. Andra osäkerheter beror på klimatförändringar som 
innehåller ytterligare belastning för städernas dräneringssystem och dagvattenhantering. Huvudsyftet med 
avhandlingsarbetet var att förbättra förståelsen av hur städernas dräneringssystem fungerar under övergången mellan 
vinter och vår i kalla regioner. De processer som påverkar dagvattnets mängd och kvalitet under den här perioden har 
studerats, utifrån perspektivet av dagvattenhantering och klimatförändring.

För att öka förståelsen för de processer som styr avrinningens variationer över året har olika experiment och 
modelleringsstudier utförts. I ett labbexperiment undersöktes infiltration i frusen mark för två designade, sandiga 
jordtyper där vattenhalten från början antingen var 5 eller 10%. Med en högre vattenhalt i den frusna marken 
återställdes infiltrationskapaciteten långsammare då fler jordporer blockerades av is. Kombinationen av högre vattenhalt 
med en finare kornstorlek i jorden gav den längsta återställningstiden innan marken tinat och återfått sin fulla 
infiltrationskapacitet.

Genom modellering undersöktes systematiskt de faktorer som påverkar avrinningen för olika scenarier utvecklade för 
två fallstudier i Lindsdal (Kalmar) och Kiruna. Vinterscenarierna karakteriserades av mindre infiltration än 
sommarscenarierna. Simuleringen visar på en kraftig ökning av avrinningsvolymen i Lindsdal med 275%. Simuleringar 
med regnhändelser på snö visar på att snötäckets djup påverkar avrinningsvolymen genom att vatten kan lagras i 
snötäcket. I Kiruna ökade avrinningsvolymen med 180-500% för en rad snödjup, där den minsta ökningen ficks för det 
största snödjupet. Både variationerna över året och fallet med regn på snö påverkar dagvattensystemet kraftigt genom 
att ge flera överbelastade ledningar. Även klimatförändringens roll studerades för framtida klimatscenarier, vilka visade 
sig ha ogynnsam inverkan på stadens dräneringssystem.

Ackumulering av föroreningar i snötäcket undersöktes genom sammanställning av halterna av suspenderat material och 
spårmetaller (kadmium, krom, koppar, nickel, volfram och zink) i snöprover från elva platser med varierande 
trafiktäthet, i Trondheim i Norge och Luleå i Sverige. Dataanalysen bekräftade antagandet om en linjär trend i 
ackumuleringen över tid och ett orsakssamband mellan koncentrationerna av suspenderat material och spårmetaller, 
med tre prediktorer: uppehållstiden för snön, medeltrafiken per dag och den kumulativa trafikvolymen. 
För att bättre kunna representera de heterogena urbana snöförhållandena i modellering utvecklades genom en 
litteraturgenomgång ett klassificeringssystem för 13 typer av snötäcken. Kunskap om mänskliga aktiviteter, 
markanvändning och den lagrade snöns ursprung användes i två fallstudier i Kiruna och Östersund. I Kiruna 
modellerades snösmältning och avrinning från regn på snö-händelser. I Östersund undersöktes det om simulering av 
snösmältning gick att genomföra med SWMM-modellen. Modellering av snökvalitet resulterade i två parametersnåla 
modeller för att förutsäga föroreningsackumulationen i snödrivor längs gatorna. Hur noggrant exporten av suspenderat 
material från Östersunds avrinningsområde kunde förutsägas undersöktes med hjälp av simulerat och uppmätt 
avrinningsflöde. Det visade sig vara viktigt att i modelleringsprocessen inkludera frisättningen av smältvatten under 
olika stadier av smältningen. 
Avhandlingen diskuterar resultaten från experiment och simuleringar i samband med praktiskt genomförande och 
funktion hos några utvalda dagvattenåtgärder, i dagens och framtidens klimat. Gröna tak visade god potential att kunna 
kompensera för extra takavrinning på grund av klimatförändring under årstider utan snö. Grön infrastruktur som gröna 
områden och biofilteranläggningar påverkades ogynnsamt av klimat- och årstidsförändringar, vilket visade sig i ökad 
hydraulisk belastning och minskad infiltration på grund av markfrost. Den senare effekten kan mildras genom att 
dränera ner biofiltermediet via täckdikning innan frosten kommer. 
En slutsats i avhandlingen är att man måste ta hänsyn till vattenlagringskapaciteten hos snötäcket och dess roll när det 
gäller att dämpa avrinningstoppar från regn på snö-händelser.
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1 INTRODUCTION

Urbanization significantly changes the water cycle, and particularly its surface runoff and water 
quality components, in developing areas, because of modified physio-graphic characteristics of the 
catchment and the associated anthropogenic activities (Marsalek et al., 2008). The most distinct 
among such modifications is the increasing extent of impervious surfaces, which prevent rainwater 
from entering the ground and, thereby, generate more runoff, compared to the predevelopment state. 
The increased runoff then scours, entrains and transports the pollutants accumulated on urban 
surfaces and such discharges of contaminated runoff may cause ecological problems in the 
receiving waters. The resulting impacts need to be mitigated by applying control measures 
throughout the urban catchments.

The process of runoff generation is strongly affected by cold climate, in which most of the 
hydrological processes differ from those in the temperate climate with respect to: (i) precipitation in 
the form of snow, (ii) snowmelt representing the main source of runoff, (iii) soil infiltration capacity 
reduced by soil freezing, and, (iv) snow covers storing catchment moisture, especially during rain-
on-snow events. Consequently, the processes of runoff generation and the patterns of the generated 
runoff are altered in comparison to those observed in the temperate climate. Furthermore, the 
processes of pollutant generation, accumulation, and releases also change during the winter period. 
Pollution from anthropogenic activities (e.g. traffic, heating, road maintenance, etc.) accumulates in 
seasonal snowpacks over long periods of freezing temperatures, and is released during relatively 
short periods of above-zero temperatures causing snowmelt. Highly dynamic releases of snowpack 
pollutants, over relatively short periods of time, may produce high concentrations of pollutants in 
snowmelt and cause toxic impacts on the receiving waters. 

Urban stormwater management (SWM) involves the planning, development, design and
implementation of stormwater control measures (SCMs), which serve to prevent or mitigate the 
aforementioned harmful effects of urbanization, and thereby reduce the risk of flooding and 
pollution. Conventional SCMs (e.g., end-of-pipe solutions) have been implemented to serve this 
purpose, but alternative urban drainage concepts which were developed in the form of green 
infrastructure (i.e., SCMs focusing on enhancing hydrological abstractions by water infiltration or 
evaporation) are gaining on acceptance as a preferred way of managing stormwater in urban 
catchments (e.g. Marsalek et al., 2008). To compare various SCMs, computer modelling of the 
processes describing runoff generation/drainage and pollutant dynamics is necessary. However, 
these processes strongly vary during the year, and particularly in cold climate regions, where the 
requirements on SWM may differ during various seasons. 

Furthermore, the major processes in hydrologic cycle are expected to change in the future due to 
the effects of global warming (Stocker, 2013), expected to occur throughout the year, but especially 
during cold periods. The likely higher future temperatures and a transformed precipitation regime 
impact the SWM’s design with respect to the winter duration, snow accumulation, snowmelt 
processes and soil frost depth; the changes in these components eventually affect the runoff patterns 
and pollution dynamics. Such changes will create new challenges for the existing SCM facilities 
and need to be addressed in future designs or in retrofitting and adaptation of the old systems for
dealing with the impacts of climate change.  
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In spite of the fact that the hydrological processes are different during warm and cold seasons, most 
of the standards for design of urban drainage systems (UDSs) were developed for the temperate 
climate and rainfall dominant conditions. Consequently, the majority of the UDS related studies 
primarily focused on service in a rainfall dominant climate, with the winter season not drawing
much of attention. This resulted in drainage systems, which are vulnerable to failure in the winter 
and early spring in cold climate regions with seasonal snowpacks, such as in northern part of 
Scandinavia, Canada, US, Russia, Japan, and Alpine regions. Hence, the knowledge gap concerning 
the processes affecting the urban drainage operation in cold seasons needs to be addressed. 

The processes, which affect the late-winter/early-spring stormwater management design and 
practice, are not well understood and more studies are needed to address such extreme weather 
conditions. Consequently, this PhD thesis was dedicated to addressing the knowledge gaps related 
to runoff quantity and quality during the cold weather periods characterized by snow and pollution 
accumulation, snowmelt, rain-on-snow events and impaired infiltration capacity of frozen soils. The 
general aim is to improve urban stormwater management in cold climate through investigation of 
the elements of urban hydrologic cycle, and specifically to develop knowledge and procedures of 
runoff/snowmelt computations and pollution estimation, through laboratory and field investigations, 
and conceptual and practical evaluation of the underlying processes through modelling. The study is 
subdivided into four steps: (i) advance the understanding of major processes playing important roles 
in winter/spring urban hydrologic cycle, (ii) investigating and advancing the modelling procedures 
serving as the main tools for dealing with runoff quantity/quality issues, (iii) demonstrating 
practical applications of the newly gained understanding of the aforementioned processes in 
catchment-scale modelling, (iv) assessing the performance of existing drainage systems in the 
current and future climatic conditions, and (v) discussing the outcome of previous steps to describe 
and develop the stormwater control approaches during winter and early spring seasons.  

1.1 Objectives

The overall objective of this thesis is to extend and deepen the understanding of hydrological
processes in urban catchments during the transition from winter to spring in cold climate regions 
characterized by seasonal freezing temperatures and temporary snowpacks and implications for 
SWM in the current and future climate. 

The study objectives are formulated at two levels. The first level strives to deepen the knowledge of 
individual hydrological processes occurring in winter/early spring and describe their key 
components. Such results can then be applied to practically improving snowmelt runoff modelling 
procedures and techniques. The second level objective strives to use the outcome of the previous 
step to find gaps in the practical knowledge of seasonal stormwater control and to propose suitable 
approaches for selected mitigation measures dealing with the impacts of seasonal and climate 
changes on UDSs. 

Hence, the scope of the study can be defined as: (i) to investigate the sources of, and factors
affecting, urban winter/spring runoff and the pollutants associated with such sources, through data 
from field studies and laboratory experiments; (ii) to investigate and assess the commonly used 
computational procedures and tools, and propose improvements of such procedures through runoff 
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modelling studies; and finally, (iii) to identify the problems in SWM applied in cold climate, and 
propose solutions (for selected SCMs) with respect to the current and future climate conditions.

The structure of the thesis is shown in the schematic diagram in Figure 1 by illustrating the studied 
elements of urban hydrologic cycle for distinctive periods (i.e. seasons with and without snow) for 
the current and future climates, along with their corresponding activities and subsequent products 
(i.e. appended papers). 
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Figure 1 The structure of the thesis, illustrating different elements of urban hydrologic cycle investigated for different 
seasons in current and future climate along with the corresponding activities and subsequently produced paper(s)
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1.2 Thesis structure

The thesis starts with Chapter 1, Introduction, in which the study topic is briefly introduced, the 
importance of the research undertaken is highlighted, and the thesis objectives are listed. Chapter 2, 
Background, reviews the literature on key aspects of the thesis topics and provides the connections 
of individual thesis papers to the thesis objectives. Chapter 3, Results presents synthesized results 
from the appended papers. The main findings of the thesis are discussed in the context of the 
objectives defined in Chapter 4, and the conclusions are summarized in Chapter 5. The references 
cited are listed in Chapter 6, References. Finally, seven papers forming a part of this thesis are 
appended; two are conference contributions, three have been published in peer reviewed journals,
and two represent submitted manuscripts under review.
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2 BACKGROUND

Progressing urbanization and the associated anthropogenic activities in relatively small urban areas
create significant changes of the environment of the whole region. The impacts on the urban 
hydrologic cycle and the catchment surface are particularly caused by high catchment 
imperviousness, compared to the pre-urban state, and the resulting increased surface runoff 
(Marsalek et al., 2008). In general, surface runoff from urban areas is characterized by higher direct 
flow and total volume, greater peak flows, shorter times of concentration and lower baseflows,
compared to the original state of the catchment (Arnold and Gibbons, 1996; Butler and Davies, 
2004; Bedan and Clausen, 2009; Burns et al., 2012). Runoff patterns, modified by anthropogenic 
activities in an urban area, increase the risk of hydrological and ecological problems (Elvidge et al. 
2007), including flooding and water pollution. Such problems can be controlled or mitigated by 
implementing a variety of stormwater control measures (SCMs). However, the effectiveness of such 
measures is affected by seasonal and/or climate change impacts, which need to be considered in 
runoff computations and eventually in the design of urban drainage systems. 

2.1 Processes affecting generation of runoff and seasonal change impact

Generation of stormwater depends on two major factors, i.e. (i) the sources and supply of water, and 
(ii) characteristics of surfaces which receive water from the sources. Precipitation in the form of 
rain and/or snow is the source of runoff. The characteristics of the temporal distribution of 
precipitation, in the form of hyetographs or snowmelt hydrographs, determine partly the pattern of 
runoff generation in an urban catchment. Moreover, properties of catchments determine the flow 
rate after abstracting and storing the rainfall and/or snowmelt (Berggren, 2014). Urban areas consist 
of both impervious and pervious surfaces, which contribute differently to the total surface runoff,
certainly in comparison to the predevelopment stage of the catchment.  Such runoff may cause 
flooding in urban areas, because of limited capacities of the urban drainage system. 

Seasonal changes in the context of urban runoff management refer in this thesis to variations in the 
sources of runoff (i.e., rainwater or snowmelt) and the catchment characteristics during various 
seasons. A particularly significant change in the form of runoff is caused by a temperature change 
shifting from sub-zero to above-zero temperatures, which distinctly modifies the source of runoff 
from rainfall to snowmelt, and alters the catchment infiltration capacity due to frozen soil 
conditions with no or limited infiltration. Figure 2 illustrates the accumulated precipitation (i.e. 
snow) during the winter period and its contribution to runoff in an urban area. Therefore, distinctive 
changes in runoff generation occur during the transition from the winter to the spring, compared to 
the other seasons. Recent review studies (Elliott and Trowsdale, 2007; Gironás et al., 2009; Fletcher 
et al., 2013) indicate that the research of urban runoff has primarily focused on temperate or warm 
climates (where rainfall is the main source of stormwater), but relatively little has been done for 
urban regions in cooler or Alpine climates, with significant snowfall and snowmelt (Maksimovic, 
2001). 
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Figure 2 Illustration of accumulated snow during the winter period with a develeped snowpack, which contributes to 
runoff during the melting period (the photo is from Luleå, taken by S. Moghadas)

2.1.1 Seasonal variation of precipitation

Rainwater is the major source of stormwater during warm seasons. In winter, rainfall abstractions
on impervious areas are reduced by lower surface detention storage and evapotranspiration. This 
results in rapid runoff and high peak flows. Contrarily, higher abstractions of rainfall on pervious 
surfaces contribute to generation of less runoff. Numerous studies investigated the variety of issues 
regarding the rainfall as the source of stormwater in urban areas (Chow et al., 1988, Bronstert et al., 
2002; Brath et al., 2006; Elfert and Bormann 2009; Deepak et al., 2010; Stovin et al., 2012).

Yet, much fewer studies addressed the generation of runoff when snow and rain-on-snow are the
main sources of stormwater. The distinct difference between rain and snow is in the timing of their 
contribution to runoff; rainfall is immediately converted into runoff, but snow accumulates during 
the winter and contributes to the runoff during a relatively short snowmelt period with a significant 
volume of runoff, but a smaller peak flow (Aizen et al., 1996; McCabe and Clark, 2005; Serreze et 
al., 1999; Stewart, 2009). Rain-on-snow events are another distinct feature of the winter/spring
seasonal transition. Bengtsson and Westerström (1992), and Matheussen (2004) implied that 
besides high snowmelt runoff volume, rain-on-snow events increase the risk of high runoff peaks in 
urban catchments during the snowmelt season and thereby increase the risk of drainage system 
overflows and flooding.  Carlsson et al., (2006) listed the floods, which occurred between 1970 and 
2005 in Sweden and concluded that in spite of the fact that most floods were induced by rain events,
the flood volume magnitudes during the snowmelt season were significantly greater. Rain-on-snow 
events have been investigated in natural catchments (e.g. Singh et al., 1997; Sui and Koehler, 2001; 
McCabe et al., 2007), but no studies were found in the literature regarding the combined effect of 
rain and snowmelt on flooding and their joint probabilities of occurrence in urban areas and the 
impacts of such events on the generated runoff and operation of urban drainages systems (UDSs). 

Besides the adverse impacts of snow by high runoff volumes and likely high runoff peaks from 
rain-on-snow events, snowpacks provide an extra storage capacity for retaining rainwater and 
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thereby reduce and delay the runoff peak. Anderson (1973) reported that snow storage capacity is 
about 2 to10% of the snowpack by weight, depending on the timing during the melt season. Dunne 
et al., (1976) and later Wever (2015) showed that this feature of snowpack highly affects the 
dynamics of runoff from rain-on-snow events causing a delay in the onset of runoff. Wüzer et al., 
(2016) added snow depth function in computations of rain-on-snow runoff, contributing to delayed 
and lower peaks for shorter rain events, but longer events may have (opposite) amplifying effects. 

2.1.2 Seasonal variation of catchment properties

An urban area comprises both pervious and impervious surfaces, and seasonal changes may affect 
both pervious and impervious areas with respect to the catchment roughness and width, flow path,
time of concentration and blockage of inlets, and therefore may lead to a reduction in inflows into 
the drainage system, due to accumulated ice and snow (Milina, 2000). Furthermore, spatial 
contribution of precipitation to runoff is different for snowmelt, compared to that of rainfall. While 
rainfall contributes relatively evenly over small urban catchments, snowmelt is very 
heterogeneously spread over the catchments due to snow handling and removal, as well as different 
melt rates of different snow covers classes in the catchment (Matheussen. 2004). 

However, the most influential seasonal change identified in the literature as a critical issue is the
change of infiltration capacity of urban pervious areas due to frozen soils. This change then 
modifies the dynamics of the water cycle during the winter-spring period, and even in the 
subsequent seasons (Al-Houri et al., 2009; e.g. Iwata et al., 2011). Figure 3 illustrates how frozen 
soil (left panel) can block the surface of pervious green areas during freezing temperatures, and the 
impact of such blockage is illustrated in Figure 3 (right panel) where the melted snow/rainfall is 
ponded and contributed to surface runoff, because in could not infiltrate into the ground.

Figure 3 Illustration of the frozen surface of an urban green area (left pannel)and its effect on water accumulation on 
the ground surface(photos from Luleå by S. Moghadas)
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Fach et al. (2011) highlighted the impact of impaired infiltration on exacerbating runoff and 
Marsalek (2013) emphasized the important role of frozen soils in the management of the urban 
hydrologic cycle. In spite of the importance of this phenomenon in stormwater management, 
Nordberg and Thorolfsson (2004) indicated that the impaired infiltration of pervious areas and 
particularly of the green infrastructures, exposed to freezing temperatures, is not broadly recognized 
and, therefore, there is a strong need to increase the knowledge of hydrological processes during the 
winter/spring transition in cold regions.

The literature published on this topic mostly addressed the infiltration into seasonally frozen soils in 
natural and agricultural catchments and in alpine regions (e.g. Bayard et al., 2005; Niu and Yang, 
2006, Hejduk et al., 2015). Gray and Prowse (1993) reviewed several of such studies, which 
qualitatively described the processes, listed the factors affecting the frozen soil infiltration i.e. the 
thermal and hydrophysical properties of soils, the soil temperature, moisture regimes, snowmelt 
inflow rate and volume, and the depth of soil frost. Specific investigations of infiltration into frozen 
soils are reported sporadically in the literature (e.g. McCauley et al., 2002; Fourie et al., 2007; Al-
Houri et al., 2009). The blockage of below-ground flow by frozen soils was investigated by 
McCauley et al. (2002) to assess the potential use of frozen soils as a contamination barrier 
preventing the accidentally spilled fuel from penetrating into the groundwater. The effect of soil 
gradation (i.e. various gravels) on infiltration into frozen soils for frost depths limited to 0.40 m was 
studied by Fourie et al. (2007). Al-Houri et al. (2009) studied the importance of soil moisture at the 
onset of soil freezing for fine-graded soils (loam and sandy loam) and noted that it was a 
determining condition for infiltration rates during the thaw period. 

The reviewed literature highlighted the importance of studying the processes of runoff generation 
during the winter/spring transition in the context of urban conditions. Snowmelt is the main source 
of stormwater in the winter. The importance of snow cover depth for, and the effect of rain-on-snow 
on, runoff generation require further research. The impact of frost on soil infiltration capacity and,
consequently, on runoff generation was highlighted in the literature, though a need for more 
research was suggested to investigate the thawing process and the catchment scale impacts in urban 
conditions. Hence, to address the needs of further studies of the important factors affecting 
winter/spring runoff, laboratory and modelling studies were conducted. The laboratory study 
investigated the water infiltration into, and percolation through, frozen soil columns. Modelling 
studies addressed the sources of stormwater (i.e. the snowmelt process and rain-on-snow events) as 
well as the impacts of snow cover depth and impaired infiltration capacity due to frozen soils on 
generation of runoff at an urban catchment scale. 

2.1.3 Urban stormwater quality: pollutant sources, accumulation and dynamics of release

Urbanization, besides the effects on the hydrologic cycle, and particularly on runoff generation, also 
affects the quality of stormwater in urban catchments due to anthropogenic activities. Pollutants,
originating from different activities or sources, accumulate on urban surfaces and may be scoured 
and transported with stormwater to the receiving waters, where they cause environmental damages
(Marsalek et al., 2008).
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Accumulation of pollutants in urban catchments varies seasonally and occurs either on the 
catchment surface, or in the snow cover. During warm seasons, pollutants accumulate on urban 
surfaces during dry weather and are washed off by individual rain events. Such processes are 
greatly modified in the presence of snow and during long periods of freezing temperatures
(Marsalek et al., 2003); Figure 4 schematically illustrates the process of pollutant accumulation and 
release during rain and snowmelt seasons. 

Figure 4 Schematic depiction of pollutant accumulation and release during dry period/rain events (dash-lines) and 
during snow accumulation and melt (solid-lines)- Blue colour represents accumulation and Red colour release of 

pollutants: adpated from Westerlund, (2007); Novotny and Olem(2003)

Snow deposits are exposed to the pollution originating from anthropogenic activities (traffic, 
heating, road maintenance), which generally produce pollutant burdens two orders of magnitude 
higher than atmospheric deposition, representing the only source of the pollution of snow not 
exposed to urban traffic s of pollutants in urban 
snowpacks were identified as traffic and winter road maintenance operations (e.g. Glenn and 
Sansalone, 2002). Kayhanian et al. (2012) further showed that urban snow pollution is similar to 
that in road runoff. Highway runoff studies (i.e. Bourcier et al., 1980; Frederick, 1995; Davis et 
al.,2001; Ozaki et al., 2004; Peltola and Wikström, 2006; Lee et al., 2012 and Zhong et al., 2012) 
identified major sources of trace metals in road runoff as listed in Table 1. Trace metals are major 
toxicants in runoff, and therefore are of particular interest and deserve further research (Meyer et 
al., 2011) with respect to winter/spring hydrology.

Table 1 Specific sources of trace metals in road runoff
Vehicle exhaust/ diesel soot Ni, Pb, Zn
Tire wear Cd, Zn
Tire studs W
Brake wear Cd, Cu, Pb, Zn
Catalytic converters Pt, Pd, Rh
Asphalt road surface wear Ni
Road marking paint Cd, Pb
Galvanized metal structures (signs, drains and guardrails) Zn
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Traffic pollutants enter and are stored in the snowpack close to their source. Kuoppamäki et al. 
(2014) showed that such pollutants concentrate within a 5-m strip along the roads and drastically 
decline outside this zone. Therefore, the main types of urban snow covers, which are exposed to 
major pollutant sources (i.e. traffic), are roadside snowbanks, in which pollutants accumulate. The 
pollutant burdens in snow deposits consequently increase according to the traffic load represented 
by the annual average daily traffic (AADT) and the duration of exposure represented by the snow 
residence time (SRT), as suggested by Viklander (1998 and 1999). Investigations of individual 
constituent accumulations in the snowpack showed a similar conclusion (e.g. Lygren et al., 1984; 
Bækken, 1994; Westerlund and Viklander, 2011).

Release of pollutants occurs during the snowmelt period, when the release of melt water results in 
pollutant transport generally described as a preferential elution of dissolved chemicals and delayed 
elution of hydrophobic chemicals (Meyer et al., 2009a; Schöndorf and Herrmann, 1987; Meyer and 
Wania, 2008; Meyer et al., 2009b). Oberts (1994) showed that the concentration of dissolved 
pollutants in snowmelt effluent was 2.5-6.5 times greater at an early stage of the melt compared to 
the end of snowmelt period. Contrarily, a late stage of snowmelt carries most of solids with bound
metals (Schöndorf and Herrmann, 1987). These processes are schematically shown in Figure 4 
implying that that the release of pollutants varies during various stages of the melt.

Accumulation and release of snow pollutants has been studied with an objective of examining 
pollutant transport from the source to the receiving waters. Numerous studies (e.g. Lygren et al., 
1984; Bækken, 1994; Westerlund and Viklander, 2011) indicated that such snowmelt effluents pose 
high risks of biological effects in the receiving waters by comparing the pollutant concentrations
against the ambient freshwater quality guidelines (e.g. Swedish EPA, 2000; CEPA, 2007). 
Furthermore, studies by Westerlund et al. (2008) and Zhang et al. (2015) indicated that snowmelt 
quality cannot be properly assessed by common tools and methods. Therefore, accumulations of 
trace metals and TSS in roadside snowbanks and their release with snowmelt need to be specifically 
assessed in the field and by modelling pollutant dynamics in urban areas.

2.2 Modelling procedures for urban snowmelt

Snow and related topics have been widely studied in the literature, with numerous attempts to 
improve the understanding of snowmelt processes in detail and develop methods and models for 
accurate estimation of snowmelt runoff and quality. Many such studies targeted snowmelt 
modelling in rural areas and investigated snowmelt and runoff in natural environments (e.g., Gray 
and Prowse, 1993; Williams and Tarboton, 1999; Bengtsson and Singh, 2000; Mahat and Tarboton, 
2012), while the number of studies specifically addressing the urban snowmelt is rather limited 
(e.g., Westerström, 1984; Bengtsson and Westerström, 1992; Semádeni-Davies, 2000; Ho and 
Valeo, 2005, Järvi et al., 2014), and even fewer studies were found in the literature regarding the 
modelling of the snowmelt quality (Westerlund et al., 2008; Heineman et al., 2010).

Snowmelt modelling was both conceptually and practically developed on the basis of studying the 
process of natural snowmelt, without influence of anthropogenic activities. In spite of a good 
understanding of the physics of the melt process with respect to energy and water mass balance of a 
snowpack (illustrated in Figure 5), a literature review revealed that this topic still holds many 
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challenges when addressing a catchment-scale snowmelt runoff and its quality modelling in 
heterogeneous urban catchments. For example, Melloh (1999) examined several available model 
algorithms and concluded that the common operational snowmelt models require additional 
development for applications in water resources management. 

Figure 5 Schematics of snowpack heat and mass balance: adpated from Assaf (2007)

Urban snowmelt modelling has been even less investigated due to the complexity of melt processes
in urban catchments, and requires further research. Among recent studies, Sundin (1998) and 
Semadeni-Davies (1999) examined urban snowmelt models in terms of complexity, spatial 
discretization of processes (i.e., lumped or distributed), and the types of melt subroutines, and 
concisely summarized the characteristics of several models commonly used for urban 
runoff/snowmelt modelling; Sundin (1999), Ho (2002), Matheussen (2004) briefly reviewed, 
described and discussed several common snowmelt models and their melt subroutines. 

A distinctive feature of urban snowmelt studies is the formation of snowpacks with different 
properties, which consequently affect the melt. Urban snowmelt depends on land use of the area on
which snow falls, processing during snow clearance and removal operations, the location of the 
snow deposit at the onset of melt, and various forms of snow deposits with distinctive features (the 
deposit geometry, physical properties, positioning with respect to drainage conveyance elements,
and exposure to natural and anthropogenic factors (Oberts et al., 2000)). In spite of the importance 
of snow deposit variations, with respect to melt estimation, relatively few studies considered such 
conditions, and a general classification of snow covers according to their characteristics has not 
been found in the literature. However, some partial efforts should be noted. Oberts et al. (2000) 
discussed urban activities and their effects on urban snow properties by summarizing a number of 
studies and emphasizing that the most influential activity affecting the melt processes was snow 
redistribution during ploughing and removal. This practice changes the general snow cover pattern 
in the catchment as well as the snow properties. Semadeni-Davies (1999) observed diverse snow 
covers and associated characteristics in the northern Swedish city of Luleå, in the parts of the city 
with different population and traffic density. Matheussen (2004) identified five different classes of 
snow covers in Trondheim, Norway as: (i) snow on and next to roads, (ii) snow on roofs, (iii) snow 
deposits in open areas, (iv) snow located next to building walls, and (v) snowpacks in parks. Ho and 
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Valeo (2005) classification listed four snow cover classes on the basis of general observations in 
Calgary, Canada as: (i) snow piles, (ii) snowbanks on road shoulders, (iii) snowbanks on sidewalk
edges, and (iv) snowpacks in open areas. Sundin et al. (1999) identified snow piles as an important 
snow cover class representing one of the more common snow covers in urban areas, and further 
measured the properties of piled up snow from streets in downtown Luleå (Sweden). Lemonsu et al. 
(2010) investigated the snowmelt impact on surface energy budget in Montreal (Canada), on the 
basis of six classes of snow covers on/in: roofs, front yards, sidewalks, roads, alleys and backyards,
for which snow albedo and density were measured. In summary, in spite of efforts to classify urban 
snow covers, the development of a general snow cover classification, which could be readily used 
in both research and practice, has not been yet accomplished.

Few studies attempted to develop model algorithms specifically for urban snowmelt. Sundin et al. 
(1999) developed an algorithm to model the melting of snow deposit piles. The model applied the 
energy and mass balance method, with an additional algorithm for considering the shape of snow 
deposit in the form of a cone. Modelling results were relatively accurate with respect to the timing 
and daily mean runoff volumes, and the discrepancy between the modelled and measured peak 
flows was 65%. Matheussen (2004) developed a gridded urban hydrological model (GUHM) using 
an energy and mass balance method, and reported a good agreement between the modelled and 
measured runoff, with R2 =0.72%. Ho and Valeo (2005) also developed a model using a simplified 
energy budget method, which yielded improved results when compared to the USEPA SWMM. The 
latest effort in this field was done by Järvi et al., (2014), who developed a surface urban energy and 
water balance scheme (SUEWS) based on the energy balance method. Their method showed an 
improvement in the melt volume prediction, but there were discrepancies in the timing and 
magnitude of the melt peak. Some of the modelling efforts also strived to minimize the amount of 
input data (Ho and Valeo, 2005; Järvi et al., 2014), but regardless of their partial successes, 
practical challenges of using such relatively complex methods in applications to heterogeneous 
urban conditions, in terms of providing all input data (illustrated in Figure 5) at the catchment 
scale., were noted. Thus there is a need to investigate snowmelt modelling with simpler and more 
practical methods (e.g. the temperature index) in urban areas. Practical aspects that need to be 
addressed include: (i) snow and snowmelt runoff, (ii) snow management practices (i.e. removal and 
storage of snow), (iii) interaction of snowmelt runoff and stormwater system performance, (iv)
process changes due to climate change, and (v) study of possible management measures. 

2.3 Climate change and urban runoff during winter/spring period

The interest in studying climate change topics has increased during the last three decades due to the 
changes observed in climatic parameters. The global increase in temperature by 0.7° C (±2.0 ° C) 
occurred during the past 100 years and similar trends will likely continue in the future (IPCC, 
2007). The increased temperature exerts more active hydrological circulation in the global system 
(Trenberth, 1999), with such consequences as changes in runoff generation patterns caused by 
modified runoff factors. These changes were projected earlier by Global Circulation Models (GCM) 
(Nakicenovic et al., 2000) and more recently by Representative Concentration Pathways (RCPs) 
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(Moss et al., 2010). RCP scenarios describe the variation of climate factors (e.g. precipitation and 
temperature) on the basis of the emissions of greenhouse gases as RCP2.6 (low), RCP4.5 
(intermediate) and RCP8.5 (high). Willems et al. (2012) and Arnbjerg-Nielsen et al. (2013) 
recommended using ensembles of multiple climate projections produced by various global climate 
models to reduce the individual associated uncertainties. 

Changes in runoff generation inputs and the related processes impact on urban areas and their 
stormwater drainage systems. The climatic inputs, e.g. precipitation and temperature, are generated 
by downscaling the outputs of global circulation models to produce data at a regional scale, namely,
by dynamic downscaling (Willems et al., 2012). Such regional scale data, for example, showed 
generally wetter and warmer winters in the north, but drier summers in the south of Sweden (e.g. 
SOU, 2007). Moreover, the statistical downscaling method can also be used to increase the data
resolution for specific regions. Delta Change Factors, produced by a statistical downscaling method,
were recommended for use in Sweden in the Swedish national guidelines (Hernebring and 
Svensson, 2011). These factors were obtained by assessing the differences between the current and 
future data, projected by GCMs, which were then applied to historical data as uplifting factors
(Lettenmaier et al., 1999).

Nie et al. (2009) listed some of the problems that climate change imposed on urban areas, e.g., 
surface flooding, surcharging of sewers, combined sewer overflows and basement flooding. The 
predicted trends in climate change IPCC (2014) show that the severity of such changes increased in 
time, and therefore, more problems may be anticipated. This has been illustrated by a number of 
studies, which investigated the likely impacts of climate change on urban drainage systems and all
showed design failures of the conventional drainage systems (Watt et al., 2003; Mark et al., 2008; 
Olsson et al., 2009). 

Investigations of the impacts of climate change on urban drainage systems mostly focused on 
rainfall events occurring during the warmer periods of the year (e.g. Ashley et al., 2005; Olsson et 
al., 2009; Berggren et al., 2011; Berggren et al., 2014). While there is a fair number of studies 
regarding the climate change impacts on runoff generation in natural basins during the winter/spring
period, only one study was found addressing the generation of runoff during that period in an urban 
catchment and the resulting impacts on the urban drainage system. Semadeni-Davies (2004) 
investigated the impact of climate change on wastewater inflows in a cold region. Thus, there is a
strong need to advance the understanding of snowmelt and winter runoff in cold regions with 
respect to climate change.

2.4 Green infrastructure and SCMs in cold climate 

Green infrastructures (GIs) are used to mimic natural catchment features for preserving the
predevelopment catchment hydrology. Applications of these techniques (as runoff control 
measures) serve to compensate for conversion of pervious lands into imperviousness ones (e.g. 
roads and buildings) and mitigate the pollution produced by anthropogenic activities. Green 
infrastructures are applied to control runoff quantity (e.g. permeable pavements and grassy swales)
with respect to runoff speed, volume and flow peak (Berggren, 2014), and/or to provide quality 
enhancement of polluted stormwater (e.g. biofilters and wet ponds) (Al-Rubaei, 2016). 
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GIs are typically applied close to the sources of runoff and its pollution, by intercepting 
precipitation. Along the path of urban precipitation, building roofs can serve as the first point of 
runoff control, even before the rainwater touches the ground. Vegetated roofs, better known as 
green roofs (GRs), provide potential storage and evapotranspiraton to dissipate precipitation and 
rooftop runoff, at the roof level. This control measure can be integrated into stormwater 
management and was shown to reduce the risk of urban flooding, and in addition, it contributes to 
preserving the local water balance (Mentens et al., 2006; Berndtsson, 2010). Green roofs were 
studied extensively and showed a promise of retaining annual precipitation (e.g. VanWoert et al., 
2005; Whittinghill et al., 2015), and of effective reduction of roof runoff contributions to urban 
drainage systems (e.g. Bengtsson et al., 2005; Mentens et al., 2006; Stovin, 2010).

Following the vertical path of precipitation, green areas represent the next level of SCMs after roofs 
(i.e. at the ground level), and provide a great opportunity for runoff control and adaptation of the 
drainage system to future climatic conditions (Digman et al., 2014). For runoff volume control, 
infiltration facilities (e.g. bioretention, grass swales, permeable pavements) are implemented to 
increase dissipation of precipitation through higher rates of infiltration, which contribute to a more 
efficient handling of stormwater during extreme conditions (e.g. Stovin et al., 2012). A review 
addressing low impact development (LID) measures provided the evidence of LIDs beneficial 
applications in runoff control, e.g. by implementing bioretention/rain gardens, green roofs, and 
permeable pavements and swale systems (Ahiablame et al. 2012). Long term efficiency of two GI 
measures, i.e. swales and permeable pavements, in terms of the hydraulic performance was shown 
by Al-Rubaei et al. (2013). Furthermore, Gill et al. (2007) and Berggren (2014) showed the 
beneficial functionality of large scale green areas, as non-structural measures, in urban runoff 
control, which could be readily included in stormwater management and urban drainage system 
design and adaptation to seasonal and climate changes.

With respect to seasonal changes, green infrastructures undergo significant process changes and 
variations in factors affecting runoff and, therefore, their functionality and performance vary during 
various seasons. In particular, there are great differences between the cold and warm seasons, as 
earlier described in section 2.1. Accumulation of precipitation, in the form of snow, and pollutants 
in the snowpack during long freezing periods, and their release during relatively short periods, 
coinciding with decreased infiltration due to frozen soils, increases the risk of flooding (Butler and 
Davies, 2004) and of pollution (Oberts et al., 2000).  Stormwater management therefore requires 
consideration of the processes influenced by the presence of snow and frozen soils. This is 
important in the management of the urban hydrologic cycle. Furthermore, new concerns re urban 
drainage, which were raised by the introduction of stormwater management into urban drainage 
design (Marsalek, 2013), were further exacerbated by the recent emphasis on stormwater quality 
management and promotion of green infrastructure. 

The reduced efficiency of SCMs during cold weather and the related potential problems are 
documented in the literature. Studies addressing hydrological performance of infiltration facilities 
generally agree that the freezing of soils significantly impairs their performance (Caraco and 
Claytor, 1997; Nordberg and Thorolfsson, 2004; Davidson et al., 2008; Fach et al., 2011; Khan et 
al., 2012; Denich et al., 2013). Observations by Roseen et al. (2009) indicated that the infiltration 
facility remained functional during the cold period, but the authors did not present a quantitative 
assessment of the performance. The same authors reported a reduced effectiveness of best 
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management practices (BMPs) in pollutant removal from stormwater during the cold weather. 
Nevertheless, the literature on this topic generally recommends further studies.

The literature review on SMCs and stormwater management during the winter/spring period 
highlighted some problems related to seasonal variations in the underlying processes and 
emphasized the need of future research focusing on seasonal process changes, and their impact on 
SMCs. Although, SMCs were not specifically studied in this thesis, when examining the 
hydrological processes in the seasonal transition period, few selected SCMs were addressed and 
discussed in the conclusions, on the basis of the findings of individual papers with respect to 
seasonal performance differences and climate change.
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3 METHODS

Research study of urban hydrological processes with focus on the winter-spring period in the 
current and future climates was conducted using the methods described in this chapter to fulfil the 
scope of the study as described in Chapter 1. The methods are presented in the following order: 
Section 3-1, the study sites and catchments used in this study (Papers III, V, VI and VII); Section 3-
2, experimental laboratory and field studies (Papers IV, V); Section 3-3, acquisition and pre-
processing of meteorological and hydrological data (Papers I, III, V, VI, and VII); and, Section 3-4,
snowmelt and runoff modelling (Papers III, VI, and VII) and application of modelling results in 
assessing UDSs performance (Papers III, VI). 

3.1 Study sites and catchments

The investigations presented in this thesis were conducted with data collected at various locations in 
Sweden and Norway. Snow and snowmelt quality sampling (Papers V, VII) was done at a number 
of study sites in three cities, i.e., Trondheim (Norway) and Luleå (accumulation of pollutants in 
roadside snow), and Östersund (transport of TSS in snowmelt runoff). Simulation studies were done 
for three catchments in the Swedish cities of Kalmar (III), Kiruna (Paper VI), and Östersund (Paper 
VII). Detailed information on the study sites and catchments follows.

3.1.1 Study sites for investigating pollutant accumulations in snowbanks

Data from eight sites in two cities were used to analyse accumulations of trace metals in roadside 
snowbanks during winter season. Four of the sampling sites were located in the city of Trondheim
(Norway) and the unpublished data were provided by K. H. Paus (NTNU), who co-authored Paper 
V. Trondheim, with a population of about 170,000 (in 2010), is the third largest Norwegian city 
located at 63.42 °N, 10.39 °E. It has average annual precipitation of 920 mm of which 30-40% is in 
the form of snow (recorded at the Risvollan Urban Hydrological Research Station). The sampling of 
roadside snow was done during the winter of 2010 (for more details, see Moghadas et al., 2015c).
The other four sampling sites were located in the city of Luleå (Sweden) with a population of about 
70,000; those sites were sampled in 1995. The data were provided by M. Viklander, LTU
(Viklander, 1997). The city is located at 65.58 °N, 22.15 °E, and has an average annual 
precipitation of 500 mm, of which 50% is in the form of snow accumulating on the ground between 
November and April (Hernebring, 1996). The roadside snow sampling was done during the winter 
of 1995.

The sites in both cities were selected on the basis of their traffic intensities represented by Annual 
Average Daily Traffic (AADT). AADTs were estimated by manual counting and standard 
calculation procedures (NPRA, 2009). Three additional sites were selected as the reference sites 
with no traffic impacts: two in Luleå and one in Trondheim, located at least 40 metres from the 
closest road. Basic characteristics of the 11 study sites are summarized in Table 2. The records of
winter road maintenance indicated that all the sites exposed to traffic in Trondheim were subject to 
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road salt applications, but no road salt was applied in Luleå. Furthermore, besides snowploughing, 
no other snow removal was applied and no snow was transported away from the sites studied.

Table 2 Characteristics of study sampling sites in Luleå and Trondheim

City Site ID AADT
Vehicles/day Comments

Lulea

Lref1 0 Residential area - away from streets  
Lref2 0 Park in downtown
L1 1,500 Residential street – low traffic
L2 4,500 Connecting road - intermediate traffic
L3 5,000 Connecting road, intermediate traffic
L4 20,000 Arterial road - higher traffic

Trondheim

Tref 0 Research site – no public access
T1 2,256 Residential street
T2 7,300 Connecting road - intermediate traffic
T3 12,364 Arterial road - higher traffic
T4 14,955 Arterial road - higher traffic

3.1.2 Study catchments used in runoff/snowmelt simulation-based studies

Three catchments were used in this thesis for computer simulation based studies: (1) Lindsdal in 
Kalmar - Paper III, (2) Odensbacken in Östersund - Paper VII, and (3) Kiruna catchment – Paper 
VI. 

(1) The Lindsdal catchment is located in the city N, E), which has a 
population of about 3,000 inhabitants and is located in southern Sweden (Figure 6-B). It is a
residential catchment with an area of 223 ha, imperviousness of 12%, and receives on average 484 
mm of yearly precipitation (Paper III). The Lindsdal catchment was used to set up a rainfall runoff 
model (MikeSHE/MOUSE) to investigate the impact of pervious areas and infiltration capacity on
runoff generation.

(2) The Odensbacken catchment is located in the city of Östersund at 63.18 °N, 14.5° E (Figure 6-
C). It is a mostly residential catchment, with extensive open and green areas. The catchment area is 
19.9 ha and the imperviousness is 21%. Average annual precipitation in Östersund is 564 mm, of 
which 32% is likely to be in the form of snowfall (Alexanderson et al., 1991); the maximum snow 
depth of 37 cm was recorded during the study period in the winter of 2012-2013 (SMHI, 2015). 
Snow management in the area is performed by the Östersund municipality and includes ploughing 
snow from priority roads and other pathways, piling snow on site or transporting it away, and 
applying traction materials and, in extreme conditions, even road salt (Paper VII). The Odensbacken 
catchment was used to set up a discrete-event snowmelt/runoff model (SWMM) to investigate 
snowmelt modelling procedures and TSS transport in snowmelt runoff. 

(3) The Kiruna catchment represented the entire city of Kiruna (Figure 6-A) in northern Sweden 
(140 km north of the Arctic Circle at 67.85° N, 20.22° E), with a population of about 18,000 
inhabitants (2013 data). The area of the catchment is 1371 ha with 22% imperviousness. Annual
average precipitation is 522 mm of which 184 is likely to be snow (Alexanderson et al., 1991)
accumulating in the catchment from November till mid-May (SMHI, 2015). The average annual 
maximum snow depth is about 90 cm. The onset of the snowmelt season was estimated from the 
data collected at the Kiruna airport since 1957 to occur around the 25th of April (SMHI, 2015). 
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Snow management is required on sidewalks, streets and municipal roads. Excess snow removed 
from urban surfaces is stored at four large snow deposit sites (total area of 1.25 ha); three storage 
sites are located outside the catchment. Approximately 120,000 m3 of snow is stored at the four 
storage sites during the winter (Kiruna municipality, 2015; personal communication) (Paper VI). 
The Kiruna catchment was used to set up a model (SWMM) for season-long simulations of 
snowmelt, and the simulation results served to investigate modelling procedures as well as the 
impact of climate change on snowmelt and the operation of the urban drainage system. 

Figure 6 Study catchments: Kiruna [A], Lindsdal [B] and Östersund [C], and their locations on the map of Sweden [D] 

In general, the soil types in all the three catchments can be described as moraine (silt loam); in 
addition, some parts of the Kiruna catchment are underlain by peat loam and mountain bedrock 
(SGU, 2014). All the three catchments are served by separate sewer systems. 
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The above study catchments were selected because of their following features: (a) representing well
suburban/urban areas of various sizes in different regions of Sweden; (b) availability of catchment 
physio-graphic and sewer system data required for setting up the models; and, (c) locations in a 
specific winter climate characterized by long periods of freezing temperatures and seasonal 
snowpacks, especially in Kiruna and Östersund. The catchment in Östersund also was selected 
because of the availability of measured runoff quantity and quality data (such unpublished data 
were provided by H. Galfi, LTU), which were required for model calibration and data analysis. 

3.2 Experimental studies

Experimental studies were used to investigate two processes of high importance in the winter/spring 
hydrology: (1) infiltration into frozen soils, for which the attainment of the steady percolation rate
and of the thawing of soil samples was investigated. This laboratory-scale study mimicked 
conditions in biofilter facilities (Paper IV) and, in this thesis, provided groundwork for conceptually 
describing the impact of frozen soils on catchment hydrology (i.e., Papers III, VI and VII), and (2) 
the dynamics of snowpack pollutants (i.e., pollutant accumulation in, and release from, snowbanks). 
The samples were collected from roadside snowbanks at the study sites in Trondheim and Luleå 
(Paper V), and from snowmelt runoff in Östersund (Paper VII), to analyse the quality data and 
describe the underlying processes. The following section presents the procedures used in the 
laboratory study of frozen soil columns and to sample snow and snowmelt quality data, which were
provided by M. Viklander, LTU (Luleå data, Viklander, 1997), K. H. Paus, NTNU (unpublished 
data from Trondheim), and H. Galfi, LTU (Östersund unpublished data).

3.2.1 Experimental setup for investigating infiltration into frozen soils 

Two recipes of engineered soils, described as coarse and fine soils, and recommended for 
biofiltration facilities in cold climate by Blecken et al. (2010) and Søberg et al. (2014), were 
adopted here. Further guidance for the coarse recipe (S1) was obtained from the guidelines provided 
by the Facility for Advancing Water Biofiltration (FWAB, 2008), and for the fine recipe (S2), by 
the Washington State University (Hinman, 2009). After preparing the engineered soils S1 and S2,
their gradation was verified by sieving and their compaction was assessed by the Proctor 
compaction test. The measured soil characteristics are shown in Figure 7.

Figure 7 Particle size 
distribution determined
by sieving: S1= coarse
soil type and S2= fine 
soil type
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The laboratory soil columns were designed and built for running infiltration experiments (Figure 8). 
The columns were made of PVC pipes with a diameter of 10 cm, and were 135 cm long, 
accommodating soil columns 120 cm deep, with a 10 cm freeboard above the soil surface allowing 
space for a constant hydraulic head of water fed to the column, and 5 cm left for a drainage cone on 
the bottom. The interior wall of each column was covered with grease to eliminate flow between the 
soil and the cylinder wall. Each column was equipped with six thermo-couple wires type-T
(copper/constantan) spaced every 20 cm and placed along the column wall. The thermo-couples 
served to measure temperatures (± 1.0 °C), which were logged with the 24-channel INTAB 32000 
PC-logger during the freezing and thawing phases, every 10 minutes. The columns were thermally 
insulated to reduce lateral heat transfer, using the ISOVER insulation wool 
0.036W/mK) and a 10 cm styrofoam pad under the column, to ascertain heat transfer in the vertical 
direction only, through the soil column. 

Figure 8 Schematic and photo of the experimental apparatus

Each of the soils was mixed with a specified amount of water (allowing to pre-set the gravimetric 
water content) in unsaturated conditions. The soil was packed into the column and compacted in 
five steps targeting ~85% of the maximum soil dry density, which is a common field compaction 
rate with no regular foot traffic (Hinman, 2009). The prepared columns were frozen in a freezer set 
at -5±2 C°. Reference values were obtained for unfrozen soils by measuring the infiltration capacity 
of the soil at room temperature (20° C). The soil columns were fed with water 4.0° C warm flowing
into the column at the top, with a constant hydraulic head of 10 cm and the outflow volumes were 
measured at the bottom in specific time intervals, until a constant percolation rate was achieved. 
The infiltration capacity was calculated using the constant-head method recommended by 
Smoltczyk (2002) for granular soils. The same procedure was applied in runs with frozen soils. All 
the infiltration tests were done in triplicates for assessing the data variation. 
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3.2.2 Sampling and laboratory analyses for process investigation: pollutant dynamics

Snow sampling in Luleå and Trondheim 
Snow quality was sampled at eleven sites, six in Luleå and five in Trondheim (Table 2). Nine 
samples data were provided by M. Viklander (LTU) for the sites in Luleå, sampled between 17 
January and 25 April 1995, and seven samples data were provided by K. H. Paus (NTNU) for the 
Trondheim sites, sampled between 29 January and 15 March, 2010. The samples were collected as 
vertical cores spanning from top to bottom of the snow banks; for each sample, the volume and 
weight of snow was measured and the density of snow was calculated. Snow samples were melted 
slowly in the lab and any coarse particles, debris and litter present were filtered out using a nylon 
screen (1 mm). The pre-screened melt water was analysed for alkalinity, pH, electrical conductivity 
(EC), total suspended solids (TSS) and 10 elements, including seven trace metals. TSS and five 
trace metal data (i.e. Cr, Cu, Ni, Zn and W) were used for further analysis in this thesis. 

Analyses of the Trondheim samples were done by the Department of Chemistry of NTNU 
(Norwegian University of Science and Technology); the Luleå samples were analysed by a 
commercial laboratory accredited by the Swedish Board for Technical Accreditation (SWEDAC) as 
fulfilling the requirements of international standards EN45001 and ISO/IEC Guide 25 (Viklander, 
1998). The analytical methods used are described in detail in the appended Paper V. 

Snowmelt runoff sampling in Östersund
The data on snowmelt runoff in Östersund during the spring of 2013 were provided by H. Galfi 
(LTU) and comprised TSS concentrations in the catchment outflow for two series of two 
consecutive days in the beginning of the melt season (25-26 March) and at the end of the melt 
season (9-10 April). Discrete runoff samples were collected by manual sampling at the outlet of the 
catchment. In total 38 samples were collected during the study period and used for further analysis. 
TSS concentrations in the samples were determined according to the European regulations for raw 
surface water quality (75/440/EEC) at a local SWEDAC accredited laboratory; details of the 
analytical method are presented in the appended paper VII. 

3.3 Meteorological and hydrological data acquisition 

Various types of data were required in different tasks of this thesis. Data for statistical analysis and 
models’ input data (i.e. meteorological data) were either measured in the field or obtained from the
Swedish Meteorological and Hydrological Institute (SMHI) database; data required for model 
calibration process were measured in the field; the data regarding climate change were obtained 
from the SMHI database, and, hydrological data regarding green roofs were collected from 
published studies by a literature review. The details of data acquisition are described in this section. 

3.3.1 Preparation of model input data

Rainfall - Lindsdal catchment
Input rainfall for rainfall runoff model of the Lindsdal catchment was a common design rainfall
used in Sweden, i.e. the Chicago design storm (CDS, defined by Kiefer and Chu (1957)). The 
rainfall was derived from the related statistics for the city of Kalmar, in which the Lindsdal
catchment is located. According to the national guidelines (SWWA 2004), the CDS design rainfall 
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was defined by the following properties: return period of 10 years, the maximum 5-minute intensity 
of 69.6 mm/h, the duration of 60 min, and the hyetograph skewness of 0.37.

Rainfall-Kiruna: 
Two types of rainfall data were required for the Kiruna study (Paper VI):

(1) Daily precipitation which is used in frequency analysis of rain-on-snow events for the city of 
Kiruna. For this purpose, daily precipitation and daily positive temperature sums (Tsum) calculated 
from hourly temperatures were collected from the Kiruna airport station (SMHI, 2015) for the 
available period from 1958 to 1993 (the operation period of the station). The available record of 36 
years of such data was used to develop an annual maxima series of Rd and Tsum.

(2) Rainfall data to be used as input data for the SWMM model were obtained from seven 
surrounding weather stations, since the appropriate resolution rainfall data were not available for the
Kiruna station. The stations were selected at distances ranging from 35 to 120 km from Kiruna and, 
and altitude of 312 to 493 m above sea level (Kiruna altitude is approximately 460 m).  Such data, 
available since 1995, were analysed to identify individual rainfall events, and their duration, total 
depth, and rainfall intensity. The selected events had to meet the following criteria: (1) a minimum 
of six hours of antecedent dry period with no precipitation, (2) rainfall depths 2 mm, and (3) a 
minimum rainfall intensity 0.01 mm/h. 

Six-hour block-rains were determined from maximum six-hour rainfall depths (actual events’ 
depths) based on the time of concentration of the catchment, which is about six hours. Among all 
the identified rain events from all the stations, five events were selected, which occurred during the 
snowmelt period (i.e. April-May). The highest intensity events (i.e. 6-h block-rain intensity) were 
selected in two categories of short (4.6-6 h) and long events (19.8-22.8 h). The return period of each 
event was later evaluated based on the Swedish National IDF Curves (SWWA, 2014). Furthermore 
three block-rains were also added to the list of input rainfalls: (1) DS1 with 0.4 year return period 
representing high intensity events of the early-melting period; (2) rain DS2 with 1.4 year return 
period representing an extreme event of the late-melting period; and, (3) DS3 with 10 year return 
period, a 6-h block-rain representing intense summer rainfall recommended for design purposes 
(SWWA, 2014). The list of actual rainfall events and design storms is provided in Table 3.

Table 3 Selected actual rainfall events and design storms for runoff simulation

ID Start End

Mean
event
temp.
[oC]

Duration Depth Max BR1 RP2

6 h duration

[h] [mm] Volume
[mm]

Intensity
[mm/h] [y] 

R1 2009-05-09 02:55 2009-05-09 07:30 2.42 4.6 12.3 12.3 2.05 0.1
R2 2005-05-24 09:45 2005-05-24 15:45 8 6 11.1 11.1 1.84 0.1
R3 2013-05-20 00:41 2013-05-20 20:30 6 19.8 35.9 17.5 2.92 0.4
R4 2013-05-19 23:15 2013-05-20 22:00 5.3 22.8 38.4 24.4 4.07 1.4
R5 2001-04-27 21:45 2001-04-28 20:00 2.92 22.3 19.8 10.5 1.73 0

DS1
Design Storm
(Block-rain)

3 6 17.3 2.88 0.4
DS2 3 6 24.4 4.07 1.4
DS3 - 6 41.4 6.9 10

1BR: Block Rain; 2 RP: Return Period
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Rainfall-Östersund 
The rainfall data used to calibrate the SWMM model for the Östersund catchment and summer 
conditions was collected at the weather station established by LTU for monitoring rain events at the 
city centre, approximately 2 km north of the study catchment. A tipping-bucket rain gauge (0.2 mm 
resolution) was used to measure rainfall. Four available rainfall events were used for calibration and 
validation of the model during summer conditions. The input rainfall data are listed in Table 4.

Table 4 Rainfall events selected for model calibration/validation and the related statistics

Event Start End Duration
[h]

Depth
[mm]

Intensity
[mm/h] NSE R2

Event01C 2012-09-14 15:13 2012-09-14 16:27 1.23 3.2 2.59 0.861 0.952
Event02C 2012-09-17 09:59 2012-09-17 17:08 7.15 18 2.52 0.737 0.836
Event03C 2012-09-26 11:55 2012-09-27 07:38 19.7 5.6 0.28 0.819 0.832

Event04V 2013-06-13 01:12 2013-06-13 22:22 16.18 11 0.68 0.772 0.774
C Calibration period; V Validation period

Snow deposits 
In cold-climate urban catchments, snow accumulates in various deposits, which are distinctly 
different from snowpacks in rural areas. Consequently, a literature review was conducted (Paper II) 
with focus on categorizing snow deposits into different types of snow covers with greatly varying 
snow and melt characteristics. This was done to deepen the understanding of the sources of runoff /
snowmelt in urban catchments, with the intent of using this concept in the snowmelt model set-up in 
both Kiruna and Östersund (Paper VI, VII). A general classification of major snow covers in urban 
areas was developed on the basis of three urban snow features: (i) snow origin, indicating where 
snow initially accumulated, (ii) land use, where snow may be stored; and, (iii) the shape of snow 
deposits. The snow properties of each snow class (i.e. the origin of snow, accumulation storage 
location, snow density, albedo, ablation (evaporation), wind exposure, ground heat, exposure to 
long and short-wave radiation, and snow removal or de-icing impacts) were collected from previous 
studies. 

Snow-related model inputs
Snow-related inputs were needed for the snowmelt runoff model, which was set up for the 
catchments in Kiruna and Östersund. The required inputs to the SWMM snowmelt model are: (1) 
the snow depth as an initial value; (2) a temperature time series, which is used in the temperature 
index method to compute snowmelt; and, (3) sunshine duration as representative data for solar 
energy. Such a set of data was indirectly used in discrete-event snowmelt simulations in the 
Östersund study (Paper VI) and also served for interpretation of modelling results. The acquisition 
of the aforementioned data is described below.

Initial snow depth in the SWMM model is defined as SWE (snow-water equivalent), which was 
calculated for Kiruna and Östersund based on the actual snow depths and an assumed general snow 
density i.e. 200 kg/m3 recommended by Brandt et al. (1999) for Swedish packed late-winter snow in 
open areas. The initial snow depth for Östersund was obtained from the SMHI data base from a 
station 14 km away from the city centre (located on an adjacent lake island with open green areas 
and agricultural land use). The maximum accumulated snow depth at the station was 37 cm (SMHI, 
2015). For Kiruna, the average annual maximum snow depth was obtained from SMHI (2015) as 90 
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cm, of which accumulation starts in November. This depth was derived from average daily snow 
depths and temperature data recorded since 1957 at Kiruna airport.

Temperature data for Östersund were obtained for the study period (i.e. between 25 March and 14 
April of 2013) from the weather station, which was established by LTU in the centre of the city. 
The data was recorded by Tinytag Plus2 logger every half an hour. Hourly temperature data for 
Kiruna were obtained from SMHI (2015) for the same stations where rainfall data were collected. 
The average temperatures during each rainfall event were estimated and listed in Table 3.

Sunshine duration [min/h] showing duration of sunny period during each hour in Östersund was 
obtained from the Swedish radiation safety authority.

Outflow from the outlet of the Östersund catchment was measured in one minute time steps using 
an area-velocity flow meter (Type ISCO 2150). The measured outflow data from rainfall and 
snowmelt runoff events were used to calibrate/validate the SWMM model for both summer and
melt season (i.e. winter/spring) conditions.

3.3.2 Meteorological data and snowbank development 

Investigation of the pollutant accumulation process in roadside snow banks required information 
regarding (1) cold period duration and (2) snow bank developments in Luleå and Trondheim cities.
The data required for this purpose included daily precipitation and temperature. The corresponding 
data were obtained from the SMHI station located at the Luleå airport and from the Risvollan Urban 
Hydrological Station (RUHS) in Trondheim, which was established by cooperation among the 
Trondheim municipality, Norwegian Water and Energy Directorate and NTNU. In comparison to 
the study sites in both cities, the weather stations were less impacted by anthropogenic activities,
which would cause some uncertainties in the timing of minor snowmelt episodes. The development 
of SWE [mm] of roadside snowbanks, together with the corresponding air temperatures,
precipitation and the sampling occasions (i.e., denoted LD1-9 for Luleå and TD1-7 for Trondheim),
are illustrated in Figure 9 for the study period.

For Luleå the snow and pollution accumulation period was assumed to be LD1-7 (with occasional 
SWE declines at LD3 and LD5). The snowfall of 12.3 mm (i.e., SWE) on December 29/30 was the 
first snow event, which was followed by a long freezing period with average monthly temperatures
of -6.7 °C (January), -5.4 °C (February), -2.1 °C (March), and 0.4 °C (April). From these dates, the 
duration of exposure of snow to pollutant sources was estimated (Snow resident time=SRT). During 
this period temperatures exceeded 0°C on five occasions, however, only two insignificant melt 
episodes occurred; L8-9 represents the final melt period (Figure 9).

In Trondheim, the snow and pollution accumulation period was assumed to be between TD1-4. The 
onset of winter-long snow cover started on January 4th, with a snowfall of 32 mm (i.e. SWE), and 
was followed by a freezing period with average monthly temperatures of -7.0°C (January), -5.7 °C 
(February) and -0.1 °C (March). The catchment was exposed to snow ploughing on January 25th 
and February 8th, as well as to application of road salt on January 27, February 9 and 18, and March 
13 and 21. Despite ploughing and salt applications, a positive growth of SWE occurred during the 
period between TD1-TD3. From the 9th of March,  the temperature fluctuated around 0 °C and a 
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decline of SWE was observed during March, which was caused by three snowmelt events, and 
eventually occasional declines of SWE were noted at TD3 and TD4 (Figure 9). Considering the 
sampling days and the onset of snow accumulation, the SRT varied between 25 to 53 days in 
Trondheim, and 18 to 75 days in Luleå.

Figure 9 Top panels: Air temperature and precipitation (measured at the Luleå Airport and 
RUHRS). Bottom panels: Mean SWE with standard deviations of the studied snowbanks (with 
traffic), sampled in Luleå on nine dates (LD1-LD9) and in Trondheim on seven dates (TD1-

TD7).

3.3.3 Climate change data

The future climatic data prepared by SMHI were further analysed (Paper I), in order to investigate
the variation in climate change impacts on local climatic data and discuss seasonal changes in the 
context of climate change. Moreover, impacts of climate change on runoff generation and UDSs 
performance were investigated in two simulation studies conducted in Kiruna (Paper VI) and 
Lindsdal (Paper III). Preparation of the related data for these studies is described in this section.

Meteorological data for the period from 1961 to 1990 were used as the reference data, to which 
climate change scaling factors were applied. The projected climate scenarios were used to 
investigate the future changes of several types of meteorological data, i.e. total precipitation, 
maximum hourly precipitation, temperature, fractional snow coverage (i.e. the percentage of the 
area covered by snow) and SWE in Sweden (Paper I). Such changes were then applied to the 
reference data and served for developing climate change scenarios used in Paper VI. For this 
purpose, climate data were collected from the SMHI open database (Kjellström et al., 2011). In 
Paper I, the SMHI data used were produced by the global climatic model ECHAM4 (Roeckner et 
al., 1996) and downscaled by the regional atmospheric climate model RCA3 developed by the 
Rossby Centre, SMHI (Kjellström et al., 2005). An updated procedure was used in Paper VI and 
was based on the recent recommendations by the IPCC (IPCC, 2014), using the Representative 
Concentration Pathways (RCPs). Furthermore, as recommended by Arnbjerg-Nielsen et al. (2013) 
two ensembles of multiple climate projections produced by various global climate models were 
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adopted and applied to address projection uncertainties: (1) ensemble RCP2.6 representing a low 
emission scenario and, (2) ensemble RCP4.5 representing an intermediate emission scenario.

To define the seasonal impact of climate change on meteorological data, the year was divided into 
four seasons defined as spring (Mar/Apr/May), summer (Jun/Jul/Aug), autumn (Sep/Oct/Nov) and 
winter (Dec/Jan/Feb). 10 years of mean values from the ECHAM4 model were assembled from 
1960 to 2100 for estimating future trends. The first average value, from 1961 to 1971, was chosen 
as the baseline value and the departures from this value were calculated for each year separately, for 
different seasons. Yearly seasonal values were replaced by 10-year averages to smoothen the graphs 
and to present the trends in a clearer style. Eventually the trend in climatic data changes was 
computed and presented for each season. 

Kiruna
For the scenario-based study in Kiruna, precipitation was upscaled by 15 and 28%, and temperature 
was upscaled by 2.72 and 4.14 °C, respectively. The applied climate change impacts were estimated 
for both future projections (i.e. RCP2.6 and RCP4.5) on the basis of differences between the values 
during the reference period and the averages of the modelled temperatures and precipitations for the 
period 2070-2100.

Lindsdal
Precipitation was the only input data subject to climate change impacts; in this case, an upscaling 
factor of 1.2 recommended for Sweden by SWWA (SWWA 2011) was applied to the design storm 
(i.e. CDS: 10-year return period and a 5-minute intensity of 69.6 mm/h), producing the upscaled 
maximum 5-minute intensity of 83.6 mm/h (Paper III).

3.3.4 Roof runoff reduction capacity of green roofs

The potential capacity of green roofs to reduce roof runoff was assessed in Paper I. The goal of this 
assessment was to estimate the performance efficiency of green roofs, as selected SCMs, with 
respect to seasonal variation and climate changes. This analysis was made possible through a brief 
literature review (Berndtsson, 2010; Mentens et al., 2006; and Bengtsson et al. 2005) of the studies 
which described green roof performance in northern Europe. 

Four climate zones (i.e., very cold, cold, mild warm and very warm) were defined and the 
efficiencies of green roofs to reduce annual runoff in those zones, were estimated. The climatic 
zones were categorized on the basis of the geographic location and the seasonal periods, during 
which the actual field study was conducted. Each zone (or category) was chosen by clustering the 
studies done in locations with similar temperature and precipitation regimes, and from such clusters, 
the corresponding runoff reduction coefficients, typical for the zone under consideration, were 
established. The literature review focused on plot-scale extensive green roofs in northern Germany 
and Sweden, with substrate thickness from 50 to 150 mm, from which the total percentage 
reduction of roof runoff by green roofs can be estimated for any selected catchment coverage by 
green roofs.
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3.4 Snowmelt and runoff modelling

In this section, the methods regarding the modelling practice and the application/assessment of the 
results are described with respect to: (i) model selection, (ii) model description, setup and 
calibration, (iii) definition of modelling scenarios for Lindsdal and Kiruna, (iv) the method of 
assessing the simulation results in Lindsdal and Kiruna, and eventually (v) applying simulation 
results to evaluating pollutant transport in the Östersund catchment. 

3.4.1 Model selection 

Two models were selected for the modelling studies. For the rainfall runoff study in Lindsdal (Paper 
III) a coupled model combining the hydraulic features of the Mouse runoff model with a simple 
description of the unsaturated zone processes with respect to infiltration from the MikeShe model
(DHI 2008) was used. For the snowmelt modelling studies in Kiruna (Paper VI) and Östersund 
(VII), the Storm Water Management Model (SWMM) of the US Environmental Protection Agency 
(US EPA) (Rossman 2015) was selected and is described below.

The selection of the model for snowmelt simulation studies was based on an extensive literature 
review of available snowmelt simulation tools (SMTs). This review provided guidance for an 
optimum modelling strategy/procedure for modelling snowmelt in urban areas, with respect to the 
study purpose (and required accuracy) as well as the complexity of specific urban sites (Paper II). 
The specific condition of each site is established by the associated climatic parameters, local 
physiographic conditions, and specific urban snow properties. Better assessments of these 
conditions lead to better choices of snow modelling tools (SMTs), which usually are developed 
specifically for rural areas, and/or slightly adjusted for urban conditions. Following this reasoning, a 
number of SMTs were selected for scrutiny and were studied with respect to their characteristics 
represented by (i) the snowmelt computational method, (2) model’s required input data, (3) 
capability of defining snow properties, e.g. snow density, freezing point and snow cover shape, (4) 
snow model spatial extent, and (5) temporal resolution (the details of the models can be found in 
Paper II). 

Data availability for the catchments studied (i.e. Kiruna and Östersund) was limited to estimates of 
temperatures, precipitation and sunshine duration (hours). Due to limitations of such data, the 
models using the energy budget method had to be eliminated from further considerations. However, 
in view of the availability of precipitation data, a hybrid model appeared to be a fair choice, since 
this method uses a simplified energy balance method during rainy hours. Among the reviewed 
models, two included the hybrid method and, therefore, were good candidates for model selection. 
However, based on the study objectives, which included investigating impacts on drainage systems, 
the SWMM was more suitable, because it contains a hydraulic engine computing flow conveyance 
in storm sewer systems. Furthermore, SWMM has been developed specifically for urban 
catchments and allows defining the freezing point as an important parameter in urban snowmelt to 
account for eutectic temperature of polluted snow (which is usually affected by road-salt). 
Therefore, the SWMM model, representing one of the most commonly used models with open 
source code in free domain, was applied in snowmelt simulations and modelling studies (Paper VI 
and VII), oriented towards suggesting further research and guidance for practical projects. The 



29

general procedure used to select a suitable model for this thesis can be adapted to choosing the “best 
model procedure” in other studies, on the basis of their individual needs. 

3.4.2 Model description, set-up and calibration

Descriptions of the selected models, i.e. (i) coupled Mouse and MikeShe and (ii) SWMM, together 
with the corresponding model set-ups for studying catchments in Lindsdal (Paper III), Kiruna 
(Paper VI) and Östersund (Paper VII), is given in this section. Table 5 summarizes the model 
characteristics for the individual catchments.

Table 5 Summary of study catchment properties
Catchments Lindsdal Kiruna Östersund
Land use Residential Mixed Suburban residential
Models MikeSHE/MOUSE SWMM/PCSWMM PCSWMM
Method Rainfall runoff model Hybrid snowmelt method Temperature index method 
Area [ha] 223 1371 19.9
Sub-catchments 5 m x 5 m grid 545 12
Imperviousness [%] 12 22 21

3.4.2.1. Coupled Mouse and MikeShe models
For the catchment in Lindsdal a coupled hydraulic and surface runoff model, Mouse and MikeShe
(DHI 2008) (Figure 6-B), was used to simulate the catchment drainage. The coupled model is a 
1D/2D model, accounting for infiltration and evapotranspiration processes on green areas, and 
considering only the unsaturated zone, with no infiltration into sewer pipes in the saturated zone. 
The catchment with area of 223 ha was divided into 5×5 m grid cells and runoff was simulated by 
MikeShe model for a 2-Layer Water Balance (WB) flow, and infiltration equations for the 
unsaturated zone. Groundwater level was set at 1 m below the ground and the soil was defined as 
mostly moraine (with a saturated hydraulic conductivity of 5×10-6 m/s). The infiltration capacity 
was set to dry (field capacity) and spatially uniform conditions at the beginning of each simulated 
rainfall event, and evapotranspiration was set at 3 mm/day. This set-up was considered as the 
“Baseline scenario” (BL) which represents well the conditions in the Kalmar area during the month 
of August (Eriksson 1981).

The water balance computations consider precipitation as an input, and infiltration as a hydrological 
abstraction, and calculate storage (flooding/ponding) as a factor contributing to changes in overland 
flow. The resulting runoff flow from the impervious areas considered in the Mouse model enters the 
stormwater system together with the additional flow from pervious areas simulated by the MikeShe 
model. After flow routing the runoff inputs through the sewer system, the outflow from the drainage 
system is established. 

In the main runoff contributing area of the Lindsdal catchment of 54 ha (mostly impervious areas), 
drainage flow was simulated with a 1D hydraulic model with 440 nodes (mostly gully pots and 
manholes) and three outlets (two in the north and one in the south of the system). The time of 
concentration varied between 50 to 60 minutes. Measurements of rainfall and pipe flow, and model 
calibration against such measured data, were undertaken by DHI Water and Environment (Håkan 
Strandner, DHI Water and Environment, personal communication, October 2010). When the 
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simulated water levels in the sewer system exceed the ground level (i.e. surface flooding), water 
from the Mouse model is forced out from the nodes onto the catchment surface (accounted for in 
MikeShe) and can later re-enter the sewer network at the same or one of the adjacent nodes. 

3.4.2.1. SWMM
EPA SWMM, Version 5 (Rossman, 2015) implemented in the PCSWMM by Computational 
Hydraulics International (CHI) was used to simulate snowmelt induced runoff for the Kiruna and 
Östersund catchments. A hybrid method (Moghadas et al., 2015a) is used in the snowmelt module 
of SWMM, i.e. a combination of the temperature index method for dry (no rain) periods and 
simplified energy balance method during rainy periods. The respective equations converted to the 
metric unit system are shown as Equations 1 and 2, in which wind speed was discarded, since it was 
not used in the model setting.  

SMELT =DHM × (Ta-Tbase) Eq1.

SMELT =1.8 Ta × (0.001167+0.01778.i) Eq2.

where SMELT is the melt rate (mm/h), Ta is air temperature (°C), i is the rainfall intensity (mm/h), 
Tbase is the base melt temperature (°C) and DHM is the melt factor (mm/h · °C). The melt 
coefficient in the model is described by the minimum and maximum values assuming to occur on 
the 21st of December and the 21st June, respectively; the values for individual calendar days
between these two extremes follow a sinusoidal curve. The relevant values were adopted from the 
literature (Valeo & Ho 2004; Heineman et al. 2010) taking different properties of undisturbed and 
ploughed/stored snow into account. The model was set for melting period by introducing an initial 
snow depth (i.e. SWE) and disregarding the snow accumulation period to eliminate the 
corresponding uncertainties. The capacity of snowpacks to retain and store liquid water (namely a
fraction of the free water capacity) was assumed to be 10% of the SWE (Dunne et al., 1976).

Different snow management measures were applied in the model based on the information obtained 
from municipalities and the main land use of individual subcatchments, classified as (a) semi-
residential or residential, and (b) mixed land use with high imperviousness. This is done by 
redistribution of snow within and among subcatchments and/or outside of the catchments to account 
for snow ploughing within the individual subcatchments, piling at local snow storage sites and/or 
transporting snow away from the catchments, respectively.

Kiruna catchment
The Kiruna catchment was divided into 545 subcatchments. The separate drainage system was built 
up as a network with 888 conveyance elements (pipes and a few drainage ditches), 875 nodes and 
23 outfalls (Figure 6-A). The impervious land in the catchment consists of roads, roofs and parking 
lots, contributing to the average catchment imperviousness of 22%.  Infiltration properties of 
pervious areas (described by the Horton equation) were introduced into the model (Table 6). Snow 
management in the Kiruna catchment by ploughing and redistribution of snow was mimicked in the 
model in two major steps: (i) removal of 1.6 and 8.5% of the total snow volume from 
subcatchments to deposit sites in and outside the catchment, respectively. These estimates were
based on the area of the deposit sites (0.25 ha inside and 1.25 ha outside) and the total volume of 
removed snow (i.e. 120,000 m3); and, (ii) ploughing and relocation of snow within subcatchments
done differently for each land use category. For residential areas, 80% of ploughed snow would be 
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relocated onto pervious areas, and the rest (i.e. 20%) would remain on pervious areas, but with 
different snow properties attributed to snow relocation. For mixed land use areas (i.e. commercial, 
industrial areas and city centre): 20% of snow from roofs and 80% from roads were relocated onto 
adjacent pervious areas; while the remaining snow remained on impervious areas. The values of the 
parameters used in the model set-up are listed in Table 6.

Table 6 Initial values used in SWMM simulations in Kiruna and Östersund
Pervious Impervious

Depression storage (mm) 6 1.5
Manning’s n 0.24 0.014

Infiltration Min rate
(mm/h)

Max rate
(mm/h)

Loam1 5.4 150
Loam silt1 3.8 125
Bedrock1 3.60E-04 7.20E-04
decay rate (mm/h) 3 -
drying time (day) 14 -
Snow type Relocated Undisturbed
Kiruna: Min melt coefficient2* [mm/h/C] 0.2 0.008
Kiruna: Max melt coefficient3* [mm/h/C] 0.46 0.05
Östersund: Max/ Min melt coefficient [mm/h/C] 0.3 0.3

* Melt coefficient follows a sinusoidal curve and is updated according to the calendar day
1The values adopted from Akan (1993)
2Melt coefficient on the 21st of December
3Melt coefficient on the 21st of June

Calibration of the Kiruna SWMM model
The melt coefficient was adapted and the model performance was verified by comparison of the 
reported end-day of melt season and the results from the simulation of the entire melt season in 
individual years (i.e. 2001, 2005, 2009 and 2013). The deviation of the results from the reported 
values of snow depth was about 4-6 days. The calibrated coefficients are shown in Table 6.

Östersund catchment
The catchment in Östersund was divided into 12 sub-catchments. The separate drainage system was 
built up as a network with 25 pipes, 25 nodes and 1 outfall (Figure 6-C). The impervious land in the 
catchment consisted of roads, roofs and parking lots, and contributed to the average imperviousness 
of 21%, of which 50% drain to the adjacent pervious areas. Infiltration properties of pervious areas 
were introduced into the model (Table 6) as required for the Horton’s method. Snow management 
in the Östersund model was done in one major step, i.e. 50% of snow was ploughed from 
impervious areas was relocated onto the adjacent pervious lands, except for the snow on roofs,
which remained undisturbed. The values of the parameters used in the model set-up are listed in 
Table 6.

The model was calibrated in two steps. Step one focused on verifying the defined boundaries of the 
model by calibrating for rainfall runoff; in the second step, the model was calibrated for snowmelt 
related parameters. 
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Calibration of rainfall runoff model in Östersund
The calibration of the rainfall runoff model was done for the measured outflow from individual 
summer rain events. The percentage of overland runoff from impervious onto pervious areas and 
the subcatchment width were the major calibration parameters; the slope, depression storage 
capacity, and Manning roughness of impervious areas were complimentary calibration parameters,
which were adjusted only for impervious areas since the pervious areas did not contribute to the 
total runoff due low rainfall intensities. Three of the rainfall events in Table 4 were used to calibrate 
the model and the fourth event was used for the validation. The performance of the model for each 
rainfall event was assessed by the Nash and Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970) 
and the coefficient of determination R2, as presented in Table 4.

Calibration of snowmelt runoff model
The calibration of the snowmelt runoff model was performed by considering the varying properties 
of few parameters in SWMM i.e. (i) infiltration rate, affected by soil freezing and generally 
increasing over the time, as the soil thawed; and, (ii) the melt coefficient which partly depends on 
the length of a day (daylight hours) and increases further into the melting season, as days become 
longer and, therefore, more energy for snowmelt is available. Additionally, it also depends on the 
sunny hours during each calendar day, which affects the melt rate due to direct or indirect irradiance 
in clear or cloudy hours. Combination of the aforementioned conditions results in different ‘melt 
conditions’ which produce unsatisfactory results for a long-term model calibration. Therefore, in 
this study (Paper VII), two periods were selected (each is referred to as a “sub-period”) to calibrate 
the model. The sub-periods were selected in such a way that the temperature was approximately 
half a day above the base temperature (the threshold temperature at which the melt occurs) during
the consecutive days. The first sub-period is at the beginning of the season, with lower infiltration 
rates and shorter daylight, and the second sub-period is at the end of the melting period, with 
increased infiltration capacity and longer daylight.

The following assumptions were made when setting up the model before calibration: (i) to facilitate 
the calibration, the sinusoidal interpolation between the minimum and maximum melt coefficients
implemented in SWMM was circumvented by using the same value for both coefficients; thus, this 
value represents the actual melt coefficient for each sub-period; (ii) the base temperature was 
initially assumed as -0.5°C, because snowmelt runoff was measured during the periods with air 
temperatures below 0 °C, the assumption provided the model with approximately 6 to 10 hours of 
temperatures higher than the threshold value; and, (iii) initial snow depth was estimated as 34 mm 
SWE (as described in section 3.3.1) for 25 of March.

Snow related parameters, i.e. the melt coefficient, base temperature and initial snow depth, along 
with parameters concerning catchment and runoff routing i.e. the subcatchment width (associated 
with the overland flow length), Manning roughness, and infiltration rate were calibrated to achieve 
a good fit with measured runoff, focusing on the total runoff volume of individual events. Specific 
catchment related parameters were chosen to be calibrated again (they have been calibrated already 
during the rainfall runoff model calibration) assuming that the snowpack distribution in the 
catchment would alter the routing of surface runoff and, therefore, the flow length could be 
different, Manning roughness changes due to ice and snow on the surface, and infiltration into 
frozen/thawing soils also changes. A summary of calibrated parameters for snowmelt runoff 
simulation is shown in Table 7.
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Table 7 Calibrated parameters for snowmelt runoff in Östersund
Period 1 Period 2

Calibrated parameters 13-03-25 12:00 13-04-05 10:00
13-03-29 12:00 13-04-11 10:00

Melt coefficient (pervious areas)  [mm/h/C] 0.0176 0.295
Base temperature [C] -0.45 -0.5
Initial snow depth [mm] 30 3.7
Manning number for pervious areas 0.17 0.17
Catchment width change from rainfall runoff calibration +75%* -20%*

Max infiltration rate [mm/h] 0.018 0.022
* individual width values for each subcatchment were adjusted by a percentage of their original values (i.e. 
values estimated through calibration of rainfall runoff model)

3.4.3 Scenario definition

The model settings described in the previous section (for Lindsdal and Kiruna catchments) in 
scenario based studies, are considered as a reference or Baseline scenario. The values in the 
Baseline scenario were changed in different combinations to produce a set of new scenarios for 
running the models for various study purposes. The scenarios description is summarized in this 
section.

The scenarios for the Lindsdal catchment studies were produced by changing one parameter at a 
time. The parameters, which were changed, are precipitation and the infiltration rate. Precipitation 
was increased by 20% (representative of the future climate, as explained earlier) as ‘the high 
precipitation scenario’ (PH) imposing extra precipitation load on the catchment and the drainage 
system, compared to the baseline scenario (BL). Infiltration rates were increased (i.e., when moving 
from the moraine soil type to sandy soils) and decreased (from the moraine soil type to bedrock) as 
High (IH) and Low (IL) infiltration scenarios mimicking the implementation of runoff control 
measures and reduction of infiltration rates due to frozen soils. These simulation experiments served 
to study the importance of soil infiltration in runoff control. The scenarios and their modified 
parameters are summarized in Table 8.

Table 8 Scenarios and parameter values considered in Lindsdal scenario-based modelling

Run Scenario
TRP

[years]
Pmax

[mm/h]
ET

[mm/d] Soil character Ks
[m/s]

s
[-]

fc
[-]

w
[-]

1 Baseline (BL) 10 69.6 3 Moraine 5E-06 0.4 0.3 0.05
2 Prec High (PH) 10+20% 83.6 3 Moraine 5E-06 0.4 0.3 0.05
3 Infiltr High (IH) 10 69.6 3 Sand 5E-04 0.4 0.1 0.02
4 Infiltr Low (IL) 10 69.6 3 Bedrock 1E-10 0.3 0.1 0.05

TRP –Rainfall return period; Pmax – Max Rainfall intensity, ET – Evapotranspiration; Ks – Saturated hydraulic 
s – fc – w – water content at 

wilting point.

Two sets of scenarios were defined for the study of the Kiruna catchment and their implementation 
resulted in 177 simulation experiments. 

The first set of scenarios considered hydrological parameters by defining three different infiltration 
capacities and four different initial snow covers (different snow depths represented in the SWMM). 
Infiltration scenarios comprised the full infiltration capacity in the summer (used as a reference 
scenario for comparison), and two infiltration capacities impaired by the frozen soil conditions, set 
as intermediate and low infiltration scenarios. Four initial snow cover scenarios were defined, i.e. 
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SWE of 10, 50, 90 and 180 mm, which represent different states of snowpacks during the melting 
season, and affect not only the magnitude of the available SWE, but also the snowpack capacity to 
store water; these scenarios also are representative of climate change scenarios, because in the 
climate simulated by ECHAM4, a 56% decrease in snow accumulation is projected (Roeckner et 
al., 1996). The second set of scenarios were the climate scenarios comprising the Reference climate, 
RCP2.6 and RCP4.5, which were described earlier. A summary of characteristics of simulation 
experiments is presented in Table 9; individual simulation runs were assigned unique RunID
identifications derived from combinations of climatic inputs and hydrological parameters. 

Table 9 Simulation experimental design based on individual rainfalls and the scenarios
The Scenarios Rainfalls Climate Infiltration1 SWE 

Run ID R C I S

R C I S

R1 1 Reference 1 Low 1 180 1
R2 2 RCP2.6 2 Medium 2 90 2
R3 3 RCP4.5 3 50 3
R4 4 10 4
R5 5

DS12 6
DS22 7
DS33 8 High 3 0 5

1 High infiltration scenario mimics summer conditions, in which no snowmelt simulation is applied. 
2 Rainfall events used for all infiltration scenarios.
3 Rainfall event used only for high infiltration scenario (no SWE scenario is applied).

3.4.4 UDS performance assessment based on simulation results

The evaluation of the simulation results for both catchments in Lindsdal and Kiruna was done on 
the basis of the total water balance, as well as drainage system performance parameters, i.e., (1) 
water levels at nodes; and, (2) sewer pipe flow ratio (Q/Qfull). The number of flooded nodes (related 
to a defined threshold level) at every node (as suggested by Berggren et al. 2012) were evaluated for 
the cases of maximum water levels (i.e., hydraulic grade line elevations) exceeding ground level 
(GL) - a critical level of - 0.5 m was additionally considered for Lindsdal catchment. Surcharged 
pipes are considered as the flow ratio exceeding 1, i.e., Q/Qfull
assessing the pipe flow capacity in various scenarios.

3.4.5 Estimation of TSS

Runoff simulations for the Östersund catchment were used to estimate TSS transported by 
stormwater and such estimates were compared to the measured values for evaluating the accuracy 
of TSS simulations.

Runoff flow measurements and TSS sampling in the Östersund catchment was done by H. Galfi 
(LTU, unpublished data), who graciously provided her data to this study. During two consecutive 
days in each of the two sub-periods of the Östersund study, discrete water samples were obtained by 
manual sampling of the catchment runoff at the drainage outlet, by dipping a two-litre
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polypropylene bottle in stormwater. In total 38 samples collected during the study period were used 
in further analysis. TSS concentrations in samples were determined according to the European 
regulations for raw surface water quality (75/440/EEC). Sample analyses were done by a local 
SWEDAC accredited laboratory by sample filtration through a pre-weighed glass fiber filter 
(Whatman GF/A filter), dried at 105°C,, and weighed (SS-EN872:2005). The detection limit was 5
mg/l and the measurement uncertainty was 15%. 
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4 RESULTS

In the results chapter, the main findings of the appended papers are presented according to the 
general structure of the thesis and their contribution to the overall objective of the thesis. The results 
presentation starts with the investigation and elucidation of the key elements of the winter urban 
hydrology and related processes, followed by findings from modelling procedures and simulation 
studies of snow and snowmelt quality and quantity. Next, the results of climate change impact study 
are presented, followed by findings concerning runoff control measures and studies regarding the 
mitigation of seasonal and climate change impacts.  

4.1 Key elements of winter/spring runoff processes, including snow pollution

There are two major sources of stormwater during the winter/spring season: (i) snowmelt, and (ii) 
rain-on-snow events, representing simultaneous occurrence of both rain and snowmelt. The source 
of stormwater addressed in the Kiruna study was rain-on-snow, while in Östersund no rainfall 
occurred during the study period and, therefore, the only source of stormwater was snowmelt. In the 
following section, the results of the studies of these two sources are presented with respect to: (1) 
investigations of different urban snow covers, which form in urban catchments, and are important 
for addressing urban snowmelt; and, (2) frequency analysis of rain-on-snow events with the 
objective of determining the likelihood of occurrence and severity of such events. 

4.1.1 Precipitation storage in snowpacks

Snowmelt, representing one of the two major sources of stormwater during the winter/spring 
season, is much dependent on snowpack properties. Unlike the situation in rural areas, where 
snowpacks possess relatively homogeneous snow cover properties, urban catchments contain 
several types of snow covers of great heterogeneity (e.g., resulting from influences of roads, 
buildings, parking lots, etc.), which impact the generation of snowmelt.

An extensive literature review served to develop classification of heterogeneous urban snow
deposits into a number of snow cover classes, of which melting patterns differ, because of their 
physiographic properties. The classification system is presented in Table 10 and contains 13 major 
snow cover classes, together with their snow accumulation/melt related properties (Paper II). The 
accuracy of snowmelt simulation in urban catchments can be improved by accounting for the snow 
cover classes and their properties, the distribution of the entire catchment snow cover among these 
classes (Table 10), and eventually by synthesis of class snowmelt outputs in the modelling 
procedure.
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Table 10 Snow cover properties and classes, according to snow origin, land use and snow deposit shape
Snow cover

general shape Origin Land use Snow density
(kg/m3) Albedo Evaporation Wind exposure De-icing

impact

Snow pile

roof around buildings 300-600 0.4-0.7*

low

highly disturbed N/A
main roads

open areas:
pervious

or
impervious

500-900 0.15-0.5 disturbed
+secondary-roads

pathways
(high density) 350-700

0.3-0.7* normalpathways
(intermediate density) 500-700

N/Apathways
(low density) 500-900

Snow bank

main roads main roads 500-600* 0.15-0.5

intermediate

disturbed +secondary-roads secondary roads disturbed
pathways

(intermediate-density)
pathways

(low- density) 160-410 0.3-0.7* normal N/Apathways
(low-density)

pathways
(intermediate-density)

Natural 
snow pack

roof roof

100-500 0.4-0.8 high

high

N/Aaround-buildings around-buildings highly disturbed

green areas green areas vegetation
dependent 

Legend: The origin indicates the location, at which the snow initially accumulated; Land use indicates where the removed (ploughed) snow was 
stored. General patterns indicated in all the literature references: the higher the density of population and traffic, the higher the density of snow and 
the lower snow albedo. Evaporation (ablation) rate (low, intermediate and high) shows that the more the snow is disturbed, the lower evaporation is 
expected. Land uses: low density [residential - single-family dwellings]; intermediate density [suburban apartment buildings]; high density 
[downtown buildings and shopping areas]; (*) indicates an average based on other related values, where no information was found in the literature 
for that specific category; (+) indicates the areas, which can be affected by applications of traction and de-icing agents. N/A: not applicable

Each snow cover class is defined on the basis of three characteristics: (i) the general shape of snow 
cover, (ii) the original location, where snow first accumulated, and, (iii) land use where snow (either 
accumulated or relocated) melts (Table 10). The shape of the snow cover is a critical parameter of 
the melt process and runoff generation. Snow deposits of different shapes, as characterized by e.g., 
surface slope, tilt, curvature and surface smoothness, are exposed differently to radiation (long and 
short waves) and wind, which affects the melting process. Snow deposit shapes also indicate snow 
disturbance by snow handling practices, which specifically affect the snow density and eventually 
snowmelt. The snow origin indicates the sources of pollutants (e.g., road salts) and dirt (e.g. dust 
and soils) absorbed by snow. Higher pollutant and dirt content in snow results in lower albedos and, 
eventually, absorption of more solar energy. De-icing chemicals, such as road salts, generally lower 
the snow melting temperature. Thus, pollutants and de-icing chemicals contribute to a faster melt 
and higher runoff rates and volumes. The snow origin along with land use also is an indicator of the 
level of exposure to pollutant sources and, consequently, an indicator of the snow cover class 
contribution to contamination of stormwater originating from snowmelt. Data in Table 10 reveal 
that the lowest density is associated with undisturbed snow, .e.g., snow on roofs or green areas. The 
density of the snow increases for disturbed snow, i.e. any snow forming piles. Moreover the snow 
density is a dynamic property, which increases in time due to the compaction effect exerted by the 
top layers and freeze/frost cycles during the thaw period. Accordingly, two different snow covers,
i.e. disturbed and undisturbed, were selected in both Kiruna and Östersund catchments, and 
accounted for with respect to the proportion of each cover in the catchment and their associated 
melt properties (i.e. melt coefficient), when setting up the SWMM model.
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4.1.2 Rain-on-snow events

Rain-on-snow events represent another source of stormwater during the winter/spring season, and 
with respect to runoff, represent an aggregation of both snowmelt and rainfall. Simultaneous 
occurrence of rain and snowmelt therefore increases the volume of liquid water contributing to 
runoff generation and may cause problems (risk of flooding) due to higher volumes of runoff. The 
risk of flooding is somewhat mitigated by the fact that the rainfall during the melting period is not 
very intense. Therefore, an analysis of the frequency of joint occurrence of rainfall and snowmelt 
provides a basis for accounting for both, the runoff magnifying effect of simultaneous melt and rain,
and a lower intensity of rainfall. The results of such an analysis applied in the Kiruna case study are
presented in the following.

Distributions of annual maxima of daily precipitation (panel a) and annual maxima of positive 
temperature sums for the average snowmelt period (panel b) are shown in Figure 10. Furthermore, 
the distributions of rainfall depths were subdivided into three sets, as illustrated in panel (a): (1) the 
entire year, (2) the average snowmelt period, and (3) the average snowmelt period with Tsum > 6.2 
ºC·day, which corresponds to a return period of 1.1 years. 

Figure 10 Empirical (dots) and fitted (solid lines) distributions of annual maxima of daily rainfall depths (Panel a) and 
positive temperature sums Tsum (Panel b) in Kiruna: annual maxima, annual maxima during the snowmelt period 

(SMP), and annual maxima during the snowmelt period and days with Tsum > 6.2ºC·day. Dashed lines represent 95% 
confidence intervals

As expected, the maximum daily rainfall depths during the snowmelt period were smaller than 
those corresponding to the whole year (i.e., compare red and black symbols and lines in Fig. 6, 
panel (a)). Examination of the blue lines and crosses in panel (a) shows that the maximum rainfalls
are even smaller for the period with “high” temperatures, when Tsum > 6.2 ºC·day. The results in 
Figure 10 show that the joint occurrence of large rainfalls and high temperature is less likely, and 
that during the snowmelt period, large rainfalls most likely coincide with low temperatures. Using 
this reasoning, different measured rainfalls can be classified into different groups based on their 
probability of occurrence. For the rainfall events used in the Kiruna case study (Table 3) the 
following classification into two classes was applied: (1) R1 and R2 with a return period of 2 - 3
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years, (2) R5 with a return period of approximately 12 years, and R3 and R4, which represent rather
infrequent events.

Classification of urban snow and its use in modelling increases the accuracy of snowmelt 
simulations. Therefore, two different snow covers, i.e. disturbed and undisturbed, were selected in
both Kiruna and Östersund case studies (Paper VI, VII), in which the proportions of both snow 
covers and their associated melt properties (i.e. melt coefficient) were accounted for in the setup of 
the SWMM model. Furthermore, frequency analysis provided a basis for selecting the likely 
rainfalls occurring during the targeted (melt) period in the Kiruna catchment study (Paper VI).

4.1.3 Sources of pollutants in snowmelt runoff from roadside snow banks

Among all anthropogenic activities in urban areas, traffic is one of the strongest sources of 
pollution, particularly with respect to heavy metals. In cold months with snow on ground, such 
pollutants emitted by traffic accumulate in roadside snowbanks and are released during snowmelt. 
Consequently, it was of interest to investigate the heavy metals accumulation in snow banks along 
urban roads and assess the magnitude of the accumulated pollution loads. Results of such 
investigations are presented in the following section, starting with the hydrological and water 
quality parameters measured in roadside snowbanks in two cold climate cities, Luleå and 
Trondheim.  

Sampled snow physical properties and snowmelt quality were described by five physico-chemical 
parameters and five selected metal elements, for individual sampling surveys, together with traffic 
counts at sampling sites (Table 11).

Statistical significance testing (t-test) of the complete data sets for both cities showed that 
concentrations of TSS, Cr, Cu, Ni, Zn and pH values were significantly higher in Trondheim than in 
Luleå (Table 11); this is explained by the facts that Luleå sites had greater snow depths (hence, 
higher dilution since mean SWE values in Luleå were 2.7 times of those in Trondheim) and 
Trondheim had generally higher AADTs (the average value of four site AADTs in Trondheim, 
9,375, was 1.2 times larger than that in Luleå, 7,750; Table 2).

The chemistry of the roadside snow samples was compared to that of samples collected from the 
reference sites, unaffected by traffic. This comparison showed a heavy impact of traffic on snow 
quality. The observed higher pH and alkalinity in the roadside snow, compared to the reference site
snow, can be attributed to the elevated concentrations of TSS in the roadside snow samples. The 
same trend was also noted for trace metals i.e., Cr, Cu, Ni, W and Zn (Table 11). It appears that the 
mass of the metals contributed by traffic is significantly higher than that scavenged by falling snow,
and thus traffic is the main source of metal pollutants in roadside snow.

The relationships among the experimental variables affecting the pollution of roadside snow were 
examined by the principal component analysis (PCA), which served to test hypotheses whether 
there are relations between the trace metal concentrations and traffic parameters, i.e. AADT and 
SRT, or their product i.e. AADT × SRT = CTV (cumulative traffic volume). The produced PCA 
loading plot of constituent concentrations and their assumed predictors (i.e., AADT, SRT and CTV) 
provides an overview of correlations among the variables, with the first and second orthogonal 



41

components accounting for 58 and 15.8% of the data variability, respectively (Figure 11). The 
correlation between any two vectors in the plot is shown by their acute angle. Among such 
correlations, the strongest ones were noted for the well-known traffic related metals (Cd, Cr, Cu, Ni, 
Zn), and the weakest ones were noted for less well-understood tungsten (W), which is used in tire 
studs. 

Table 11 Summary of selected hydrologic and water quality parameters measured in roadside snow in Luleå (1995) and 
Trondheim (2010).

Site ID AADT1 SRT2 SWE pH EC TSS Cr Cu Ni Zn W
[-] [days] [mm] [mg/L]

Lref 70 88.3 6.4 13 5 1.3 3 0.6 12.6 1.2
25 68 8.6 1073 3755 335.4 304.5 172.9 607.7 83.6
36 112.1 8.9 863 1820 171.1 146.9 89.3 278.3 41.9
39 104.8 8.8 2310 2415 83.2 62.6 40.5 127.4 27.4

L1 1500 53 118.8 8.6 927 1740 226.7 218.7 110.1 416.7 63.1
64 90.7 8.8 249 3385 367.8 297.5 177.4 624.2 84.3
70 45.9 7.4 643 1870 112.6 63.8 50.8 127 10.5

  84 39.7 7.1 50 730 176 158.8 92.3 288.5 29.8
25 54.8 8.6 945 8425 68.7 105.6 34.7 216.8 105.8
36 95.2 8.9 622 5405 419.5 366.9 202.6 672.8 173.6
39 105.8 8.9 880 5950 336.1 320.3 173.1 559.4 155

L4 20,000 53 103.8 9 680 8290 737.7 621.1 330.2 1229.9 207.5
64 79.4 9.1 959 11145 487.7 462.8 241.1 1080.6 172.4
70 51.1 7.8 1525 2920 526.3 413.2 246.4 856.8 132.4

  84 61.3 7.6 87 12695 1351.8 1248.2 678.3 2403.5 143
Tref 75 86.9 4.9 6.92 14 0.5 1.4 0.9 18.5

18 103.3 6.4 13.7 790 45.3 85.7 28 164
33 187.6 6.3 15.2 630
47 190.2 6.3 11.6 400 23 63.3 14.8 155
61 226.4 6.3 10.48 550

T1 2,256 75 246 6.3 10.24 410 59.6 88.2 31.4 226
89 207.8 6.4 12.2 480 28.4 49 18.7 119

 102 323 6 5.2 440
110 196.3 5.9 10.57 310 21.8 40.5 11.7 71

  117 114.3 5.8 18.1 1300
18 101.7 7.6 3.16 1600 58.8 211 69.5 590
33 230.5 7.2 21.1 480
47 166.7 7.1 22.4 350 27.5 119 20.2 228
61 297.4 7.4 29.2 1100

T4 14,599 75 239.9 7.9 30.6 3000 181 574 125 1390
89 267.3 7.6 25.7 820 45.7 168 40.6 448

102 366.7 7.3 19.5 1300
110 295.7 7.1 14.3 2000 62.3 202 54.9 574

  117 130.3 7.1 12.48 7100
1 AADT= Annual average daily traffic; 2 SRT= Snow residence time

Further statistical analysis of trace metal accumulation in roadside snowbanks indicated that such 
accumulations increase with the traffic load (i.e. AADT) and the duration of snow exposure to 
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traffic (SRT), and also to their product (i.e. CTV). Thus, it was possible to predict accumulations of 
TSS and trace metals in snowbanks, and eventually, it should be possible to predict such 
accumulations in the whole catchment by applying the predictor values throughout the catchment 
(i.e., traffic parameters and duration of snow exposure). For this purpose, further investigations and 
analysis of the sampled data focused on developing a (statistical) mathematical model, which is 
described in section 4-2-1.

Figure 11 PCA loading plot for combined Luleå/Trondheim data

4.1.4 Influential factors affecting winter/spring runoff

In this section, the factors affecting the winter/spring runoff are examined by modelling simulations 
and lab experiments serving to advance the understanding of underlying processes. The findings of 
such investigations are then discussed in the context of catchment-scale simulation of winter/spring 
runoff. 

Snow cover depth
The snow cover depth, on a catchment scale, is an important factor in generation of runoff, which 
was further investigated in scenario-based simulations of rain-on-snow events as major sources of 
stormwater, in the Kiruna case study. Results of this study are summarized in Figure 12 displaying 
simulated runoff depths for various infiltration and climate change scenarios, and initial SWE 
values. The simulation results summarized in Table 12 (for brevity, the table contains just an extract 
of more important results) and illustrated in Figure 12 strongly indicate that the simulated runoff 
depths are sensitive to the snow cover depths, included in the model as SWE values. This can be 
explained by the fact that the meltwater/rainfall is retained in the snowpack until all voids are filled 
and runoff starts. Such an phenomenon can be confirmed by comparing the results of the simulation 
run with SWE = 10 mm (i.e. R1-7C1-3I1-2S4, according to the notation in Table 9) to those of the 
simulation run with SWE = 180 mm (i.e. R1-7C1-3I1-2S1); the former run produced 1.8-5 times more 
runoff, than the latter run with greater snowpack storage. Statistical significance of this difference 
was confirmed by the paired t-test analysis (p-value<0.001).
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Table 12 Summary of Kiruna storm sewer system discharge volumes
Outflow [103 m3]

Climate scenarios: Ref. RCP2.6 RCP4.5

Rain SWE Med Low Med Low Med Low

R1

180 23 23 29 29 34 34

90 23 23 29 38 45 64

50 23 34 51 72 76 96

10 47 69 82 105 106 129

R5

180 42 48 107 137 147 173

90 99 131 182 219 216 254

50 130 168 213 261 249 299

10 158 212 231 286 257 311

DS1

180 37 37 43 48 60 76

90 46 68 94 116 128 150

50 79 103 127 150 160 182

10 112 137 158 183 190 213

DS1* 0 36 41 47

DS2

180 53 63 100 119 143 161

90 113 135 168 189 0 226

50 145 167 198 219 234 254

10 175 198 226 248 260 281

DS2* 0 52 60 67

DS3* 0 107 146 179
* This event mimics summer conditions: no SWE and full infiltration capacity

Figure 12 Runoff for the selected rainfalls, 
grouped in three levels: (i) First level: Low 
(L) and intermediate (M) infiltration 
scenarios; (ii) Second level: varying SWE 
=10, 50, 90 and 180 mm; and, (iii) Third 
level, climate scenarios: Reference, RCP2.6 
and RCP4.5. The hollow circles indicate the 
runoff depth for each rainfall, and the filled 
circles show the mean value of all runoff 
depths for each scenario; the black dash-line 
shows the total generated runoff in the 
summer scenario (DS3, designated as 
R8C1I3S5)
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The relation between the snowmelt induced runoff and snow depth can be noted in a monotonic 
trend (with average R2=95%) in Figure 12, with one exception for RCP 2.6 & 4.5 and an initial 
SWE of 10 mm, due to fact that snow cover was completely melted. 

An extreme case scenario of a 10-year summer rainfall event with full infiltration capacity 
corresponding to summer condtions (i.e. DS3, designated as R8C1I3S5 in Table 9) was compared to
the “moderate” winter-conditions scenarios (i.e. R1-7C1I1-2S1 in Table 9), which comprise all the 
selected rainfalls (likely to happen in melting period) in the reference climate, with intermediate and 
low infiltration, and the likely maximum SWE value of 180 mm. The results in Table 12 and Figure 
12 show that in spite of reduced infiltration, the total generated runoff depths (and also outflows) in 
winter conditions are smaller than those generated in the summer scenario. This implies that high 
snow depths (SWE of 180 mm in this study) can compensate for reduced catchment infiltration, due 
to frozen soils, by retaining rainfall. On the other hand, smaller SWEs increase the generated runoff 
depths (Figure 12) and cause more runoff than the summer rain events, in spite of considerably 
lower rainfall depths/intensities during the melting period; this can be explained by the lower 
storage capacity of low-SWE scenarios along with small snow depths. 

Infiltration into frozen soil
Runoff generation is highly sensitive to variations of infiltration rates, which are strongly affected 
by freezing temperatures; water in the soil freezes and impairs the soil infiltration capacity. This 
process impaires the effectiveness of pervious areas and infiltration facilities (i.e. biofilters) to serve 
as SCMs and soil freezing becomes problematic in stormwater management. To shed some light on 
this phenomenon, the process of variation of frozen soil infiltration capacities, and their restoration 
during thaw conditions, was investigated in the laboratory (Paper IV). Study findings are presented 
in the following section.

The results are related to two frozen engineered, sandy soils (designed for engineered urban 
infiltration facilities in climates with freezing temperatures). The presented results are used to assess 
and describe the process of attainment of steady percolation rates of frozen soils during the thaw 
period and to derive parameter values for infiltration capacity in model simulations during thaw 
periods in Kiruna and Östersund catchment-scale case studies.

Three samples of unfrozen soils (at room temperature (20° C)) were examined in reference runs for 
each of the soil types. In these runs, soil columns were fed with water on the top (at the depth of 
ponding < 10 cm) and the time required for water to break through the column and reach a steady 
state flow (tSPR) was measured. Similar tests were then applied to frozen soil samples and two 
distinct times were measured: the time of water break-through the frozen soil (tWBT) and the time 
required to attain a steady soil percolation rate (tSPR). It should be noted that the experiments
somewhat suffered from few practical limitations which caused some variation in the targeted soil 
compaction, initial soil temperature (before thawing), and the temperature of the water feed. 
However, these variations were taken into account in the analysis and interpretation of the data.  
More explanation of these issues can be found in Paper IV. A summary of experimental run initial 
conditions and results is given in Table 13.

The times required for attaining steady flow rates in reference soil columns (at room temperatures) 
and the times for attaining steady percolation rates through the frozen soil columns are displayed in 
Figure 13. The results show that reference soil columns required considerably less time (i.e. about 
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half an hour) than frozen soil columns to reach the steady percolation condition. The observed times 
also significantly varied among the frozen soils with different initial conditions (i.e., low and high 
water content), as shown in Figure 13.

Table 13 Experimental results and initial conditions for the soil samples tested

Run 
No.

Soil 
type

Comp.1
[%]

Water content
[%]

Soil 
temp.
[°C]

Effec. Water 
feed temp.2

[°C]

tWBT
3

[min]
tSPR

4

[min]

1 S1 70 5 20 8 13
2 S1 86 4 20 8 37
3 S1 75 4.5 20 8 30
4 S1 80 4.5 -3.8 8.4 60 132
5 S1 80 4.5 -7.2 10.4 116 192
6 S1 90 4.5 -5.1 6.5 151 322
7 S1 80 11 -6.3 7.4 570 843
8 S1 80 10 -7.8 8.3 585 835
9 S1 90 10 -4.8 4.7 565 675
10 S2 84 5.8 20 8 32
11 S2 84 5.8 20 8 31
12 S2 87 5.8 20 8 31
13 S2 85 5.4 -6.8 11 273 485
14 S2 83 5.4 -7.4 9.7 326 504
15 S2 87 5.4 -5 8.2 293 432
16 S2 85 10.5 -2.2 9.1 455 668
17 S2 90 10.5 -3.5 8.2 588 961
18 S2 90 10.5 -4.4 8.6 620 962

1 Compaction: Percentage of maximum dry soil density; 2 Effective water feed temperature: This temperature is defined here as the 
temperature just below the soil surface (site B1) averaged over tSPR; 3 Time of water break-through the soil column (tWBT); 4 Time of 
attainment of steady soil percolation (tSPR)

Figure 13 Time of attainment of 
steady percolation rates in frozen 
soil columns fed with warm water 
(S1 and S2 =  coarser and finer 
soils, respectively; Ref = 
reference values; LWC, HWC = 
low and high water content, 
respectively)
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Depending on the soil type and the initial conditions (including water content and soil compaction),
the time for the frozen soil to reach steady percolation rate varied (1.4 h < tSPR<13.8 h); this means 
that the attainment of steady percolation in the coarse soil (S1) took 8 and 9 time longer than in the 
reference conditions, respectively, for low (~5%) and high (~10%) initial water content. 
Comparable values for the finer soil (S2) were 15 and 27.6 h, respectively. This indicates that soil 
freezing can greatly impact the infiltration capacity of soils. It also indicates soil gradation, initial 
water content and soil compaction as the influential factors affecting the thawing process and, 
consequently, the generation of runoff.

Comparison of coarse (S1) and fine (S2) soils also revealed that the duration of thawing process 
was higher in the finer gradation soil. This can be explained by the fact that the higher porosity of 
coarse soil (S1) allows slightly higher percolation of water and therefore a higher energy flux 
through the column contributing to heat exchange with frozen water and, therefore, the duration of 
the thawing process is shorter, when compared to the fine soil (S2). Furthermore, the conditions 
which define water content prior to the freezing period are of great importance, since they greatly
impact on the thawing process, soil infiltration capacity and eventually the generation of runoff 
during the melting period. 

Observations during experiments showed that both soil columns (S1 and S2), with a lower initial 
water content (5%), experienced immediate infiltration as soon as water was supplied at the top of 
the columns, indicating that there were some open pores allowing water to percolate through. The 
situation was much different in soil samples with higher water content (10%), in which no 
immediate filtration was observed and water ponded on the top of the soil for some hours. This 
indicated the total blockage of soil pores, which turned sandy soil surface into an impervious 
surface, during the initial water ponding.

Consequently, the impaired capacity of infiltration facilities and green/pervious areas to percolate 
the liquid water resulting from snowmelt and/or rain-on-snow most likely contributes to greater 
runoff flows and higher inflows to UDSs, which should be taken into account in drainage design.  
Understanding the process of attainment of steady percolation rate of frozen soils is needed for 
transferring this knowledge into practical applications in catchment-scale planning, runoff 
simulations and design of stormwater management. The detailed results and discussion of frozen 
soil thawing is fully described in Paper IV, and the impact of reduced infiltration on runoff 
generation at the catchment scale was investigated in the Lindsdal and Kiruna case studies (Paper 
III, VI). 

In the Kiruna case study, the low and high infiltration scenario simulations, for selected rain events 
(i.e. R1, R5, and DS1-3 in Table 3), showed that the generated outflow for the low infiltration 
scenario is significantly higher than that for the intermediate scenario (Table 12 and Figure 12). 
This was confirmed by the t-test for all simulated runoff values (p-value <0.0001).

The results of the Lindsdal case study indicate similar conclusions as in Kiruna: impaired 
infiltration contributes to excess runoff generation. Examination of the total volume of runoff 
entering the catchment UDSs (Table 14) shows that contributions of green areas (with 
blocked/impaired infiltration) increased so much that they represented 70% of the total discharge 
volume discharged and the total volume of runoff entering the UDS increased by 275%. 
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Table 14 Volume of water from impervious & pervious areas entering the UDSs

Scenario

MikeSHE to 
MOUSE [m3] MOUSE [m3] MOUSE [m3]

Green/pervious areas 
(MikeSHE)

Impervious areas 
(MOUSE)

Total  volume 
entering the UDS

1: BL 957 4 761 5718

2: PH 1 761 5 733 7494

The findings of the laboratory study of infiltration impairment in frozen soils were applied in 
catchment-scale simulations of runoff from the urban catchments studied, and will be further
discussed in the context of their practical application with respect to assessing infiltration facilities 
and pervious surfaces for winter conditions in cold climate regions, for the current and future 
climate conditions.

4.2 Modelling procedure 

Modelling and prediction of stormwater flows and quality form important parts of planning of
stormwater controls. Consequently, accumulation of pollutants, snowmelt runoff and associated 
pollutant wash off were analysed, and the related results are presented, in this section. The focus is 
on (1) developing a modelling tool, on the basis of field observations, for prediction of trace metal 
accumulation in snow, (2) investigating snowmelt modelling tools and procedures; and, (3) 
analysing the important factors influencing snowmelt processes, in the context of model 
simulations. The last two mentioned points will be used to analyse the performance of a snowmelt 
model and to propose the measures improving the model prediction accuracy.

4.2.1 Identifying key factors in snowmelt simulation

The key factors of snowmelt simulation for the hybrid method (i.e. combining a temperature index 
method for dry period and a simple energy balance method for rainy periods) were investigated in
the Kiruna case study (Paper VI). The results of base scenario simulations obtained with the EPA 
SWMM were used to investigate the factors affecting snowmelt simulations during rain-on-snow 
events and the results of such analysis are presented in this section.

A representative example of simulation time series results is plotted in Figure 14 for temperature, 
rainfall, snow water equivalent and outflow/runoff, during one rainfall event (i.e. R1 in Table 3 and 
for the reference climate scenario and intermediate infiltration) and two SWE scenarios (10 and 90 
mm).

The event referred to in Figure 14 can be divided into three sections for examining the melt and 
runoff simulation by SWMM: (1) Low air temperature (i.e. ~0.6 °C) during high rainfall intensity 
(at the beginning of the event’s period), (2) elevated temperature (i.e. ~4°C) during the second high 
intensity burst of the rain event (in the middle of the event’s period), and (3) elevated temperature 
(i.e. ~4.2 °C), but no rain, towards the end of the event.
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Figure 14 Time series of rainfall, air temperature, SWE, infiltration rate, and runoff/outflow for SWE =10 and 90 mm, 
respectively, arranged from top to bottom. The graphs correspond to simulation runs for rain event R1, the reference 

climate, and intermediate infiltration scenarios

In Figure 14, the melt rate (illustrated by the slope of SWE) during the first two sections of the 
event (with approximately similar rain intensities) is higher in the segment with higher 
temperatures. Furthermore, the melt rate did not change when the rain stopped in the third section,
with a similar temperature as in section 2 of the event. Moreover, investigation of the SWMM 
snowmelt equations reveals that rain induced melt would represent a greater proportion of the total 
melt, if the rain intensity exceeded 4.24 mm/h (derived from Eq. 1), with a simplifying assumption 
of rainwater and air having equal temperatures. During the dry period (i.e. the section with no-rain), 
the temperature index method is used, meaning that the energy transfer is represented by a single 
coefficient. Evaluation of the results (Figure 14) and assessment of SWMM equations showed 
importance of temperature and rain intensity in snowmelt simulation using this simplified energy 
balance. Note, however, that depending on the value of rainfall intensity, one factor (i.e. 
temperature) can contribute more than the other one (i.e. rainfall intensity) to melt simulation. 

Another set of results revealed a profound model response to a temperature change, compared to
changes in rain intensity. A comparison of simulations for rainfall inputs DS1 and DS2 showed (see
Figure 15) that increasing the Reference rainfall (DS1) by 15, 28 and 40% (in sets 2, 4 and 6) 
produced, on average, more snowmelt by 3, 5 and 7%, respectively; while the temperature increases 
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by 2.7 and 4.7 °C, in sets 3 and 4, resulted in snowmelt increases by 35-62% in set 3 (RCP2.6 
scenario) and 55-100% in set 5 (RCP4.5).

Figure 15 Snowmelt rates for six 
simulation sets comprising 4 runs each: 
The reference set includes simulation runs 
with the DS1 rainfall (designated as 
R6C1I1S1-4), and its modifications are 
presented in the figure as sets 2-6

Besides rain intensity, the duration of rain events was also found to be an influential factor. The 
results illustrated in Figure 16 reveal the impact of rainfall duration on the range of snowmelt 
simulation results, obtained for the same temperature and rain intensity inputs, but different SWE 
scenarios. For short events (i.e. R1, R2, DS1 and DS2), there is a greater difference in the simulated 
melt rate (mm/h) of similar rain events with different SWE scenarios, while this difference becomes 
smaller for longer events (R3-5). This is due to the fact that during shorter events there is not 
enough energy transferred to the snowpack, with a concomitant decrease of the snowpack cold 
content (initially set to 0 °C in the model). Longer rain events, therefore, provide more time for 
balancing the internal energy content of the snowpack with air (and rain) temperature. 

Figure 16 Average snowmelt per 
hour (mm/h) for the “Reference 
climate scenario” classified on the 
basis of: (1) average event 
temperature (°C), and (2) average 
event rain intensity (mm/h). Data 
points in each set (connected by a 
vertical line) show results from 
different SWE scenarios, i.e. 10, 50, 
90 and 180 mm, respectively, 
arranged from the lowest to the 
highest point in each set
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Examination of results from the Östersund case study showed that the parameters related to 
pervious areas have a major impact on simulation results. This is due to the fact that only 21% of 
this catchment is impervious, and it was estimated that 50% of snow from impervious surfaces was
relocated to (pervious) green areas, and furthermore 50% of surface runoff from impervious areas 
was routed to adjacent pervious surroundings.

Among the snowmelt model parameters, the melt coefficient and base temperature were the most 
sensitive parameters, which should be adjusted in early stages of calibration. The melt coefficient is 
the major parameter, which defines the melt process. Base temperature is the parameter, which 
allows adapting the model to the condition, when actual melt occurs, even though the air 
temperature is mostly below zero. In this study, events 7 and 8 (ME7-8 in Figure 19) occurred on
days with a maximum temperature of 1 C° lasting 30 and 90 minutes, respectively. As an example, 
the prediction bands of snowmelt runoff, simulated for the minimum and maximum estimates of the 
melt coefficient, are shown in Figure 17. Analysis of simulation results also showed the sensitivity 
of the model to catchment-related parameters (i.e., the width, Manning number and slope). These 
parameters affect the simulation results in a similar way and, therefore, changes in one parameter 
can compensate for the other two and calibration of just one parameter may be sufficient. In this 
case, the width was selected for calibration, since it provided a broader prediction band than the 
other two. The aforementioned parameters did impact the peak and volume of simulated runoff,
with practically no effect on the peak timing.

Figure 17 Prediction bands based on the assigned range of the melt coefficient values for a pervious area [min= 0.015; 
max=0.02 mm/day/C°] 

The importance of solar radiation (represented herein by sunshine duration in Figure 18 and Figure 
19) is revealed by the delayed peak time of simulated runoff, compared to measured runoff. This 
may be explained by the fact that the modelled melt did not start until the snowpack temperature 
increased to the base temperature. Field observations indicate, however, that the melt could start as 
soon as the snowpack is exposed to the sunlight, even though it might take few hours of solar 
radiation to increase the snowpack temperature to the base temperature.
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Figure 18 Time series of measured and simulated snowmelt runoff, air temperature and sunshine duration in min/h 
(25–29 March), ME: Melt Event.

Figure 19 Time series of measured and simulated snowmelt runoff, air temperature and sunshine duration in min/h (5–
11 April), ME: Melt Event.

4.2.2 Calibration of a snowmelt model

The calibration of the snowmelt model applied in the Östersund case study, contrarily to the 
procedures used in the Kiruna catchment, was performed for short periods (i.e. event based
calibration) and detailed runoff measurements. The applied calibration procedure represents a
methodological approach to snowmelt calibration on the basis of the key model parameters and 
runoff generation factors, as presented in this section.

Calibration results for two sub-periods considered in simulations of snowmelt in the Östersund 
catchment are illustrated in Figure 18 and Figure 19, as time series of simulated and measured 
catchment outflow, together with the corresponding temperatures and sunshine hours. The 
calibration focused on achieving a good agreement between the measured and simulated melt runoff 
volumes for each event (i.e. one day), with less emphasis on hydrograph timing and peaks. 

The earlier investigated runoff from frozen soils (discussed with respect to infiltration into frozen 
soils in section 4.2.2) indicated that the reduced infiltration capacity increases over the course of 
thawing, which may take several days to complete, depending on the specific related conditions (see 
section 4.2.2). Therefore, besides adjusting the melt coefficient and base temperature, the 
infiltration rate was also adjusted during calibration to compensate for the increased infiltration 
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rates due to frozen soil thawing and a partial recovery of its percolation capacity, over the two 
weeks of melting, and also partly because of soil saturation during this period. 

The calibrated snowmelt runoff hydrographs (Figure 18, Figure 19) indicate delayed peak flows. 
Such delays may be affected by two factors: (1) the impact of sunshine timing, which can actually 
melt snow before the snowpack temperature reaches the base temperature (due to the energy 
transferred by shortwave radiation); note that when comparing the graphs of temperature and 
sunshine hours in Figure 18, Figure 19, the onset of the daylight melt temperature is delayed (e.g., 
by shadow effects of the buildings (Figure 18 and Figure 19); and, (2) the effect of microclimate 
variation due to the distance between the study site and the weather station (approximately 2 km 
apart), which is exacerbated by differences in land use these two locations; the study site is a 
suburban residential area with open spaces, whereas the weather station is located in a densely 
developed city centre. 

The simulated and measured snowmelt volumes and associated errors for all snowmelt events 
(days) are summarized in Table 15. The results show, on average, ±35% difference between the 
simulated and measured volumes for the first simulation sub-period (March 25-29th). A similar 
trend was observed for the second sub-period (April 5-11th), except for event E6, when simulations
overestimated the measured volume by 108%. This could be explained by smaller snow exposure to 
direct sunshine during the event period (on average 12 min/hour during the day, while the average 
sunshine hours for the other days were around 40 min/hour), and thus in spite of relatively “high” 
temperature, less melt occurred, while the model simulated runoff just on the basis of air 
temperatures during that period. 

Table 15 Total flow volume for measured and simulated snowmelt events
Total volume [m3] Error

Melt event Meas. Sim. [%]
Study period in March

E1 43 28 -35%
E2 53 33 -38%
E3 56 72 29%
E4 14 19 36%

Study period in April
E5 55 45 -18%
E6 39 81 108%
E7 10 8 -20%
E8 7.3 6.7 -8%
E9 19 26 37%
E10 35 46 31%

4.2.3 Prediction of pollutant accumulation in snowpack

Pollutant build up equations used in the rainfall/runoff models, such as SWMM, are specifically 
designed for pollutant build up during dry-weather and do not apply to snow covered surfaces. 
Therefore, the data from snow quality sampling in Luleå and Trondheim (Paper V) were used to 
develop empirical equations for accumulation of pollutants in a snowpack. For this purpose, the 
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data obtained in sampling surveys (i.e., three in Trondheim, and four in Luleå) for individual sites 
were analysed by applying a regression method.

The results showed that the accumulation of constituents in roadside snow linearly increases with 
time (SRT), and could be described with good precision (0.65<R2<0.95). A linear trend was found 
for all the constituents (see Figure 20, i.e. plots of copper (Cu) accumulation as an example of 
analyses), for both cities and the selected sites.

Figure 20 Cu unit-area mass loads vs. SRT, with linear regression lines and coefficients of determination (R2) displayed 
for selected individual sites in Luleå and Trondheim

The results of PCA (presented earlier in Figure 11) showed that SRT, AADT and CTV, as 
predictors, are all correlated with the constituent concentrations. Therefore, two approaches were 
taken to develop a prediction tool for trace metal accumulations in road side snow: (1) a linear 
regression model with a single predictor, CTV, and (2) a multiple regression model employing 
SRT, AADT and SWE as predictors.

Linear regression model 
A linear regression model was proposed and used a single predictor CTV ( = AADT × SRT) as the 
independent variable for predicting mass loads of TSS and trace metals. This approach represents a 
parsimonious model, which facilitates the simulation of pollutant accumulations in roadside snow 
and provides a practical tool, in which the slope of the regression line equals the accumulation rate. 
A summary of results obtained with the linear regression model are presented in Table 16.
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Table 16 Linear regression coefficient of determination (R2) between TSS and trace metal unit-area mass loads and the 
snow accumulation period traffic volume (CTV) for Luleå, Trondheim, and the combined datasets.

Constituent Luleå (1995) Trondheim (2010) Combined
CTV [vehicles]

TSS 0.48 0.60 0.35
Cd 0.61 0.42 0.49
Cr 0.44 0.39 0.24
Cu 0.55 0.55 0.57
Ni 0.46 0.37 0.35
Zn 0.60 0.60 0.60
W - 0.78 -

The results suggest a potential use of CTV for estimation of metal accumulations; however due to 
relatively low obtained correlation (i.e., R2 ranging from 0.37 to 0.66 in Table 16), more field 
measurements would be required to enhance the prediction capability of the model, which can be 
expressed in the form of Equation 3, with respect to mass loads of Cd, Cr, Cu, Ni and Zn as 
functions of CTV.= + (Eq. 3)

Where ML is the unit-area mass load [mg/m2], is the accumulation rate coefficient 
[mg/(m2×vehicle)] and [mg/m2] is the background mass load due to other sources than traffic.

Multiple regression model 
A multiple-regression model was also tested and considered SWE, SRT, and AADT as three
predictors of mass loads. SWE was included in the analysis, since the assumption of no melt during 
the metal accumulation period was not fully valid in all cases and could introduce uncertainty into 
the predicted results. This tendency could be observed in Figure 9 (bottom panel), where SWE 
changed even during the period with sub-zero temperatures. The results of statistical analysis 
suggested that SRT and SWE were not strongly correlated: the Pearson correlation coefficient 
p = 0.36 and the linear regression between SWE and SRT indicated a low coefficient of 
determination (R2=12.6%).

The results of multiple regression analysis shown in Table 17 indicate good correlation (p-values< 
0.05) between the predictors (i.e. SRT, AADT and SWE) and response variables (i.e., TSS and trace
metals, Cd, Cr, Cu, Ni and Zn).

Table 17 Multiple regression model for trace metals and TSS and predictors (i.e., SRT, AADT and SWE) for combined 
data sets from Luleå (1995) and Trondheim (2010)

Model Multiple regression
Constituent R2 Adj-R2 Pre-R2

TSS 0.66 0.63 0.6
Cd 0.71 0.68 0.63
Cr 0.64 0.61 0.55
Cu 0.75 0.72 0.65
Ni 0.65 0.62 0.56
Zn 0.77 0.75 0.67
W 0.73 0.66 0.48

Adj: Adjusted; Pre: prediction
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Furthermore, a set of polynomial equations (4), derived by the multiple regression analysis, can be 
used as a prediction tool:

ML=C+(a×SRT+b×AADT)+(c×SWE)+(d×SRT×AADT)+(e×SRT×SWE)+(f×AADT×SWE) (Eq. 4)

where ML [mg/m2] is the predicted unit-area mass load and C, a, b, c, d, e, f are the coefficients of 
the regression model (Table 18).

Table 18 Predictor coefficients and their interactions estimated by multiple regression models
C a b c d e f

TSS 1.78 1.78 -1.96E-02 8.26E-04 5.95E-02 1.20E-05 -2.39E-04
Cd -2.46 -2.46 -2.25E-03 2.60E-05 1.03E-02 1.00E-06 -5.00E-05
Cr 0.07 0.07 1.00E-04 1.65E-04 2.83E-02 6.00E-06 -2.01E-04
Cu -0.02 -0.02 -2.30E-03 1.27E-04 3.21E-02 6.00E-06 -2.00E-04
Ni 0.11 0.11 -2.20E-03 1.10E-04 2.05E-02 4.00E-06 -1.29E-04
Zn -0.20 -0.2 4.00E-03 1.57E-04 4.78E-02 9.00E-06 -3.11E-04
W 0.75 0.75 -7.40E-03 3.20E-05 7.30E-03 2.00E-06 6.20E-05

The results show that the multiple regression method and the obtained polynomial equations can be 
used to express the constituents as functions of SRT, AADT and SWE, with fairly good 
estimations, indicated by an average adjusted R-square equal to 68% and the average predicted R-
square equal to 62.2% (Table 17). Such values indicate a fairly high confidence in applying the tool 
to prediction of accumulations.

4.2.4 Estimation of pollutant loads in snowmelt runoff

The calibrated snowmelt model was used to generate a time series of runoff flows for each of the 
simulated periods. These time series served as inputs for calculation of TSS loads, using the 
equation W= EMC×V where W is the TSS load [mg]; EMC is the event mean concentration 
[mg/L]; and V is the flow volume [L] at the catchment outlet.  The latter was obtained from the 
snowmelt modelling. The value of EMC was adjusted by comparing measured and calculated 
concentrations of TSS (mass/event) for three periods, i.e. the two sub-periods separately as well as 
the whole period. The results with the adjusted EMC of TSS are shown in Table 19; the errors 
resulted mostly from runoff flow simulations (Table 15). EMC deviations from measurements 
(Table 19) show similar tendencies in the relevant prediction errors. In other words, 
underestimation of runoff for E1 and E2 in March by 35 and 38% resulted in underestimation of 
TSS by 85 and 55%; and overestimation of runoff in E9 and E10 in April by 31 and 37% resulted in 
overestimation of TSS by ~154 and 54%. The results show that the TSS load prediction cannot be 
achieved for long-term simulation and the difference between various melt stages (e.g. early and 
later melt stages) should be taken into account to achieve acceptable prediction accuracies.
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Table 19 TSS modelling results
Total TSS load1

(kg)
Simulated TSS load [kg] and the  Error [%]

Sampling date Early stage Late stage Whole period
S1: 25.03.2015 34.37 16.9 -50.9% 5.0 -85.4%
S2: 26.03.2015 13.43 20.5 52.4% 6.1 -54.8%
S3: 09.04.2015 1.46 1.8 25.5% 3.7 153.8%
S4: 10.04.2015 3.97 3.0 -24.0% 6.1 53.7%
Simulated EMC2 [mg/L] 600 88 178

1Total TSS load is calculated based on measured TSS flux; 2EMC= event mean concentration for each sampling date

In summary, the findings concerning the procedure for modelling snowmelt quality (TSS) during 
the winter/spring season were presented in this section, with focus on the applicability of the 
SWMM model in simulations of snowmelt quantity and quality. A closer examination of the model 
indicated that accumulation of pollutants in the snowpack (i.e., the build-up process) is defined in 
the model for rainfall/runoff events only. However, snow sampling in Luleå and Trondheim (Paper 
V) produced two regression models for estimating the accumulation of TSS and trace metals in 
roadside snowbanks (i.e., the dominant sources of pollution), in which the pollutant build up 
followed a different process, described by a cumulative exposure to traffic. Hence, there is a major 
disagreement between field observations and assumptions in the SWMM model. Attempts to 
compensate for limitations of the SWMM in simulating the dynamic nature of snowmelt runoff 
generation were made by the proposed event model calibration for individual events (4.2.3), by 
investigating the factors affecting simulation of snowmelt (section 4.2.2), and combining such 
findings with results on important factors in winter / spring runoff generation (4.1.3). Eventually the 
applicability of a simple method used in SWMM to estimate pollutant washoff (i.e. TSS) by 
snowmelt runoff was examined, but showed the lack of accuracy (section 4.2.4).

4.3 Urban drainage systems in future climates

4.3.1 Future climate changes

One of the major challenges in controlling the stormwater is the need to predict future hydrological 
conditions, in order to implement strategies for sustaining the effectiveness of the stormwater 
infrastructure in, or adapting it to, future conditions. This requires the estimation of runoff for the
projected future conditions, reflecting the expected changes in temperature, precipitation and 
snowmelt (section 3.3.3). Such projected climatic changes were investigated and are presented in 
this section (Paper I) to provide guidance for further methodological modelling studies and relevant 
information for supporting discussions in the thesis. 

Climate data used in this thesis were obtained from the SMHI open data source. The data 
represented outputs of the global climate model ECHAM4, which were downscaled by a regional 
atmospheric climate model (RCA3) developed at the Rossby Centre, SMHI (Kjellström et al., 
2005).

Data for five meteorological parameters (i.e. temperature, maximum hourly precipitation, total 
precipitation, SWE and fraction of snow cover) were obtained and assessed for Norrbotten, Sweden 
from 1961 till 2100. Ten-year mean values between the years of 1961 and 1971 (Table 20) were 
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used as the reference values, from which the expected likely deviations of future values were 
estimated. 

Table 20 Ten-year mean values for the period 1961-1971, used as the reference data (for Norrbotten, Sweden)
Winter Spring Summer Autumn

Temperature (C°) -10.7 -1.88 11.26 0.75

Max Hourly Precipitation(mm/s) 3.30E-08 3.50E-08 6.10E-08 4.90E-08

Total Precipitation (mm/s) 2.20E-05 2.50E-05 3.70E-05 3.40E-05

SWE (%) 0.14 0.17 0 0.01

Fractional snow coverage (%) 0.93 0.68 0.01 0.31

The highest precipitation with the highest intensity occurs in Norrbotten during the summer. 
Precipitation in spring and winter is about 60-70% of the summer season value, but it accumulates
in a snow cover extending over up to 93% of the land area. During snowmelt, the accumulated 
precipitation is released in a relatively short period of time, and this represents a considerable 
hydraulic load on urban drainage, which is generally designed for summer precipitation volumes
and intensities (Table 20). Climate change projections show that temperatures and total and 
maximum hourly precipitation indicate increasing trends, while the snow related parameters (i.e. 
fractional snow coverage and SWE) follow a decreasing trend. However, the changes projected for 
individual years are not identical, and furthermore, they also vary seasonally. The changes expected 
by 2050 and 2100, in comparison to the reference decade (1961-1971), are summarized in Table 21.
However, in spite of the year-to-year variations, the assessment of the projected data showed that 
the future precipitation regime in 2100 would be characterized by a more even distribution of 
precipitation (in terms of both volume and intensity) among the seasons. The estimated precipitation 
volumes and intensities for different seasons are shown in Table 22.

Table 21 Expected changes by 2050 & 2100, in comparison to the reference decade (1961-1971) at Norrbotten, Sweden

Winter Spring Summer Autumn

2050 2100 2050 2100 2050 2100 2050 2100

Temperature (°C) +4.02 +7.05 +2.1 +4.6 +1.3 +2.9 +2.3 +4.8

Max hourly precipitation (%) +31.3 +63.1 +16.8 +45.5 +6.1 +11 +20.3 +45.8

Total precipitation (%) +27.1 +54.2 +7.2 +27.6 +1.9 +4.1 +11.6 +28

Fractional snow coverage (%) -7 -16 -17.6 -40.6 -49.9 -98 -37 -70

Snow water equivalent (%) -30.3 -52.6 -32.6 -63.6 N/A N/A -44.7 -77

Comparisons to the reference values in (1961-1971) are presented as (+) for increases and (-) for decreases; N/A: Not applicable 
(no snow accumulation in summer)

The highest temperature increases, by 7º C (in 2100), were projected for the winter season. Such a 
change would reduce the mean winter freezing temperatures from -10.7º C to -3.7º, with higher 
probabilities of precipitation in the form of rain. At the same time, decreasing SWE (by 52.6%) and 
fractional snow coverage (by 16%) would lead to smaller accumulations of precipitation in 
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snowpacks (Table 21), resulting in reduced heat insulation of the ground, and more spatially 
extensive and deeper frost penetration.

Table 22 Total precipitation and max hourly precipitation by year 2100 in Norrbotten

Winter Spring Summer Autumn

Max hourly precipitation (mm/s) 5.38E-08 5.09E-08 6.77E-08 7.14E-08

Total precipitation (mm/s) 4.10E-05 3.90E-05 3.85E-05 4.35E-05

4.3.2 Impact of climate change on runoff generation

Generation of runoff is defined by factors such as precipitation regime, infiltration capacities, 
evapotranspiration, temperature, and available storage and water ponding capacities. These factors 
as discussed earlier are likely to change in the future and, consequently, the runoff generation and 
management of stormwater would be affected. The two following sections present the results of the 
studies with specific focus on generation of runoff in future climates for two distinct rainfall and 
snowmelt seasons. 

Future runoff from green areas during rainfall events
Runoff simulation results for the four scenarios applied to the Lindsdal catchment (in Kalmar), in 
the form of the total generated runoff volumes from pervious and impervious areas, as well as the 
total runoff volume entering the Lindsdal UDS are summarized in Table 23 (Paper III). 

Table 23 Volumes of water from impervious and pervious areas entering the urban drainage system

Scenario

MikeSHE to 
MOUSE [m3] MOUSE [m3] MOUSE [m3]

Green/pervious areas 
(MikeSHE)

Impervious areas 
(MOUSE)

Total  volume 
entering the UDS

1: BL 957 4 761 5718
2: PH 1 761 5 733 7494
3: IH -58 4 761 4703
4: IL 10 949 4 761 15710

The contribution of green areas to the total generated runoff is about 17% for the baseline scenario 
(BL) representing a 10-year rain event in the reference climate. A future climate scenario with 20% 
higher precipitation (PH=High Precipitation) increased the total runoff volume by 31%, because of 
a 6% higher contribution from green areas, compared to the Baseline scenario, meaning that the 
contribution of green areas to the total volume entering the UDSs would be 23%.
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Future snowmelt and snowmelt induced runoff 
Snowmelt as the main source of stormwater during melting period is expected to be significantly 
affected by climate change, characterized by increased temperatures and precipitation (section 
4.3.2). The general simulation results showed that the rate of snowmelt increases in future climate 
scenarios. The results of snowmelt simulations in the Kiruna case study, illustrated in Figure 21,
show snowmelt changes for individual studied events in future scenarios, in comparison to the 
results obtained for the reference climate scenario. Investigations of snowmelt during rain-on-snow 
events showed snowmelt increases by 50% (RCP2.6 scenario) and 80-110% (RCP4.5 scenario), for 
the short rainfall events, and by 25-60% (RCP2.6) and 30-70% (RCP4.5), for the longer rainfall 
events. The difference between the two future scenarios, i.e. RCP2.6 and RCP4.5, was statistically 
significant (p < 0.02).

Figure 21. Total snowmelt change in future climate scenarios, obtained by comparisons to the reference climate 
scenario results; hollow circles represent simulated data points for individual SWEs and filled circles indicate the mean 
values for the corresponding vertical data sets

Snowpacks provide a potential storage capacity for liquid water, which is described in the model as 
a user-defined percentage of the snowpack SWE (e.g., 10% in this study). Runoff generation 
especially during rain-on-snow events depends on the storage capacity, which delays the release of 
liquid water (rain and/or melt) and thereby reduces the peak flow. The simulation results showed 
that the potential storage capacity (represented as a snow storage coefficient in Figure 22) of snow 
cover on average decreased by 32 and 45% for RCP2.6 and RCP4.5 scenarios, respectively. The 
results of the Kiruna catchment study strongly indicate that the future climatological conditions
would cause higher snowmelt volumes, reduced storage capacity of snowpacks due to smaller 
depths of snow, and together with more intense rainfalls, would cause more runoff. 
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Figure 22. Snow storage 
coefficient: Hollow circles 
indicate simulated data points for 
individual SWEs and the filled 
circles indicate the mean values 
for the corresponding vertical 
data sets

4.3.3 Impact of climate change on drainage systems

The impact of climate change (i.e. increased temperatures and precipitation) on UDSs was 
investigated in two case studies in the Lindsdal and Kiruna catchments, and was evaluated by two
indicators: (a) the number of flooded nodes (i.e., where the water level exceeds the ground level) 
and (b) the number of surcharged sewer pipes (the pipe flow ratio Q/Qfull higher values of 
the performance indicators imply the magnitude of the climate change impact on the sewer systems.

The impact of climate change on UDS due to upscaled rainfall was investigated in the Lindsdal 
catchment (in Kalmar). A summary of the performance indicators for the reference and future 
climate scenarios are shown in Table 24. It follows from the results that the uplifted precipitation 
(by 20%, i.e. PH scenario – section 4.3.2) caused a 31% increase in the hydraulic load onto the 
system (Table 23); this increased load resulted in 82 and 32% more flooded nodes and surcharged 
pipes, respectively (Table 24).

Furthermore, a safety margin was defined (i.e. WL>-0.5 m, water level less than 0.5 m below the 
ground level) to identify the overloaded pipes in the UDS sections with high risks of flooding. The 
results indicated that such failure prone areas of the catchment would increase in the future climate,
with increased numbers of the nodes (by 71%), in which water level exceeded the safety margin 
(Table 24).

Table 24 Maximum water levels at nodes and pipe flow ratios, indicated by the Mouse model results
Water levels (WL) in nodes: Pipe flow ratio:

Run Nodes Nodes
-0.5m [-]

1: BL 22 80 115

2: PH 40 137 152

3: IH 15 72 98

4: IL 57 168 176
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The investigation of climate change impacts on UDSs during the snowmelt season and for rain-on-
snow events were done for the Kiruna catchment. A summary of the performance indicators for the 
reference and two future climate scenarios is tabulated for selected rainfall events (i.e. R1, R5, and 
DS1-3 in Table 3) in Table 25. The results showed that the performance of the UDS is similar for a 
1.4-y rain event simulated for an extreme scenario (low infiltration and RCP4.5) and a 10-y event in 
summer conditions with full infiltration capacity (Table 25).

Table 25 Summary of Kiruna storm sewer system performance data: Discharge volumes and the numbers of flooded 
nodes and surcharged pipes for selected rainfall events

a

Number of flooded nodes
a

Number of surcharged pipes
Climate 

scenarios Ref. RCP2.6 RCP4.5 Ref. RCP2.6 RCP4.5

Rain SWE Med Low Med Low Med Low Med Low Med Low Med Low

R1

180 0 0 0 0 1 1 4 4 7 7 18 18
90 0 0 0 1 2 7 4 4 7 11 23 36
50 0 0 2 13 15 25 4 6 22 51 57 85
10 8 15 21 20 24 32 34 56 70 90 100 124

R5

180 1 2 12 13 14 17 7 11 45 50 53 64
90 9 12 24 27 33 38 35 43 84 115 122 151
50 15 19 22 30 34 40 45 77 109 118 142 153
10 17 21 24 31 30 31 73 86 106 115 124 134

DS1

180 1 1 0 1 2 3 8 5 3 6 14 31
90 1 10 17 20 24 30 11 45 66 86 100 120
50 13 19 21 26 28 32 57 70 94 106 121 131
10 19 21 25 27 30 35 72 82 105 111 121 132

DS1* 0 0 0 0 5 6 9

DS2

180 3 10 17 23 35 45 14 45 61 86 133 168
90 27 34 44 46 53 61 115 131 160 173 204 216
50 33 43 46 47 58 62 133 152 173 179 212 224
10 38 44 46 47 58 61 138 158 173 179 215 223

DS2* 0 0 2 2 12 19 23

DS3* 0 60 90 121 194 246 247
* This event mimics summer conditions: no SWE and full infiltration capacity

The results also indicate that UDSs performance is better during a high snow depth cover
(SWE=180) compared to the low snow depths scenarios (SWE=10 and 50 mm), indicating that the 
higher potential storage capacity can significantly reduce the load into the UDS system. This 
implies that future snow depths (represented by SWE), if reduced by about 50% (section 4.3.1),
would offer less detention capacity in the snow cover and would result in overloading the drainage 
systems.
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4.4 Example of a runoff control measure for mitigating climate change impacts

Runoff control and mitigation of climate change impacts requires strategic planning to achieve 
optimum solutions for specific catchment conditions. The results of investigation of feasibility of 
using few selected measures for controlling runoff during the snowmelt season are presented and 
will be further used in the Discussion chapter to assess and evaluate general implication of such 
control measures during the season, when both snowmelt and rain on-snow events may be the main 
sources of stormwater.

Green roofs, as one of the runoff control measures receiving increased attention, were investigated 
in Paper I, with respect to their ability to mitigate climate change impacts on catchment runoff 
during various seasons. Literature data were used to categorize potential runoff reductions by green 
roofs for five climatic conditions: very cold, cold, mild, warm and very warm. Such reductions from 
pilot studies were adapted for the catchment scale and are listed in Table 26. Potential reductions of 
catchment runoff, in any of the five climate conditions selected, can be estimated on the basis of 
two factors: (1) percent runoff volume reduction by green roofs described in the literature; and, (2) 
the percentage of the catchment area covered by green roofs. By selecting the values of these two 
factors, the reduction of the catchment precipitation volume by green roofs can be calculated, as 
shown in Table 26.

Table 26 Total effective precipitation volume reduction by green roofs covering various percentages of the catchment 
area

Reduction* (%) 15 30 50 75 90
Cold 1:  very cold and wet conditions
Cold 2:  cold conditions during winter 
and autumn;
Mild: mild conditions during spring & 

autumn
Warm1 : warm conditions during 
spring and summer; 
Warm 2 : very warm summer conditions
*Total precipitation reduction from an 
experimental green roof unit (%); 
** Implemented green roofs area as % 
of the catchment area

G
re

en
 ro

of
 A

re
a*

*

(%
)

Cold 1 Cold 2 Mild Warm 1 Warm 2

5 0.75 1.5 2.5 3.75 4.5
10 1. 5 3.0 5.0 7.5 9.0
15 2.25 4.5 7.5 11.25 13.5
25 3.75 7.5 12.5 18.75 22.5
30 4.5 9 15 22.5 27

Assuming the transferability of data from Table 26 to the Kiruna catchment in the cold climate of 
Norrbotten, as an example, and selecting the green roof coverage of 10%, would indicate a potential 
reduction of extra runoff load, due to future upscaled precipitation, by implementing green roofs. 
On the basis of the existing roof area in the catchment (i.e. ~10% of the catchment area) and 
assuming that all the roofs would be converted to green roofs, and considering seasonal climatic 
conditions (i.e., summer as mild; spring and autumn as very cold1), one could determine the runoff 
reductions by green roofs for the whole year. It should be noted that green roofs are ineffective 
during the freezing period (i.e. winter). Using the above procedure, the runoff reduction capacity for 
individual seasons was determined as 5% for the summer (mild climate conditions), and 3% for 
autumn and spring (cold2 climate conditions) from Table 26. Thus, potentially, green roofs could 
reduce the additional precipitation resulting from climate change by ~14% in the spring and 
autumn, and 100% in the summer.

The maximum potential reductions of additional precipitation arising from climate change in the 
Kiruna catchment are presented in Table 27, together with precipitation values for the reference and 
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future climates. Green roofs effectiveness in the summer season is due the fact that the reduction 
capacity of green roofs in that season is higher than the increase in precipitation. Therefore, all 
additional precipitation due to climate change could be handled by implementing green roofs. It 
appears that green roof control of precipitation during the winter season is insignificant (and/or not 
needed), because: (i) all precipitation would be in the form of snow, which would not melt until the 
end of the freezing season, and (ii) roof snow would be most likely removed by wind or clearance 
operations serving to reduce snow loads on roofs. Therefore, the reduction estimation for the 
assumed freezing winter season is irrelevant and not considered in Table 27.

Table 27 Maximum potential reduction of additional precipitation volume for year 2100, Kiruna with a 10% green roof 
coverage over the catchment

Winter Spring Summer Autumn

Climatic condition (from Table 26) Cold 2 Mild Cold2

Reduction (%) (from Table 26) (-) 3 5 3
Current precipitation (mm/month) 57 64.8 95.9 88.1
Future precipitation(mm/month) 87.9 82.7 99.8 112.8
Reduction of extra precipitation (%) (-) 13.8 100 13.7

Investigations of the feasibility of using green areas for runoff control were done for the Lindsdal 
catchment. The simulation results for various scenarios showed significant differences between the 
low and high infiltration scenarios. While low infiltration increased the volume of water entering 
the UDS by 275%, increased infiltration led to a zero contribution of runoff from green areas and,
furthermore, it would provide more capacity (-58 m3) to accept and dissipate some runoff from 
impervious areas (Table 23). The impact on the urban drainage system due to higher infiltration 
capacity is positive by reducing the numbers of flooded nodes and surcharged pipes by 32% and 
15%, respectively, compared to the reference conditions (Table 24).

The impacts of climate change on seasonal climates were presented, together with the impacts of 
climate change on generation of runoff, and provide a foundation for discussing the diversion of
runoff from impervious areas onto pervious areas (e.g., by incorporating infiltration/bioretention 
facilities). The related issues and challenges will be further discussed in the next chapter.
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5 DISCUSSION

In this chapter, the results presented in the preceding chapter are discussed in the context of winter 
and early spring stormwater control and management. In section 5.1 the findings concerning 
individual factors affecting the runoff are discussed together as a whole entity, with respect to the 
seasonal associated changes imposed on runoff generation. Impacts of runoff on UDSs are 
discussed in section 5.2. The processes involved in the generation of snowmelt, and the related 
runoff quantity and quality aspects are discussed in section 5.3, in the context of modelling and 
predictions required in the planning stage of stormwater management; and, finally the discussion 
focuses on practical implication of the research findings accounting for seasonal changes in the 
current and future climates. 

5.1 Impact of seasonal changes on the factors affecting runoff generation

Major distinction between the hydrology of temperate and cold climates conditions consists in the 
sources of runoff, and the associated processes and their parameters (Marsalek, 1991). Significant 
changes start occurring when temperatures drop below zero and this affects the form of 
precipitation (rain or snow) and, consequently, the generation of runoff and its pollution. 

In sub-zero temperatures, precipitation in the form of snow does not contribute to runoff 
immediately (like rainfalls), but accumulates in seasonal snowpacks during the winter and 
contributes gradually to runoff later in the melting season. Moreover the processes of pollutant built 
up and wash off are significantly different in the presence of snow and during snowmelt and rain-
on-snow, compared to the conditions for rainfall events (Marsalek et al., 2003). Accordingly, 
stormwater management requires different approaches in cold regions with seasonal snowpacks 
than in warmer and more temperate regions (Marsalek, 1991). However the design standards for 
UDSs mostly address the extreme summer events (as applied in Sweden and elsewhere) and the 
design recommendations are typically based on runoff produced by design storms of certain return 
periods derived from extreme value statistics on the basis of intensity and duration (Berggren, 2014; 
SWWA, 2004). Such designs may cause problems in extreme winter conditions, with impaired 
infiltration capacity due to frozen soils, and large rain-on-snow events. 

Reduction of the soil infiltration capacity due to freezing and its impact on soil structure was 
reported in a number of studies. In fact, in some conditions, infiltration may be blocked completely 
for a certain period of time (e.g. Gray and Prowse, 1993; Iwata et al., 2011; Khan et al., 2012; 
Marsalek, 2013). In agreement with the previous studies, the laboratory investigations of infiltration 
into frozen soil columns (Paper IV) showed seriously impeded infiltration into sandy soils with a 
high initial water content (~10%), and reduced infiltration into the soils with a low water content 
(~5%), prior to freezing. The higher initial water content also caused longer times required for
attaining the steady infiltration rates, after the onset of thawing. Thus, consistent with previous
findings, the laboratory study of infiltration into frozen engineered soil indicated that the seasonal 
change impacts the infiltration capacity of soils and that the antecedent moisture, at the onset of 
freezing, plays a significant role in this process, which needs to be taken into account.
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Extending the laboratory study of frozen soil columns to a larger scale and employing the computer 
simulations revealed the importance of considering the effects of seasonal changes and the winter /
spring hydrology as a part of comprehensive sustainable stormwater management. According to the 
presented results (Figure 13 and Table 13) the time of attaining the steady percolation rate (tSPR) for 
S1 (coarser soil) is lower than that of S2 (finer soil), and the thawing process takes more time for 
the fine soil type; this leads to the conclusion that the effect of frozen soils at the catchment scale,
with dominant soils finer than the sand soils used in the laboratory study, could be particularly 
significant. Finer soil types in green areas increase the likelihood of higher water content before the 
freezing period starts. The consequence is a complete blockage of the pervious surfaces for water 
percolation, as also observed in the laboratory experiments. The observations in the laboratory
demonstrated that no immediate infiltration occurred in soil columns with high water content 
(~10%), which  caused ponding of water on the top of the soil for some hours, while for a lower 
water content (5%) soil, immediate infiltration was visually observed as soon as the top of the soil 
column was supplied with water. 

The interference of frozen soils with water infiltration, which was clearly demonstrated in the 
laboratory experimental study, causes a general increase of runoff generation in the catchment, as 
indicated by the simulation results in the Lindsdal and Kiruna case studies. Simulation of runoff in 
the Lindsdal catchment, with about 12% imperviousness, showed that impaired infiltration, 
represented by the low infiltration scenario (IL) (Table 8) imposed a 175% higher hydraulic load 
onto the UDS, which caused the flooding of 160% more of UDS nodes. The similar study for 
Kiruna, with a higher imperviousness (about 22%), showed comparable results. When comparing 
an extreme summer scenario (i.e. defined by 10-year design storm DS3 (Table 3) and the full 
infiltration capacity) with likely winter conditions for Kiruna (defined by snowmelt and 0.4 and 1.4-
y design storms, DS1 and DS2 (Table 3), and intermediate and low infiltration scenarios), showed 
that on average, the volume of runoff in winter was 5 times greater than that in the summer (Table 9
and Table 12). This result agrees with the findings of Cherkauer and Lettenmaier (1999) who 
reached a similar conclusion in a soil column study of frozen soil infiltration and extended their 
findings to a river basin scale. Additional confirmations of soil freezing impacts on soil infiltration 
were noticed in a number of other studies, which investigated the effect of frozen soils on
generation of runoff in large catchments (Shanley et al., 1999; Niu and Yang, 2006; Nyberg et al., 
2001). 

The effect of frozen soils during the winter is similar to imposing temporary imperviousness on
catchment soils, which has similar impacts as urban development. A recent study by Sillanpää and 
Koivusalo (2015) showed that the total generation of runoff in the winter mimicked runoff from a 
more developed urban catchment (with a higher imperviousness), which also agrees with an older 
investigation suggesting that during freezing temperatures, urbanization would not affect the total 
catchment runoff (e.g. Taylor 1977). 

Extreme winter conditions with a simultaneous occurrence of rain-on-snow and elevated 
temperatures were found to be rather infrequent. However, when such extreme conditions are 
encountered in combination with the earlier discussed impaired infiltration, there is a great increase 
in the volume of generated runoff, as demonstrated in the Kiruna case study, by simulated 
significant numbers of flooded nodes and surcharged pipes for relatively small rainfalls of 1.4-y
return period (Table 25). These results in fact can be confirmed by findings of Carlsson et al. (2006) 
who showed that the fluvial floods, which occurred in Sweden during the snowmelt season, 
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between 1970 and 2007, were greater in magnitude of the flood volume than those during the rest of 
the year, despite of their lower frequency of occurrence. 

Traffic is known as one of the main sources of pollution in urban areas and contaminates rainfall 
and snowmelt runoff (Valtanen et al., 2014; Huber et al., 2016). The results presented in this study 
(section 4.1.2) confirmed this finding by comparing pollutant concentrations in snow samples from 
reference sites (Table 2) and from roadside snowbanks (Table 11). Furthermore, there was a direct 
relation between TSS and trace metal accumulations (in mass per unit area) in roadside snow banks 
and traffic, representing a major source of pollution. These findings are backed up by previous 
studies regarding snow pollution (e.g. Malmqvist, 1983; Kuoppamäki et al. 2014).

Although traffic is the main source of urban runoff contamination, the dynamics of pollutant 
transfer into runoff differs in cold and warm seasons. This fact has been discussed in a number of 
previous studies (e.g. Viklander, 1997; Westerlund 2007). The distinctive characteristics of 
pollution dynamics in the cold season with a seasonal snowpack were shown to be related not only 
to traffic (AADT) but also to the duration of exposure of snowpack (i.e., snow age) (SRT). Li et al. 
(2015) showed the relation of similar factors with the amount of trace metals in snow by 
investigating spatial distribution of potential metal sources in an urban area. Viklander (1999) also 
showed that longer winter periods are indicative of higher accumulations of chemicals in snow. 

The severe impact of seasonal (i.e. winter) variation in pollutants dynamics can be noted when
extending the site snow pollution studies to the urban catchment scale, where about one half of the 
impervious areas represent the main sources of pollution, i.e. roads and parking lots with a direct 
exposure to traffic-related pollutants (60 and 47% of impervious areas consists of roads and parking 
lots in Kiruna and Östersund, respectively). 

5.2 Impact of climate change on UDSs

There is a general agreement that temperature and annual precipitation are expected to increase in 
Europe (Stocker et al., 2013). Data analysis in this study using SMHI data (section 3.3.3) is in 
agreement with the reports by the Intergovernmental Panel on Climate Change (IPCC, 2007, 2014),
which project more precipitation (in terms of depth and intensity), higher temperatures, and less 
SWE/snow coverage (Table 20) for Sweden. The impact of such changes on generation of runoff 
was identified as an important issue in stormwater management, flood and pollution control (e.g. 
Bronstert et al., 1999; Borris et al., 2013; Blair et al., 2014); these findings were also confirmed in 
this study, and are discussed in more detail in the following section, on the basis of scenario-based 
studies for Lindsdal and Kiruna catchments as well as the investigations of key aspects of the 
processes governing the winter/spring urban hydrologic cycle considered in this thesis. 

Runoff generation in winter and spring will be more critical than at present, when considering the 
changes that would likely happen in the future and their impacts on the key factors of runoff 
generation. Data analysis of the future climate in Norrbotten (i.e. the region, where the Kiruna 
catchment is located) in 2100 (section 4.3.1) showed seasonal variations of precipitation and 
regardless of increase in total and maximum hourly precipitation, a decrease in the variation would 
be expected in the future. Nevertheless, the highest precipitation depths are expected to occur in the
autumn (Table 22). High precipitation in autumn combined with rather low temperatures (average 
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seasonal temperature = 0.75 °C) would result in less evapotranspiration and thus increases of the
risk of higher soil moisture before the freezing season starts (Table 20). This conclusion is 
supported by a specific soil moisture study by Kellomäki et al. (2010) showing the general trend of 
increasing soil moisture in northern latitudes. These conditions will increase the antecedent soil 
moisture content, which was earlier identified as an important factor in runoff generation. The 
results from the experimental runs in the laboratory showed that higher water content (10%, 
compared to 5%), prior to freezing, delayed infiltration into frozen soils by a number of hours, 
before a steady infiltration rate was attained. Additionally, decreasing snow depths (represented by 
SWE) and snow coverage (Table 21) in northern Sweden will provide less heat insulation of soils
by snow cover, which would eventually lead to a deeper frost penetration in soils (Hardy et al., 
2001; Nyberg et al., 2001; Kellomäki et al., 2010 ). According to Iwata et al. (2011), a thin layer of 
frozen soil (clay loam, silt loam, sand clay loam type of soil) does not impact the infiltration 
capacity, but when the layer thickness exceeds 0.37 m, the snowmelt infiltration can completely 
stop. Higher soil moisture and less insulation of the soil will make the soil frost phenomenon more 
severe in the future. On the other hand, soil thawing process could take more time, up to several 
days or more (depending on the antecedent soil moisture conditions, soil compaction and soil 
gradation), because average seasonal temperature in the spring is relatively low (-1.88 °C) and 
increases the probability of the diurnal thawing/freezing cycles. The occurrence of such cycles was
confirmed by Kværnø and Øygarden (2006) showing the average duration of the freeze-thaw cycle 
as 4-5 days for a location in south-eastern Norway with a mean annual temperature of 4.8 °C, the 
mean temperature in January as the coldest month of -5.6 °C, and clay loam and silty clay loam
soils. Eventually the entire process of thawing is extended until the soil fully attains its steady 
infiltration capacity. 

Higher precipitation and temperatures during the melting season will result in higher production and 
release of liquid water contributing to runoff, as numerous studies in the Alpine region also 
demonstrated. Bronstert et al. (2002) showed a 55% increase in the peak discharges and e.g. Rango 
(1992) and Middelkoop et al. (2001) showed an increasing risk of flooding caused by increasing
rates of snowmelt. The results from the scenario-based study in Kiruna showed an obvious impact 
of the increases in temperatures and precipitation on the total volume of runoff from rain-on-snow 
events, for which the scenarios RCP2.5 and 4.5, respectively, were causing increases in the future 
snowmelt runoff up to 60 and 110% (Figure 21). This trend was also seen when examining the 
difference between the two future climate scenarios, when more snowmelt is produced by RCP4.5 
compared to that of RCP2.6. Furthermore, future climate scenarios project average reductions of 
snow water equivalents by 50 and 66%, as indicated by the Echam4-RCA3 and A1&A2 scenarios, 
respectively (Roeckner et al., 1996). This fact results from the general snow depth reduction - as 
discussed earlier – and, therefore, reduction of the potential retention capacity of snow cover. 
Similarly, Singh and Kumar (1997) also showed that the snow water equivalent declines due to 
increased air temperature and Middelkoop et al. (2001) concluded that winter snow storage is 
reduced as a result of increased precipitation and temperature. 

Reduced snow depth (SWE) limits the potential liquid water retention by the snowpack and,
therefore, impacts the runoff pattern. This fact was indicated by Dunne et al. (1976) when showing 
the impact of snow depth on runoff hydrographs by altering the timing and reducing the magnitude 
of the flow peaks. Similarly, in this study, the snowpack depth was noted as a potential runoff 
control measure in urban catchments, when the maximum SWE scenario for winter conditions, i.e. 
low and intermediate infiltration scenarios, was compared to the 10-year summer rainfall event with 
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full infiltration capacity. The results showed that in spite of reduced infiltration in winter, the total 
generated runoff depths in winter conditions were smaller than those generated in the summer 
scenario implying that high snow depths (SWE of 180 mm in this study) can compensate for 
reduced catchment infiltration, due to frozen soils, by retaining rainwater (Figure 12). The results of 
this study further showed that, on average, storage capacity of the entire catchment would be 
reduced by 32 and 45% for RCP2.6 and RCP4.5 scenarios, respectively. A similar type of study by 
Schöber et al. (2012) in an Alpine region showed that the produced runoff flow was the greatest for 
the least snow depth scenario. 

Simulation results for future climate scenarios indicate that the regions with long and cold winters 
may be exposed to extreme winter-spring conditions (i.e. severe soil frost depth, smaller snow 
depths and storage capacity, more intense rainfalls and higher temperatures resulting in high rates of 
snowmelt), which would cause greater and more rapid generation of runoff causing operational 
problems in the existing UDSs (Berggren et al., 2011).

The simulation studies in the Lindsdal and Kiruna catchments confirmed the above mentioned 
UDSs performance problems. The modelling results in Lindsdal showed that a future precipitation 
scenario (i.e. uplifting current rainfall by 20%) would result in a 31% increase in runoff 
contribution to the UDS, resulting in the higher numbers of flooded nodes and surcharged pipes, by 
80 and 32%, respectively. This point was also emphasized in the results chapter (section 4.3.3) by 
observing that the number of UDS nodes at risk of flooding (i.e., WL>-0.5m) would increase by 
70% for future precipitation in the suburban Lindsdal catchment.  The impact of climate change on 
the UDS of the Kiruna catchment similarly showed that more precipitation and smaller snow cover 
depths would result in failures of the system. The performance of the system (indicated by the 
number of flooded nodes and surcharged pipes) during the melting period (with comparably low 
rainfall intensity – 1.4 year rainfall - but with impaired infiltration and with 10-50 mm of SWE) is 
in the same impact indicator range as during summer conditions (with full infiltration capacity and a 
10-y rainfall), taking the number of flooded nodes and surcharged pipes as the system performance 
indicators (Table 25). Similar problems were reported in a number of other studies. Waters et al. 
(2003) reported that by increasing the design storm intensity by 15% for a subdivision with 34% 
imperviousness in Burlington (Canada), the increased runoff resulted in the surcharging of 24% of 
the storm sewer pipes in the catchment. Ashley et al. (2005) showed that for four catchments (15 –
35% imperviousness) in the UK, the impact of possible future climatic conditions would likely 
result in flooding in at least two of these catchments.

The findings of this thesis highlight the vulnerability of the drainage systems to impaired catchment 
infiltration due to frozen soils, decrease of snow cover depths, and increased precipitation, with 
respect to the total depth and intensity, and shows the importance of taking these hazards into 
consideration in the sewer network design, stormwater management and the drainage system 
adaptation to climate change.

5.3 Modelling of urban runoff and snowmelt

Prediction of the factors affecting runoff properties, e.g. snowmelt (quantity), pollutant build up and 
washoff (quality), is one of the main steps in planning runoff quantity and quality controls. The 
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following discussion focuses on a review of existing snowmelt models (Paper II), with the objective 
of identifying the knowledge gaps in winter runoff simulation and detecting the deficiencies of the 
existing models in terms of applicability to urban catchments, by conceptually assessing their 
applicability to various urban snow covers. This analysis continues by the assessment of a common 
model performance (i.e. SWMM) and proposing a modelling procedure for improving the 
simulation of winter runoff in an urban area (Paper VI, VII); and eventually modelling the
snowmelt quality, including discussion of pollutant accumulation in, and release from, snowpacks
(Paper V, VII).   

5.3.1 Snowmelt runoff modelling 

Snowmelt generation is related to internal and external melt factors, i.e. snow properties, and the 
location where snow is accumulated, stored and melted (Oberts et al. 2000). Improving the accuracy 
of snowmelt modelling was addressed through discussion of snowmelt modelling with respect to a
generalized snow cover classification (Table 10) and a review of existing models. 

Physically-based models using the energy balance method are characterized by improved accuracies
of snowmelt prediction (Bengtsson and Singh, 2000). However, their applicability deals with 
numerous challenges due to the lack of necessary inputs and dealing with the uncertainties 
including numerous inputs defining the physical process of melt, in comparison with the 
temperature index method. The higher sophistication of the model causes more complexity of the 
model and does not necessarily results in better simulation accuracies. In this context Bergström 
(1991) reported that an optimal level of complexity of a modelling procedure requires a good 
understanding of the physical system, access to the required data, and in practical terms, it requires 
sufficient resources in terms of time and funding. Therefore, in practical applications, it is suggested 
that snowmelt modelling should be preferably based on the temperature index method for practical 
applications. The main advantages of this method include a simple model structure, highly 
operational nature, wide applicability and the general availability of input data, which was also 
noted by Walter et al. (2005). 

Thus, this practical method (i.e. the temperature index) implemented in common modelling 
packages can be used to improve modelling results by investigating the factors affecting runoff 
characteristics as well as the functionality of the degree-day method for shorter time steps.

The approach to selecting a suitable model for an urban area can be discussed in terms of snowpack 
shapes, which dominantly occur in individual catchments. Snow handling is a common practice of 
the urban snow management, which changes the natural shape and properties of snow and its 
deposits. Recent models, which specifically considered snow deposit shapes, were developed by 
Sundin et al., (1999) and Valeo and Ho (2004); however, no codes are available for these models. 
None of the other reviewed models was designed to consider the snow deposit shape, and therefore 
it was proposed to work with a snowmelt model based on the temperature index (e.g., SWMM, 
MOUSE RDII, SSARR-T and HBV), in which the melt coefficient could be adjusted for specific 
snow cover types of different shapes, if needed. Among these models, SWMM is capable of 
including different snow cover classes in a single subcatchment. Therefore the model can melt snow 
covers differently based on their relevant properties; the examples of the most distinctive snow 
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cover classes include undisturbed snow (natural snowpack) and disturbed snow (ploughed snow 
alongside the streets), as applied in the study catchments. Eventually, the SWMM model was 
chosen for the case studies in the Kiruna and Östersund catchments (3.4.1) with a high percentage 
of their area covered by an undisturbed snowpack (i.e. 80%). The melt of disturbed snow, which 
was ploughed from impervious areas, was simulated by choosing different melt coefficients in the 
model. 

The methodology used in the modelling and simulation of snowmelt (Paper VI, VII) offers a 
practical procedure to simulate and calibrate snowmelt induced runoff with a common snowmelt 
modelling tool (i.e. SWMM), which would be the “best” choice for similar case studies. The 
proposed procedures aim to mitigate the common shortage of input data in snowmelt modelling for
prediction of snowmelt and rain-on-snow runoff, and its potential impact on UDSs. Identification of 
the most frequent rain-on-snow events, serving to select the probable rain events as the model input 
by statistical analysis for the snowmelt period, was shown to be an important step. 

In the absence of runoff data, model calibration for long-term simulation could be done with respect 
to the start and end dates of the snowmelt season, using temperature and snow depth data that are 
manageable and can be relatively easily obtained for similar catchments (Paper VI). Event-based 
calibration against the measured runoff is shown to be beneficial, when the ‘melt conditions’ (i.e. a 
combination of different factors described in 3.4.1) are taken into account in defining and 
simulating the melt (Paper VII). While studies such as that by Valeo and Ho (2004) showed 
inefficiency of SWMM for long term simulation, integrating the melt condition into the SWMM 
modelling procedure was found to be an improvement.

In applications of the above methodology, through the sensitivity analysis (Paper VII) and scenarios 
definition for the Kiruna catchment (Paper VI), the results indicated the importance of defining the 
snowmelt and catchment factors during the melting period, according to the study purpose. SWMM 
snowmelt routine sensitivity to the temperature input calls for local temperature data of high 
quality. This was also seen in the results from the Östersund catchment simulation, when comparing 
simulated and measured data. The delay of simulated runoff was explained partly by the difference 
between the measured temperature at the weather station (2 km away, in the city centre) and actual 
temperature at the study site. With respect to climate change, there is a need for good downscaled 
temperature data at a local scale for achieving better winter/spring runoff simulations. The snow 
cover depth was shown as a factor significantly affecting the generation of runoff, because the 
snowpack can potentially function as a temporary storage compartment. In this regard, the 
sensitivity of runoff to the available snow storage capacity needs to be further investigated and 
supported by better representative values for different urban snow cover types.

Sensitivity of the model to the infiltration capacity, specifically for the catchment with a high 
percentage of pervious areas, needs to be considered for the whole melting season, during which 
infiltration varies from an impaired capacity at the beginning of the season to attaining the full 
capacity at the end of the season. Furthermore the threshold temperature and the catchment related 
parameters, i.e. catchment’s width, slope and Manning number of surface roughness, were noted as 
important factors since some properties of the catchment are different during the period with a snow 
cover and also depend on the spatial distribution of snow in the catchment. Moreover it was also 
noted that the information regarding solar radiation would be beneficial for interpreting the melt 
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simulation and its conditions; for instance in this study, the number of hours of direct irradiance 
(sunny hours) during a day was used to interpret the calibration results.

5.3.2 Snowmelt quality: Pollutant accumulation and dynamics of their release

The complex process of pollutant accumulation and dynamic release is discussed in this part, which 
is based on the results of the field study (section 4.2.1) and the simulation study of snowmelt runoff 
in the Östersund cased study (section 4.2.4). 

The duration of snow exposure (SRT) and pollution sources, i.e. traffic described by AADT, were 
found to be the important factors for predicting the level of pollutant build up in the snowpack. 
Reinosdotter and Viklander (2006) showed earlier the importance of these two factors for pollutant 
accumulation by comparing the quality of two snow cover classes, i.e., snow from residential areas 
and the city centre, during the snow accumulation period. Equation 3 (section 4.2.1) provided an 
estimation tool for different constituents with a coefficient of determination of R2 = 0.37 - 0.66. The 
values of the pollutant accumulation rates determined in this study are in agreement with those from 
similar investigations by Bækken (1994) in Oslo. Regardless of the accuracy of the produced 
estimations, the estimation tool can be used for comparing various management options for disposal 
of polluted snow. For example, Exall et al. (2011) reported that heavily polluted snow required
disposal at a special facility providing snowmelt treatment. Considering the possible 
thawing/freezing cycles of the accumulated snow, SWE was also taken into account in the multiple
regression models. Thus better correlation of TSS and the trace metals with the predictors i.e., SRT, 
AADT and SWE (R2= 67.75) helped in selecting a better tool for constituent prediction, by 
increasing the estimation process complexity. Another important factor, which was emphasized by 
Westerlund and Viklander (2006), was the availability of polluting materials in the urban 
environment. 

Westerlund and Viklander (2006) also reported the correlation between TSS and total 
concentrations of trace metals for the entire melt period. Estimation of pollutant loads in snowmelt 
runoff (section 4.2.2) showed that the calibration of the event mean concentration for the whole 
melt period was impaired by high uncertainties, with a range of errors from -85% to 153%. 
However, calibrations for shorter periods and the different stages of the melt resulted in much lower 
uncertainties, within a range of ±25%, in predicting the EMC of TSS. Such results are consistent 
with the investigations conducted by Schöndorf and Herrmann (1987), Oberts, (1994) and
Reinosdotter and Viklander (2007), who asserted that there is a noticeable difference in the 
particulate fractions transported during the early (EMC= 88 mg/l in this thesis) and late (EMC =
600 mg/l) stages of snowmelt, as also observed in this thesis for the early stage EMC = 88 mg/l and 
the late stage EMC = 600 mg/l. 

Splitting the calibration of TSS transport according to different melt stages increased the accuracy 
of estimation of TSS in snowmelt runoff; moreover, TSS estimation also depends on the accuracy 
of the simulated runoff data. The findings in this thesis indicated that in spite of calibration of TSS 
for shorter periods, a significant part of the errors in TSS prediction was caused by imprecise runoff 
simulations. Westerlund et al. (2008) concluded that the description of TSS processes during the
snowmelt period is much too simplified in conventional modelling approaches (including the 
SWMM model) and, therefore, in this thesis a part of the prediction error can be explained by the 



73

fact that this simplified method of modelling uses the TSS build-up/wash-off transport algorithm, 
developed for rainfall events, during the snowmelt periods as well. 

Besides the need of increasing the accuracy of snowmelt quantity simulations, it is also 
recommended to conduct more sampling and analysis of snowmelt runoff quality during the entire 
melt period and apply such data in the modelling procedure, since the variations of transport 
processes during various melt stages are ignored in simple methods like Equation 2 (similar to the 
method used in SWMM). This combined empirical/modelling approach would yield better 
information for describing TSS transport by snowmelt runoff during different melt stages. 
Eventually, in spite of the complexity of the processes involved, the proposed methods provide 
approximate estimations (with some extent of uncertainty) of pollutant accumulation in, and release 
from, snowpacks, on the basis of the available data and the objectives of investigations. 

5.4 Practical implications of the findings for infiltration and enhanced surface storage for 
SWM

Green infrastructure represents the main alternative, or a complement, to the conventional in-pipe or 
end-of-pipe measures of stormwater management. Various measures can be implemented at
different levels to deal with the negative impacts of seasonal variation and climate change on UDSs 
and the entire stormwater management infrastructure.

Green roofs (GRs) as runoff control measures were shown to be capable of reducing direct runoff to 
UDSs depending on the season. However, GRs become non-functional during the winter because of 
the fact that precipitation in the form of snow does not contribute to runoff during freezing 
temperatures and that generally snow is largely removed from roofs before the melt period starts. 
However, during other seasons, GRs (30 to 150 mm thickness) provide water storage capacity and 
return part of stored water back to the atmosphere. Bengtsson et al. (2005) reported a 9 mm storage 
capacity for a 30 mm soil cover of a thin extensive green roof. Stovin et al. (2013) indicated 20 mm 
water retention for 80 mm thick substrate of a green roof. Green roofs therefore can be used as an 
alternative method for runoff reduction and adaptation of an urban catchment to the future climate. 
The analysis in this thesis showed that in Norrbotten (northern Sweden) the GRs are most effective 
in the summer, for a city with 10% coverage by GRs and other conditions similar to those in the 
Kiruna catchment, when they could potentially contain and dissipate almost all the additional 
precipitation produced by climate change (in 2100).

Carter and Jackson (2007) modelled the effect of GRs on an urban catchment for different spatial 
scales, suggesting significant reductions of peak runoff from small storms by an extensive 
implementation of green roofs in the catchment; Berndtsson (2010) reported that besides the green 
roof characteristics, weather conditions for individual rain events (e.g. season, air temperature, wind 
characteristics, humidity, and dry period) influence the efficiency of roof runoff reduction. 
According to Teemusk and Mander (2007) the most significant constraint on GR efficiency is 
imposed by the total rainfall depth. Therefore the roofs cannot function efficiently in those seasons,
i.e. spring and autumn, when the efficacy of GRs is reduced due to lower temperature, lower 
evaporation and more intense precipitation. It was shown that the efficiency declines from 100% in 
summer to 14% in the spring and autumn in the Kiruna catchment (Paper I). As stated earlier, 
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during the winter conditions, when the temperature is sub-zero and precipitation is in the form of 
snow, the green roofs are not expected to function, and by the time the melting period arrives, snow
was most likely removed from roofs. 

The dependency of green roofs performance on weather conditions may lead to the improvement of 
their efficiency in future climate, as the temperatures (and potential evaporation) are expected to 
increase, as suggested by IPCC (Stocker et al., 2013). GRs efficiency varies during different 
seasons: (i) highest efficiency occurs during the summer, (ii) lower efficiencies occur during the 
autumn and spring (i.e. melting season) with lower average temperatures, for which in the future the 
negative effects of increasing rain intensity could lead to exhaustion of the GR storage capacity and 
increased runoff, and (iii) in winter, the performance of GRs is assumed to be non-existent. The 
non-functionality and reduced efficiency of GRs during the winter and spring (respectively) 
suggests that GRs cannot be used as a sole solution for controlling the higher burden of runoff 
discharged into UDSs in the future, especially during the winter time and melting period in the 
spring, and therefore other potential SCMs should be also incorporated in SWM in cold climate. 

A typical Swedish town with about 80% of pervious areas (like the study catchments used in this 
thesis) provides a good potential of integrating green surfaces into stormwater management. 
However, the capacity of green areas to perform this function is reduced in two circumstances: (i) 
frozen ground conditions; and (ii) exhausted storage capacity due to continuous snowmelt. 
Accordingly the seasonal reduction of infiltration capacity makes this issue of a critical interest in 
the planning, design and operation of stormwater management facilities, which promote runoff 
infiltration into soils. 

Decrease of infiltration capacity and ice blockage of soil pores leading to impaired infiltration was 
investigated, e.g. by Bayard et al. 2005 and Iwata et al. 2011, who showed increased runoff during 
the spring snowmelt. Similarly, the investigation and assessment of green areas infiltration capacity 
in the Lindsdal catchment highlighted the significant impacts of infiltration on runoff generation;
e.g., for high infiltration scenario, IH, the number of flooded nodes in the Lindsdal study dropped 
by 30%, but for low infiltration, IL, such a number increased by +160% (section 4.3.3). Similar 
results were noted for the Kiruna catchment during the winter condition scenario (low and 
intermediate scenario and 1.4-y rainfall) in comparison with summer conditions (full infiltration 
capacity scenario and 10-y rainfall), for which the numbers of flooded nodes and surcharged pipes 
were in the same range (section 4.3.3). 

Furthermore, the seasonal changes during the winter and spring adversely impact the efficiency of 
best management practices (BMPs), including infiltration facilities, which are designed to 
compensate for increasing imperviousness of urbanizing catchments. The results of laboratory 
experiments presented in this thesis (section 4.1.3) clearly showed impaired infiltration in soil 
columns with lower water content and a temporary complete blockage of infiltration in soils with 
high water content. Similar findings were shown by Khan et al. (2012) when studying the 
performance of bioretention cells in cold weather in Calgary (Canada); the performance decreased, 
because of lower infiltration, compared to the warmer conditions, although the degree of change in 
the performance was not reported. Similar tendencies were reported by Davidson et al. (2008) and 
Denich et al. (2013). To overcome the reduced performance of bioretention measures, the results of 
the laboratory study in this thesis (section 4.1.3) support the recommendations of using coarser 
materials for stormwater filtration, which respond better to freezing/thawing processes, and it is 
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important, prior to the onset of freezing temperatures, to keep the soil water content as low as 
possible (~5% or even less). This can be achieved by using coarser media, which allow more water 
to drain out (section 4.1.3), as suggested earlier by Caraco and Claytor (1997). These authors 
cautioned about the potentially greater runoff/snowmelt inflows into stormwater management 
facilities during the winter/spring transition and recommended using coarse materials (sand) in 
infiltration and bioretention facilities to reduce the risk of water freezing in soils. It is also important 
to equip the facilities with controlled under-drains, which drain away the infiltrated water and keep 
the soil moisture as low as possible. It should be also noted that, besides creating storage for runoff 
flow control, the material gradation needs to be designed according to the purpose of the SCMs, and 
there needs to be enough fines to support vegetation in biofilters and facilitate removal of 
hydrophobic pollutants. The results in this thesis showed that sandy soils, with a minimal addition 
of organic material, can produce high infiltration capacity and lead to an improved performance of 
bioretention during the periods of freezing/thawing, as also demonstrated by Blecken (2010) and 
Søberg et al., (2014), and at the same time, such plant-based biofilters protected the vegetation.

The runoff generation becomes more critical during rain-on-snow events, when infiltration capacity 
of soils is impaired by frozen ground conditions. In spite of low intensities of precipitation during 
the melting season - as shown by a statistical analysis of data for Kiruna – but due to very low 
infiltration capacity, and snowmelt occurring at the same time, the generation of runoff at a
catchment scale would impose a similar hydraulic load onto the UDS as a high intensity rainfall in 
the summer. Waver (2015) showed that rain-on-snow runoff dynamics in the Alpine region highly 
depends on the snow depth, which caused 2.2 to 10 hours delay in generation of runoff from the 
start of rainfall. Dunne et al. (1976) also showed the controlling effect of the snow depth on melt 
hydrographs for subarctic snowpacks. Applying a similar concept to stormwater management in the 
scenario-based study in the Kiruna catchment, a potential use of the snowpack as temporary storage 
and runoff control measure (4.1.3), and particularly with respect to mitigating the impact of heavy 
rain-on-snow events, was noted. In fact, the greater snowpacks (i.e. SWE= 90 and 180 mm) reduced 
the numbers of flooded nodes and surcharged pipes to between zero and one half of those 
determined for extreme summer conditions (Table 25). Considering the snow coverage of larger 
areas over the entire catchment, the snow depth and its capacity to retain liquid water – especially 
for mitigation of rain-on-snow events’ impacts – appears to be favourable for runoff control during 
the melting period.
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6 CONCLUSIONS

The main research thrust of this thesis focused on the processes affecting the winter/early spring 
hydrologic cycle components, starting with investigations of the sources of runoff and associated 
pollutants, followed by investigations of the processes and factors influencing generation of runoff,
which are strongly affected by cold climate conditions, and concluding by attempting to fill some 
gaps in the practical knowledge of seasonal stormwater management by emphasizing some 
implications of this thesis research for controlling the negative impacts of seasonal and climate 
changes on UDSs. The thesis employed laboratory experiments and field data for investigation of 
some of the underlying processes, and computer modelling for examining the factors influential in 
runoff/snowmelt generation and the impacts of seasonal and climate changes on the basis of 
developed scenarios. Within the context of the above activities, and on the basis of the findings 
presented in the thesis and appended papers, the following conclusions can be drawn.

In late winter/early spring, snow is one of the two major sources of urban runoff impacted by 
anthropogenic activities and forms snow covers with different properties with respect to snowmelt 
in urban areas. Classification of urban snow covers was identified as a key step towards a better 
understanding of the complexity of snowmelt in urban catchments and improving the modelling of 
snowmelt, as well as the estimation of pollutant accumulation in urban snow and their release. 
Toward this end, urban snow covers were classified into 13 different classes based on: (i) snow 
origin, where it initially accumulated, (ii) land use where snow was stored, and (iii) the shape of a
snow deposit subject to melting.

Rain-on-snow events are the second major source of stormwater in late winter/early spring. The 
frequency analysis of simultaneous occurrence of rain and snowmelt indicated that the maximum 
rainfall depths during snowmelt are smaller than those in events corresponding to the rest of the 
year. The rainfalls depths became even smaller during the melt period with “high” melt 
temperatures (i.e. Tsum > 6.2 ºC×day for Kiruna). This indicates that the joint occurrence of large 
rainfall and high temperature is unlikely, but smaller yet significant rainfalls may coincide with low 
temperatures. An additional investigation of the SWMM snowmelt equations indicated that higher 
proportions of the snowmelt volume are formed by rain-induced melt for elevated intensity rain 
events, when intensity > 4.24 mm/h. Simulation results also revealed the different impacts of short-
duration events (4-6 hours) and long events (19.8-22.8 hours) on rain induced snowmelt. This was 
noted by examining the differences in the snowmelt simulated for various scenarios, in which 
selected combinations of temperature and rain intensity were applied, but the SWE was varied.

Laboratory investigations of infiltration into frozen soils as one of the major factors affecting runoff 
generation during late winter/early spring showed that the infiltration into frozen soils is impeded or 
fully blocked until incoming warm water (T > 0° C) provides enough energy for soil thawing. The 
thawing process took 1.4 to 13.8 hours, depending on the soil’s initial water content, soil gradation 
and compaction, and the effective temperature of infiltrating water. The higher initial water content 
reduced more the soil infiltration capacity and thereby caused more runoff. This was documented 
by the measured values of the time required for attaining a steady percolation rate (tSPR) through 
frozen sandy soils. For the higher initial water content (10%), tSPR was 28 (fine soil) and 29 (coarse 
soil) times longer than the corresponding reference times measured in unfrozen soils, while for a 
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lower water content (~5%), the same process took only 8 (coarse soil) and 15 (fine soil) times 
longer. Considering the freeze/thaw cycles in the field affected by diurnal temperature variations, 
the completion of the thawing process may take several days. Consequently, under such conditions, 
the risk of water ponding and flooding increases. 

The depth of snow cover on a catchment was shown to be an important factor with respect to 
generation of runoff, especially during rain-on-snow events, because snowpacks may store 
rainwater or release water depending on their depth. Smaller snow depths packs produce smaller 
amounts of total melt induced runoff, but also possess lower storage capacity and may retain only a 
small part of liquid precipitation. The total melt from deeper snowpacks is greater, but the higher 
storage capacity may retain more liquid water (from melt and rain), particularly in the early parts of 
such events. Consequently, the runoff generated for smaller snow depths (SWE=10 mm) was 1.8-5
times higher than that modelled for SWE=180 mm, in modelling runs for different scenarios in the 
Kiruna case study. 

An innovative methodology was developed to identify an affordable model for modelling snowmelt 
in urban catchments, considering the required accuracy of results, the available (or required) input 
data and resources. Such modelling can be improved by considering different urban snow cover 
classes, and their associated properties, in the snowmelt modelling procedure. This methodology 
was demonstrated in the Kiruna case study by (i) using a common snowmelt runoff model (i.e. that 
in the SWMM model) to avoid high requirements on input data in snowmelt modelling, (ii) 
scenario-based analysis of rain-on-snow events, and (iii) their likely impacts on the local drainage 
system. Calibration of the snowmelt model against the runoff data improved, when ‘melt 
conditions’ were considered.

Accumulations of TSS and the selected trace metals (Cd, Cr, Cu, Ni, Zn, W) in roadside 
snowbanks, in two cities of Luleå (Sweden) and Trondheim (Norway), were shown to correlate well 
with three predictors: (1) traffic intensity (represented by AADT i.e. annual average daily traffic), 
(2) the duration of snow exposure to the sources of pollutants (represented by SRT i.e. snow 
residence time), and (3) the product of these factors, i.e. AADT × SRT = CTV (cumulative traffic 
volume). On the basis of measurements and statistical analysis, two types of a parsimonious model 
for prediction of TSS and trace metals were developed: (1) using a linear regression method with
the coefficient of determination of 0.35<R2<0.60, using CTV as single predictor, and (2) using a
multiple regression model, which included SWE as an extra predictor improving the prediction
accuracy up to 0.48<R2<0.67. Furthermore, the simple method of estimating TSS release in 
snowmelt runoff cannot be representative for the entire melt period; however, splitting the period by 
accounting for different stages of the melt season can improve the accuracy of TSS estimation in 
snowmelt runoff, as shown in the Östersund case study. 

Patterns of precipitation, temperatures and therefore of runoff are likely to be affected significantly 
by climate change. A twenty-percent upscaling of rainfall in the Lindsdal catchment in southern 
Sweden caused 82 and 32% more flooded nodes and surcharged pipes, respectively, in the 
catchment’s UDS. Future climate scenarios (RCP4.5) for winter conditions (low infiltration 
scenarios) in Kiruna showed that the impact of a 1.4-y rain-on-snow event on the UDSs was
comparable to that of a 10-y rainfall event, in the today’s climate and summer conditions with the 
full infiltration capacity. Analyses of combinations of less snow with higher temperatures and more 
intense rainfalls in the spring in future climates indicated an increased runoff generation and higher 
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impacts on UDSs. A lower snow depth causes a smaller total snowmelt volume contributing to 
runoff, but also provides a lower storage capacity to retain melt and water during rain-on-snow
events. Furthermore, a smaller snow depth would allow a deeper frost penetration into the ground,
due to less heat insulation, and amplify the effects of frozen soils on reduced soil infiltration. Thus, 
higher runoff flows must be conveyed by the urban drainage system, and such conditions should be 
considered in the planning and design practices. 

Stormwater control measures should be adapted to the seasonal regimes and their differences in 
cold climate regions. As the amount of antecedent soil moisture proved to be the determinant factor 
in generation of runoff and high water content (~10%) may cause a complete blockage of 
infiltration in both fine and coarse sandy frozen soils, infiltration facilities, such as bioretention,
require coarser materials, and under-drains to reduce soil moisture before the onset of the freezing 
period. Coarser materials additionally guarantee less time required for the attainment of steady 
percolation rate (tSPR) and, therefore, a faster restoration of infiltration systems and their capacities.
However, since the frozen ground may temporarily cease the infiltration in open green areas and 
infiltration facilities, and thereby cause water ponding, the infiltration systems should be designed 
with adequate detention capacities and a (safety) bypass directing excess water away from the 
facility. Moreover, the potential storage capacity of the snow cover depth should be considered in
the design and operation of stormwater facilities for reducing the impact of rain-on-snow events. 
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Abstract
In this study, regional climate data was used to investigate the trend of changes for some cli-
matic parameters, i.e. temperature, precipitation and maximum hourly precipitation in four 
different regions in Sweden. The general trend shows that Sweden will have warmer and wet-
ter climatic conditions by 2100; however, the seasonal changes will affect the system differ-
ently, which makes them one of the main factors to be considered. The climatic data was used 
to determine the probable magnitude of changes by 2100 and to investigate the climate 
change impacts on urban drainage systems. The problems arising due to such changes were 
discussed regionally and seasonally and finally BMP methods, as an alternative way, to miti-
gate the climate change impacts were considered. As an example, green roof was applied to 
different urbanized conditions to estimate the approximate reduction of the extra water into 
the drainage system. As well as to investigate how much each of the BMP methods (green 
roof as an example for opening the further studies) could be useful for city planners towards 
more secure and sustainable cities in the future against the climate change. 

Keywords: climate change data, regional, seasonal, precipitation, green roof, urban drain-
age

Introduction
Many studies have been performed related to climate change and there is still much to learn, 
such as the impact of climate change on urban areas. According to the Intergovernmental 
Panel on Climate Change (2007), the mean temperature has increased globally by 0.7ºC 
(±2.0ºC) in the past 100 years. The world has also experienced a decrease in snow and ice 
extent as well as a significant increase in precipitation since 1900 (McKibben, 2007). Accord-
ing to Mailhot et al. (2007) more energy has been brought by global warming to the hydro-
logical system, which results in more active hydrological circulations. The climatic parame-
ters will therefore most probably continue to change in the future. 

The effects of climate change are not evenly distributed, which means that they are spatially 
and temporally different. For example annual precipitation for northern Europe is assessed to 
increase and the temperature increase is also estimated to be larger in winter. These changes 
are different for the Mediterranean region where the annual precipitation is decreasing and the 
maximum temperature is estimated to increase more in summer. A study made in Denmark 
(Mark et al., 2008) showed more intensive rains during summer. In Sweden there would be 
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more rainfall during autumn and winter while less in summer time. In Norway the largest in-
crease of rainfall would be during autumn as well as in the number of intense rains. Since the 
annual mean temperature is increasing all over Europe, the snow period and depth are conse-
quently decreasing, although the magnitudes of such changes would be different for different 
regions. (Solomon et al., 2007).

Climate change could affect people’s life directly. In urban regions where there are many 
impervious surfaces, some areas will encounter problems in their drainage systems due to the 
changes in precipitation. Surface flooding, surcharging sewers, combined sewer overflow and 
basement flooding are the problems which have already affected the urban areas (Nie et al.,
2009); such problems could also be amplified if the region is suffering from a fast urbaniza-
tion and unsuitable drainage systems for future conditions. The flooding in 2000 and 2001 in 
Värmland and Västra Götland and the storm Gudrun in 2005 are examples of such problems 
in Sweden (Dotto et al., 2007). An overview of changes shows a trend toward worsening ur-
ban drainage conditions; however, when it comes to making practical decisions by engineers 
and authorities, the important issue is how differently climate change could affect urban 
drainage systems locally and seasonally. 

A number of studies have been made to investigate the probable future climate impacts on 
urban drainage systems. They all illustrated failure of the conventional systems due to such 
changes (Berggren 2007; Mark et al., 2008; Watt et al., 2003). The results show considerable 
impact on the systems. Nie et al. (2009), for example, estimated an 89% increase of CSO 
when the precipitation increased by 50% for Fredrikstad, Norway. For Helsingborg, Sweden, 
Semadani-Davies (2008a& b) estimated double CSO caused by only a 20% increase in pre-
cipitation.

The climate change impacts on the urban drainage, specifically storm water systems, will re-
sult in a larger volume of water in the system in a shorter time period, which will be caused 
by more precipitation and intense rains as well as a change of the snow melt pattern due to 
higher temperature. Besides the climatic variability and changes, other issues like urbaniza-
tion and land-use changes must be taken into consideration. Therefore an analysis of the sys-
tem integrated with all other involved factors seems necessary. To combine it with the sus-
tainable development concept, an alternative solution to tackling climate change impacts on 
the drainage systems is the ‘Best Management Practice’ (BMP). BMP makes it possible to 
integrate the conventional drainage systems with alternative storm water drainage methods to 
mitigate the climate change impacts. Soak ways, swales, ponds, porous pavement infiltration 
trenches, water butts and green roofs are examples of the BMP approaches.  

There are some estimations of the functionality of BMP in a number of articles (e.g. Butler 
and Davies, 2004; Berndtsson, 2010). For instance a 50-60% reduction could be achieved by 
combining grass swales and porous pavements (Bäckström, 2002). The BMP reductions in 
volume and peak flow depend on many factors, e.g. the climatic characteristics, the urban area 
conditions and their interactions and it is therefore site specific. The percentage of total vol-
ume reduction for green roofs, as an example, is different in different regions and seasons. In 
Germany the annual reduction of the total precipitation is estimated to be between 27% and 
81% depending on where the green roof is implemented (Mentens et al., 2006). Studies made 
in southern Sweden also illustrated the seasonal variation of the green roof functionality. 
(Bengtsson et al., 2005).
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Considering the problems caused by climate change and also the ne-
cessity of more research to mitigate such effects on urban areas for 
safer and more secure conditions, the objective of this paper is to in-
vestigate the effect of the climate change on urban precipitation re-
gionally and seasonally; also to investigate if it is possible to handle 
the extra volume of water with green roofs. 

Methods
In this study four different regions were investigated in Sweden based 
on spatial variation. The first area is a southern coastal area (Skåne) 
adjacent to the Baltic Sea; the second area is an inland region to the 
west (Värmland); the third area is an inland area up north with cold 
climate (Norrbotten); and the fourth area is a coastal area along the 
Gulf of Bothnia to the east (Gävleborg), Figure 1. Total precipitation, 
maximum hourly precipitation and temperature were obtained from 
SMHI’s open data source (Kjellström et al., 2011) for these regions. 
The data was used to observe how the climatic parameters change 
over time, regionally and seasonally. An approximate analysis of the 
climate change impacts on the urban drainage systems was also made. 

The climate data used for this study was generated by the regional atmospheric climate model 
(RCA3), developed by Rossby Centre, SMHI (Kjellström et al., 2005). This regional model 
has been used to downscale the output of the global climate model, ECHAM4 (Roeckner et
al., 1996). The outcome from the SMHI open data source is 50 50 km spatial and monthly 
temporal resolution for Sweden; however the monthly values are presented in mm/sec in 
SMHI data base and therefore the same unit is presented in the study. The data was separated 
into four seasons, spring as Mar/Apr/May, summer as Jun/Jul/Aug, autumn as Sep/Oct/Nov/ 
and winter as Dec/Jan/Feb; it should be mentioned that the seasonal classification is not based 
on the meteorological definition for the seasons. Each year’s seasonal value is replaced with a 
10-year average value, to smooth out the graphs and to present the trends in a more clear 
style. The first value, which is the mean value of the period between 1961 and 1971, is taken 
as a start or control value. The difference of each year’s mean values from the control value, 
in percentage (centigrade for temperature), are given from 1961 to 2100. In order to analyze 
the trend of such changes, a line equation is calculated for each graph by the linear regression 
method. The value from the linear regression for the years 2050 and 2100 is used later to ana-
lyze different regions’ climatic parameters. The presented results here in this study are based 
on simulated values by SMHI which includes some source of uncertainties e.g. selection of an 
emission scenario, or a climate model. 

The trends showed more precipitation in the future and therefore there will be extra volumes 
of water flowing into the drainage system to be handled. BMP as an alternative way of deal-
ing with the problems was investigated. The interaction of the changes in precipitation and 
one of the BMP’s mitigation methods, green roof, were studied for urban catchment condi-
tions, to see to what extent it is effective in reducing the volume of the extra precipitation in 
an urban area.

Figure 1.  Four selected 
regions in Sweden 
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Results and Discussion 
Climate Data 
The 10-year mean values from 1961 to 1971 are tabulated for Norrbotten as the control value, 
in Table 1. The percentage of change from the initial values is graphed for the same area in 
Figures 2a & b. The mean values for all regions and for different seasons are tabulated in Ta-
ble 2. The mean values, calculated by the linear equations for the years 2050 and 2100, show 
the climatic conditions of that period. 

Table 1 10-year mean as initial values 
Winter Spring Summer Autumn 

Temperature (C°) -10.7 -1.88 11.26 0.75 
Max Hr Precipitation(mm/s) 3.30E-08 3.50E-08 6.10E-08 4.90E-08 
Total Precipitation (mm/s) 2.20E-05 2.50E-05 3.70E-05 3.40E-05 

Figure 2 a) Total Precipitation Change; b) Maximum Hourly Precipitation Change; from 1961 to 2100 [%] 

The seasonal variation can be seen from the results, for instance in Norrbotten the temperature 
values for wintertime show a positive tendency; even though the graph’s peaks and dips show 
that the trend will change in the short term. Taking the long period analysis into considera-
tion, the temperature will increase by 4 and 7°C until the years 2050 and 2100 respectively. 
The temperatures for the other seasons i.e. spring, summer and autumn, will also increase but 
not as much as those during winter, Table 2. 

Table 2 Climatic Values Changes 
Seasons Winter Spring Summer Autumn 

Regions
Year 2050 2100 2050 2100 2050 2100 2050 2100 

Gävleborg 3.1 5.9 2.9 5.5 1.9 3.6 2.0 4.1 
Norrbotten 4.0 7.1 2.2 4.7 1.4 2.9 2.4 4.8 
Skåne 2.4 4.9 2.4 4.6 2.0 4.0 2.1 4.3 
Värmland Te

m
pe
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re
 

(°
C

 ) 

2.7 5.3 2.6 5.0 1.9 3.7 2.0 4.1 
Gävleborg 30.5 64.4 14.7 35.2 0.9 3.5 16.1 38.2 
Norrbotten 31.3 63.1 16.8 45.5 6.1 11.0 20.4 45.8 
Skåne 34.9 68.2 22.6 41.9 -7.6 -16.2 11.9 27.4 
Värmland M

ax
 H

r P
re

c.
 

(%
)

32.9 68.0 26.5 55.5 -7.0 -9.1 16.1 36.9 
Gävleborg 15.0 41.0 -0.7 8.2 -2.5 -2.4 9.6 23.0 
Norrbotten 27.1 54.2 7.2 27.6 1.9 4.1 11.6 28.0 
Skåne 23.4 49.3 6.6 14.3 -13.9 -26.9 8.5 17.6 
Värmland To

ta
l P

re
c.

 

(%
)

20.5 46.3 13.9 32.3 -13.0 -21.0 6.8 19.5 
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The total precipitations will increase for all seasons for the long period till 2100, Fig 2a. The 
highest increase is for winter with 54% and the lowest for summer with 4%. By 2050 summer 
and autumn will be the critical period with the largest volume of water (both 3.8 × 10-5 mm/s), 
while by 2100 autumn will alone be the critical period (4.4 × 10-5 mm/s), 13% more than dur-
ing summer, 57% more than spring and 29% more than winter. Moreover, the largest increase 
in maximum hourly precipitation, Fig. 2b, will be during winter with 31% in 2050 and 63% 
by 2100. Since the mean temperature will rise and come closer to 0 C°, this might mean that 
some of the intense precipitation during winter can come as rain, which may result in a more 
rapid and larger runoff due to rain on snow events. The smallest increase will occur during 
summer, but since summer has the largest initial value (Table 1) it will still be the period with 
the second highest intense rainfall (6.8×10-8 mm/s in summer and 7.1×10-8 mm/s in autumn by 
2100).

The analysis of the other region’s changes shows that Skåne and Värmland will have a de-
crease in both total precipitation and maximum hourly precipitation during summer. It also 
shows that Gävleborg will have a small decrease in total precipitation for spring 2050 and for 
summer till 2100. For temperature, all regions will have the largest increase during winter 
resulting in only Norrbotten having a mean temperature below 0ºC during winter by 2100. All 
other seasons will have plus degrees for all regions.  

For the hourly maximum precipitation all regions except Skåne have the highest value during 
summer for the control period (1961-1971) and for Skåne it is for the autumn. By 2050 the 
patterns looks the same even though the values will have increased by 1-11%. By 2100, how-
ever, the critical seasons with the highest intense rainfall will have changed to autumn for all 
regions except for Skåne where it is the winter. The same may be seen for total precipitation, 
which will also have the same critical seasons for the control period and the same change in 
seasons by the year 2100. Regardless of some differences in the results of the regional com-
parison, the general trend for all regions shows a more critical situation for urban drainage 
systems by the year 2100, Table 2. 

Adaptation of the Urban Drainage Systems 
Climate changes’ most important outcome related to urban drainage is the extra volume of 
water entering the system. Drainage systems are mainly designed for the past and present cli-
mate conditions, while more stress will be imposed on the available systems due to increase in 
total precipitation, more intense rains as well as temperature increase. Therefore the systems’ 
failure during the precipitation time will cause flooding and CSO, etc. For instance in Norr-
botten, Sweden, precipitation would increase by 54% and intensive precipitation by 64%. It 
shows that the systems that are not designed for handling that much volume of water would 
not function properly. Adding snow melt to the system due to temperature increase by 7 °C 
makes the situation even worse. 

Extra water entering the system must be handled for the future anyway. The conventional 
approach, renewing the traditional systems, will cause problems for future needs; since the 
renewing is already too slow today and changing the large number of pipes is not economi-
cally reasonable.  BMP is a suitable option to mitigate the impact of climate change with the 
aim of having a sustainable urban area. As already mentioned there are a number of methods 
that can be used in urban areas. However, each region needs its own unique approach due to 
the fact that the functionality of the methods differs due to climatic conditions and how the 
overall urban plan is designed for the region. Green roof is one of BMP’s methods that could 
be used in most urban areas, and will here be used as an example. The BMPs including green 
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roof should be studied for each site specifically regarding their own conditions. However, as a 
general overview, reduction factors from published green roof studies have been used to in-
vestigate its mitigation response to different conditions. In order to apply green roof reduction 
to an urban catchment, 5 different levels of green roof implementation were chosen, with 5, 
10, 15, 25 and 40% of the whole catchment covered by green roofs. Another factor involved 
in the green roof reduction calculation is the amount of water, which can be reduced by spe-
cific kinds of green roof. The studies made in north and west Europe showed an approximate 
volume reduction between 15 and 90% for each individual green roof for different seasons 
and conditions.

For extensive roofs with 50 to 150 mm thickness, the annual runoff reduction is 27-81% in 
the southern part of Sweden (Berndtsson, 2010), the run-off reduction is 70% for the warm 
season , 49% for in-between seasons and 33% for the cold season for a warm period in Ger-
many (Mentens et al., 2006). Another study (Bengtsson et al., 2005) showed a 19% reduction 
for February, 88% for June, 34% for the period from September to February as well as 67% 
for March to August in southern Sweden. Even though the studies were made of a specific 
area, the ‘Reduction’ percentage used in this study, Table 3, was based on the values men-
tioned above and on other articles stated in the introductory section. In Table 3, the values of 
individual green roof reductions are converted to catchment conditions. The results are the 
percentages of total precipitation reduction over an urban catchment.  

Table 3 Total precipitation green roof volume reduction 

Combining Tables 2 & 3 gives an idea of how an implemented green roof in an area can miti-
gate the volumetric effect of climate change. It is assumed that the future climatic condition of 
Sweden will be comparable with the approximate values from the studies in the west and 
north of Europe, presented in Table 3. Then the value of the individual green roof reduction 
for each region can be chosen from the table regarding the season and its general climatic 
condition in the future. The catchment volumetric precipitation reduction is calculated based 
on green roof area and reduction percentage. 

Catchments with 15% and 40% of the whole area covered with green roofs are chosen as ex-
amples. The reductions due to green roofs are applied to the increased total precipitation by 
the year 2100 and then the reduction of the extra water over the catchment is calculated. To 
calculate the percentage of extra water reduction, the new total volume for 2100 is first multi-
plied by the green roof reduction in Table 3; the results are used to calculate the percentage of 
extra water reduction, Table 4, as a quotient between the received and the increased precipita-
tion volume due to climate change. The seasonal comparison of extra precipitation reduction 
shows how effectively the green roofs function in different seasons for the different regions in 
the future. 

According to the results, for a catchment with 15% of green roof over the whole urban area, 
in winter for Skåne, Gävleborg and Värmland, there would be approximately a 15 % reduc-

Reduction* (%) 15 30 50 75 90 

Cold
1
 Cold 

2
Mild Warm 

1
 Warm 

2

5 0.75 1.5 2.5 3.75 4.5 

10 1. 5 3.0 5.0 7.5 9.0 

15 2.25 4.5 7.5 11.25 13.5 

25 3.75 7.5 12.5 18.75 22.5 G
re

en
 ro

of
 A

re
a*

* 

(%
)

40 6 12 20 30 36 

Cold 1:  very cold and wet condition 
Cold 2:  cold condition during winter and autumn; 
Mild: mild condition during spring & autumn 
Warm1 : warm conditions during spring and sum-
mer; Warm 2 : very warm summer condition 
*Total precipitation reduction from an experiment 
green roof unit (%); ** Implemented green roof area 
to the whole catchment area (%) 
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tion of the extra precipitation. For Norrbotten there is no reduction estimated during winter, 
since green roofs do not function during that period due to freezing temperature and snowing. 
This means that more water must be handled during melting periods later on. 

Table 4 Reduction of extra precipitation in volume (values in %) 

Precipitation during summer is decreasing for all regions except for Norrbotten, which has a 
small increase which could not affect the system. In summer for skåne and Värmland the sys-
tem will not have any problems handling the volume of water received 2100 since there will 
be a decrease so in that case green roof is not necessarily, while for Norrbotten and Gävleborg 
in the same season green roofs will be effective and can handle almost all extra pressure on 
the drainage systems for Norrbotten and Gävleborg. In general green roof can handle between 
20 and 50% of the extra volume and these values will be up to 99% during spring for all four 
regions. The reduction of extra volume is different in different regions, but it seems that it is 
possible to handle part of the extra stress by means of green roofs’ higher precipitation. If the 
area covered by green roof extends, for example to 40% of the whole catchment area, the re-
duction capacity would be increased considerably, Table 4. This shows that green roofs can 
be very useful and reasonable for higher urbanized regions with higher build-up density.

Conclusion
This study has addressed the climate change, its trends up to the year 2100, and the probable 
problems arising due to it, as well as investigating suitable methods to tackle its impacts on 
the drainage systems in urban areas.  

The results of this study show a similar trend for the all investigated regions in Sweden to-
wards more precipitation and higher temperature. However, the magnitude of changes is dif-
ferent in different regions. The highest increase will occur in Norrbotten in the northern part 
of Sweden, while Skåne located in the southernmost part will experience the smallest increase 
among all the regions. Moreover, the variation in seasonal changes is considerable. The tem-
perature during winter in Norrbotten will increase by 7ºC, while it would be only 3 ºC warmer 
in summer by 2100. 

Green roof as an example of the BMP methods was studied to investigate the volume reduc-
tion efficiency due to climate variation. Green roofs reduction factors and the increased values 
were combined where results an estimation of green roofs’ extra volume reduction in different 
regions during different seasons. The results also showed that one specific BMP approach 
could not be a solution for urban areas with regional and seasonal variation. The present urban 
characteristics, expected future conditions and integration of them constitute a complex sys-
tem, which demands detailed research considering all involved parameters as a real system. 
This study showed that different regions respond differently to the climate change, even 

Winter Spring Summer Autumn 
* 15.0 99.0 - 40.0 Gävleborg
** 41 100 - 100 
* - 20.0 100 20.0 Norrbotten 
** - 55 100 54 
* 13.0 60.0 - 50.0 Skåne
** 36 100 - 100 
* 14.0 30.0 - 45.0 Värmland 
** 37 81 - 100 

Percentage decrease of extra water for *15% and ** 40% of area covering by green roof for the specific climatic condition in 
2100
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though their general trend is almost the same in all regions. Besides, it also showed the impor-
tance of seasonal variation for each region; green roofs do not function in winter, while they 
could work efficiently in summertime in Norrbotten. As regards economic aspects, it is very 
important to choose the appropriate BMP method for each region. Urban areas with lower 
roof density cannot provide big volume reductions; however, there is probably more green 
area that can take care of the extra water in such urban areas. For denser urban regions where 
there is not enough space for green areas or expanding conventional methods, it would be 
very important to consider a method like green roof to use dead areas such as roofs to mitigate 
the extra volume of water. 

Information about the variations mentioned above is an important factor for city planners and 
policy makers to tackle the climate change impact and guarantee a secure region for the peo-
ple, and therefore more studies are needed to estimate all suitable BMP methods in order to 
get an overview of each region’s possible alternative solution to deal with climate change 
impacts on the urban drainage systems.  
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A literature review of selected snowmelt models or algorithms was undertaken to identify which of these tools could be
readily used, or easily modified, for simulating urban snowmelt. In this context, the urban factors influencing snowmelt were
classified into three categories: human activities, land use, and the origin of deposited snow; and served to develop a
classification of urban snow covers with characteristic properties influencing snowmelt. Finally, the assessment of
capabilities of the surveyed models or algorithms to simulate snowmelt for these covers indicated that: (i) only two of the
tools addressed the critical characteristics of urban snow covers (for specific cases only), (ii) urban runoff models with
snowmelt subroutines offered best operational flexibility, though modifications and/or guidance on input values would be
required for satisfactory simulations, and (iii) the review findings should help modellers in choosing a snowmelt simulation
tool best serving their task with respect to urban conditions.

Keywords: urban catchments; surface runoff; snow cover; snowmelt; snowmelt modelling; review

1. Introduction

Progressing urbanization exerts significant impacts on the

urban hydrological cycle and particularly its surface runoff

components (Marsalek et al., 2008). Such impacts can be

mitigated by stormwater management measures, whose

design requires the computation of runoff from urban

catchments.

For this purpose, urban hydrological models can be

used and need to consider hydrological processes in urban

catchments, with diverse land cover and sizeable sewer

systems comprising many pipes, nodes and other

appurtenances. Such catchments and their drainage

systems are exposed to hydraulic loading from design

hyetographs, or historical rainfall data, or a combination of

rainfall and snowmelt in regions with snow.

In fact, the introduction of computer models into urban

drainage analysis has been one of the most significant

breakthroughs in this field, which facilitated more accurate

computations of urban runoff, and a more comprehensive

analysis of urban stormwater management and mitigation

of runoff impacts on the receiving environments.

Recent reviews of urban runoff modelling (Elliott &

Trowsdale, 2007; Fletcher et al., 2013; Gironás et al.,

2009) indicate that this effort has primarily focused on

temperate or warm climates, but relatively little has been

done for urban regions in cooler or Alpine climates with

significant snowfall and snowmelt (Maksimovic, 2001).

Yet the presence of snow plays an important role in the

management of the urban hydrological cycle for such

reasons, as: (i) accumulation of water, chemicals and other

materials in urban snow and their sudden release during

snowmelt, with the resulting risk of flooding (Butler &

Davies, 2004) and pollution effects (Oberts et al., 2000);

(ii) the reduced effectiveness of best management practices

(BMPs) in pollutant removal from stormwater during cold

weather (Roseen et al., 2009), further exacerbating runoff

and snowmelt impacts; and (iii) potential spreading of the

land development and urbanization to cold regions

resulting from a warmer climate and higher air

temperatures (IPCC, 2007). Thus, there is a strong need

to advance urban runoff and snowmelt modelling and

management in regions with snow.

A literature survey indicated a fair number of studies of

snowmelt modelling for rural areas (e.g., Bengtsson &

Singh, 2000; Mahat & Tarboton, 2012; Williams &

Tarboton, 1999), but rather limited efforts focusing on

urban catchments (e.g., Bengtsson & Westerström, 1992;

Ho & Valeo, 2005; Semadeni-Davies, 2000; Westerström,

1984). In terms of general characteristics, some snowmelt

models are featured as components of comprehensive

hydrological models (e.g., NWSRFS, MOUSE, SWMM,

HSPF, and SSARR) and are intended for general use, while

other models were developed for highly specific purposes,

such as water quality impacts of snow removal and deicing

practices (Bartošová & Novotny, 1999), water flow

through a snowpack (Albert & Krajeski, 1998), snow
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energy budget (Aguado, 1985), snowmelt in various

physiographic and climatic conditions (Leavesley, 1989),

and snowmelt sensitivity to solar radiation (Semadeni-

Davies & Bengtsson, 1998). The survey also identified

several literature reviews on snowmelt modelling, but none

of them focused on urban conditions (Bales & Harrington,

1995; Dozier, 1987; Leavesley, 1989; Melloh, 1999).

Leavesley (1989) reviewed snowmelt/runoff models

and documented the progress attained in this field.

He noted that the snowmelt hydrology benefited from

new data measurement techniques, e.g., remote sensing,

which contributed to the development of physically based

models, as also acknowledged by Dozier (1987) and Bales

and Harrington (1995). All the preceding reviews dealt

mostly with general snow hydrology and modelling, and

pointed out that in spite of the advances in snowmelt

simulation, this topic held many more challenges and

required further study. Melloh (1999) examined snowmelt

algorithms of several operational snowmelt models used in

the United States. The melt subroutines and data

requirements were surveyed, their strengths and limi-

tations were assessed, and the snowmelt subroutines were

compared with the objective of recommending the “best”

subroutine for inclusion in the available modelling

packages. Finally, the need for additional development

of such subroutines for applications in water resources

management was also identified.

The number of references focusing on urban snowmelt

and its modelling is rather limited. Sundin (1998) and

Semadeni-Davies (1999a) examined urban snowmelt

models in terms of complexity, spatial discretization of

processes (i.e., lumped or distributed), the types of melt

subroutines, and concisely summarized the characteristics

of several models used commonly for urban runoff/

snowmelt simulation. Among the most recent contri-

butions, Ho (2002), Matheussen (2004) and Ho and Valeo

(2005) reviewed the relatively few urban snowmelt models

available and briefly described and discussed their

snowmelt subroutines in the context of urban conditions.

While the above studies provided a valuable back-

ground on snowmelt algorithms and modelling subrou-

tines, none of those studies addressed the potential use of

such tools in the management of urban snowmelt and

runoff. To fill this void, a critical review of literature on

urban snowmelt was undertaken with the following

objectives: (1) to classify various urban snow covers on

the basis of their inherent melt characteristics and

representativeness of urban conditions; (2) to explore the

existing snowmelt models which could be used for the

modelling of melt of different urban snow covers, and

assess their strengths and limitations; and, (3) to increase

the awareness of the available snowmelt models/methods

by providing their comparative assessment, which could

serve for a better selection of computational tools for

specific urban conditions, identification of future research

on improving winter-spring runoff/snowmelt predictions,

and generally for the encouragement of further work in

this field.

2. Review procedure

The review of literature focused on journal articles,

conference proceedings papers, Internet sources, model

manuals, and reports concerning any aspect of urban

snowmelt modelling, with the objective of identifying the

urban snowmelt models or computational procedures used

in those references. The models identified in this manner

could be described as stand-alone tools, or parts of a

comprehensive hydrological model or a snowmelt

algorithm. For brevity, snowmelt models as well as

algorithms are referred to herein as “snowmelt models”,

unless there is a specific overriding need to use the word

“algorithms”.

Among all the examined models, a set of 14 were

selected for further review, and included a number of

major models used in both research and practice. Most of

these models were originally developed for rural

conditions, but some of them were applied to urban

snowmelt as well. Relatively few models were specifically

designed for urban snowmelt simulations and were

selected for further examination regardless of the original

model purpose or availability of their source code or

programs. Thus, their selection was based on their

potential value in urban snowmelt modelling and the

development of new procedures. The final list of reviewed

models and their general characteristics is presented in

Table 1.

The selected models and their capabilities were

assessed according to three groups of attributes important

in urban snowmelt modelling: (i) the attributes related to

snow and snowmelt simulation subroutines, including the

required input data, snow properties’ definition in the

subroutines and the melting methods; (ii) the attributes

which define the areal extent of snowmelt over a catchment,

including the catchment representation (i.e., surface/soil/

groundwater/urban drainage systems), the spatial rep-

resentation of processes (i.e., a point scale, lumped,

semi-distributed, or distributed) and general catchment

characteristics (i.e., catchment discretization, areal snow

depletion curve, snow redistribution, snowdrift, canopy

effects, solar aspects, longitude-latitude, and catchment

slope); and (iii) general operational model characteristics

including model applicability, potential uses, availability/

accessibility and eventually user interface.

Recognizing that the assessment of snowmelt models

was done for urban conditions, it was important to

examine model capabilities with respect to urban snow

characteristics, which greatly influence urban snowmelt.

Therefore, different urban snow covers, representative of

urban conditions, had to be investigated as well. For that

S. Moghadas et al.2
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reason, urban snow covers and their properties were

collected from the previous snowmelt studies and review

papers. The goal of this task was to propose a general

classification of urban snow covers, based on the snow

origin, land use and the shape of snowpacks (i.e., in both

longitudinal and lateral directions). The properties of such

snow covers (e.g., snow density, albedo, ablation

(evaporation), wind exposure, ground heat, exposure to

long and short wave radiation, and snow removal or de-

icing impacts) affect the snowmelt process and are

relevant for use in urban conditions. Finally, the strengths

and limitations of individual models were compared and

their applicability for different conditions (snow covers)

was determined. The findings from such assessments are

presented in Tables 2–5.

3. Urban snow cover classification

Snow is stored in urban areas in various forms with

respect to snow deposit geometry, snow properties,

positioning related to drainage conveyance elements,

exposure to natural and anthropogenic factors, and

processing during snow clearance and removal operations

(Oberts et al., 2000). Thus, a key element of modelling

urban snowmelt is the simplification of the complex

urban snow storage structure by breaking it down into

basic snowmelt-related components. This can be achieved

by identifying various classes of urban snow cover,

according to different melting conditions, and concep-

tually describing snowmelt processes for the individual

cover classes. Superimposition and routing of snowmelt

hydrographs produced this way would then produce the

snowmelt hydrograph at the catchment drainage outfall.

In this section, a classification system for urban snow

covers is derived from the literature information and

further described and generalized.

Vast differences between natural snow covers (usually

described as snowpacks of a quasi-uniform depth) and

those found in the urban environment result from highly

heterogeneous features of the urban snow cover, which are

generally caused by human activities and diverse land use

in urban areas, and their effects on snow properties and the

melt process.

Urban activities and their effects on urban snow

properties were discussed in a number of studies

summarized in Oberts et al. (2000). Perhaps the most

influential activity affecting the melt processes is snow

redistribution in space, when it is removed from

impervious areas (e.g., roads, sidewalks, pathways,

parking lots, roofs, etc.) and transported to other locations

within, or outside of, the urban area. This practice changes

the general snow cover pattern in the catchment. Snow

properties are also changed during mechanical handling,

which contributes to snow blending and compression, with

distinct impacts on snow grain size, density, exposed

surface area, albedo, and deposit shape, with the resulting

properties becoming much different from those of natural

snow (Oberts et al., 2000).

Traffic releases heat contributing to snowmelt and

pollution that disturbs snow albedo. Also road mainten-

ance practices, including applications of traction and de-

icing agents (e.g., grit or gravel, and road salts) will impact

snow properties. Gravel applied for traffic safety

accumulates in road-side snow banks and reduces snow

albedo so more sunlight is absorbed in the beginning of

melting (Maksimovic, 2001); however, as the melting

progresses, gravel concentrations in the pile keep

increasing and eventually may form a surficial insulation

layer over the snow bank at the end of the melting season.

De-icing agents (most frequently road salt) are applied to

snow to reduce its eutectic temperature and break the

snow/ice bond at the pavement interface, and cause

chemical snowmelt (Bartošová & Novotny, 1999;

Marsalek, 2003). The location of snow in an urban sub-

catchment with a specific land use is another factor

influencing the snowmelt process and its simulation. The

duration of snow exposure to shortwave radiation may be

reduced by building shadow effects; on the other hand,

long wave radiation reaching snow is enhanced by

radiation from the buildings, depending on facade

materials, the building type and use category, thermal

insulation, etc. (Todhunter et al., 1992). Wind is another

important factor for turbulent fluxes and heat transfer, and

the exposure of snowpacks to wind has significant effects

on the melting process (Arnfield, 2003).

Among all the studies surveyed, relatively few

attempted to classify snow cover to some extent, and the

rest focused only on one specific urban snow cover. In the

following section, findings from the previous studies

concerning snow cover classification are summarized, and

a new classification system is proposed and presented in

Table 2.

Snow cover properties and the need for their

classification were introduced in several publications.

Semadeni-Davies (1999b) observed diverse snow covers

and associated characteristics in the northern Swedish city

of Luleå. Snow characteristics were measured in parts of

the city with different population and traffic density, e.g.,

residential developments with single-family housing (with

very low traffic density) and suburbs with apartment

buildings, and the downtown commercial areas with

higher population and traffic densities. Matheussen (2004)

showed that urban land use related activities modified the

melting conditions of snow. The snow covers were

classified into the following classes: snow on and next to

roads, snow on roofs, snow deposits in open areas, snow

located next to building walls, and snowpacks in parks.

The individual classes of covers exhibited similar

hydrological characteristics over the entire study

catchment.

S. Moghadas et al.4
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Ho and Valeo (2005) investigated urban snow

properties in Calgary, Canada and developed a snowmelt

model considering various snow cover properties. The

urban snow covers were classified on the basis of general

observations in the field into four classes: snow piles, snow

banks on road shoulders, snow banks on sidewalk edges

and snowpacks in open areas. For each class, an albedo

variation function was developed and the snow density

was measured in the field.

The rest of the reviewed studies investigated some

urban snow properties for specific purposes. For example,

undisturbed and disturbed snowpacks in sub-catchments

with different land use were studied and their character-

istics summarized in several studies. Bengtsson and

Westerström (1992) studied the snowmelt runoff in an

urban catchment and compared it to that in a rural area.

Their studies in the city of Luleå produced percentual

snow distribution among snow piles, undisturbed snow-

packs, and snow-free areas. The factors influencing

snowmelt processes (albedo, shortwave and long-wave

radiation, and turbulent heat fluxes) in urban conditions

were examined, discussed and compared to those in rural

condition. Sundin et al. (1999) developed a snowmelt

model for snow deposit piles, which represent one of the

most common snow covers in urban areas. For this

purpose, snow was collected from streets in downtown

Luleå, placed into a pile, and the properties of the piled up

snow were measured. Buttle and Xu (1988) studied

snowmelt-induced runoff in a suburban catchment, and

also reviewed and discussed a number of earlier urban

snowmelt studies (i.e. Adams, 1976; Bengtsson, 1981;

Westerström, 1981). The discussion points included

properties of snow on roofs, snow albedo in different

urban zones, building impacts on the melting process (both

shadow effects and long wave radiation), and spatial snow

distributions. Oberts (1994) addressed the water quality

impacts caused by snowmelt dynamics. Four different

snow cover classes (i.e. undisturbed snow, snow on

pavements, snow on roadsides (shoulders), and snow on

pervious areas) were addressed with respect to potential

snowmelt impacts on the receiving water quality.

Lemonsu et al. (2010) investigated the impact of snowmelt

on the urban surface energy budget in Montreal (Canada).

Towards this end, snow albedo and density were measured

for six classes of snow covers: roofs, front yards,

sidewalks, roads, alleys and backyards. Their findings

were consistent with those from previous studies in both

Canada and Sweden.

Urban snow management practices, including the

practices for environmental management of road salt (e.g.,

Stone & Marsalek, 2011) disturb the natural snow cover

and contribute to different snow properties of various

snow cover classes, as reported in a number of studies.

Such practices vary among the municipalities and

generally depend on the type of urban land use, municipal

policies, environmental regulations, economic conditions,

and local climatic conditions (precipitation and tempera-

ture regimes). A number of studies have shown that at

a particular location, the properties of different snow

covers / classes do not vary significantly from year to year

Table 3. General model characteristics.

Models

Model Characteristics

Original
application Potential application Accessibility User Interface

Operation

Urban Non-urban Education Research
Network
design

Land
use

planning
Flood

protection Program Codes GUI
Text

(input/output)

NWSRFS SNOW-17 U U U U U
EPA SWMM U U U U U U U U
MU(MOUSE RDII) U U U U U U U
MIKE SHE U U U U U U U
HSPF U U U U U U U
SSARR-T U U U U
SSARR-E U U U U
PRMS U U U U U U
HBV / HBV-light U U U U U U U U
SNTHERM U U U U U U U
SHAW U U U U U U
USM U U
GUHM U U
UEB U U U U U
SDM U U

S. Moghadas et al.6
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(e.g., Semadeni-Davies, 2000). Semadeni-Davies (1999b)

described snow handling procedures in the City of Luleå,

where snow was not removed from low-density sub-areas,

but simply ploughed to the road shoulders, where it formed

snow banks 1–1.5 m high and the base width correspond-

ing to almost 20% of the road width. Incidentally, the same

snow bank base width (20% of the road width) was

assumed by Bartošová and Novotny (1999) in their

snowmelt model. When snow banks become too high, the

removed snow is typically stockpiled in parks or parking

lots. Snow from the roofs is usually pushed off into

backyards and most of the remaining snow disappears

(partly through ablation) due to high wind and shortwave

radiation exposure (Buttle & Xu, 1988; Lemonsu et al.,

2010) before the melting period starts. In suburban

apartment neighbourhoods, snow is either stored within

the area or transported away from the catchment.

The snow cover classification proposed herein is based

on three major characteristics: (i) snow origin indicating

where snow accumulated, (ii) land use where snow may be

stored; and (ii) the shape of snow deposits. With respect to

snow origin, the original point of accumulation (e.g., on

roofs, streets and roads, and sidewalks/pathways) indicates

the degree of snow deposit disturbance and exposure to

various factors. The storage location describes the site

where the snow is placed after removal. It can be space

around buildings, open areas (e.g., in parks or parking

lots), road shoulders and adjacent boulevards, pathway

shoulders, or green recreational areas. The third factor is

the eventual shape of a snow deposit, which can be in the

form of a large snow pile, linear snow banks of limited

height and volume (per unit length), or undisturbed

snowpack in an almost-natural form. Based on the studies

reviewed, a summary of 13 snow cover classes and their

properties that can be found in typical urban areas is

presented in Table 2. Finally, generalized values of ten

attributes were assigned to each cover group in Table 2 to

provide a general overview of urban snow cover classes

and their properties.

4. Comparison of snowmelt models according to their

selected attributes

The literature survey identified 14 models, or model

algorithms, with either demonstrated or potential applica-

bility to modelling urban snowmelt. This set of snowmelt

modelling tools is further characterized in Tables 3–5 with

respect to model general characteristics (Table 3), snow

accumulation and melt subroutine characteristics

(Table 4), and snow distribution and snowmelt transport

in the catchment subroutine characteristics (Table 5). The

main purpose of the information displayed in these tables

is to provide a quick comparison of snowmelt model

features and thereby facilitate their comparison. General

explanations of model features are presented in this

section; detailed discussions and a critical assessment of

model applicability in urban snowmelt modelling are

presented in the discussion section.

4.1. General snowmelt model characteristics

Three groups of general snowmelt model characteristics

were considered: the original model purpose, potential

applicability, model availability and user interface. The

original intended model purpose is an important

consideration when searching for a model suitable for

urban snowmelt modelling. The model purpose obviously

affected the concepts and mathematical formulations

incorporated in the model and its subroutines. In this

context, perhaps the most important consideration is

whether the model was designed and developed for urban

or rural conditions. Among the 14 models reviewed,

SWMM and MU-MOUSE RDII are the most comprehen-

sive “urban” models, which were designed to simulate

precipitation runoff, including snowmelt, from an urban

area. USM, GUHM and the Snow Deposit Model (SDM)

were also designed specifically for urban snowmelt

simulation, and the remaining models were originally

developed for non-urban conditions (Table 3).

The accessibility to models varied, depending on the

reasons for model development and the source of

development funding. Among the models reviewed, the

three major urban models, USM, GUHM and SDM, were

developed for research purposes and only the models’

algorithms are available in the form of publications. The

remaining models are available either free of charge or by

purchasing a license (Table 3). MU-MOUSE RDII and

MIKE SHE are commercial models requiring purchase of

a licence and the remaining models are in public domain.

UEB, SNTHERM and the educational version of HBV are

open source models and, therefore, users can modify the

code if needed. The models with a graphical user interface

(GUI) accept forms-based inputs for user-defined constant

values or time-series. They also offer convenient graphic

outputs in the form of graphs and tables. The remaining

models use text-based input and output files to run the

model and report results. Two of the models surveyed,

SHAW and HBV, offer both GUI and text-based inputs/

outputs (Table 3). There is also an integrated version of the

HSPF (WinHSPF) model, which combines the HSPF

model with the Watershed Modelling system (WMS), and

provides GUI for input / output files.

Potential applicability of each model is determined on

the basis of model availability and accessibility, user

interface (all three presented in Table 3) and the catchment

representation in the model (Table 5). Three types of

applicability are considered: public education, research,

and practical applications in land use planning, drainage

network design and flood protection.
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The educational applicability is inferred from the

model usage extent and dominance in the field. Models

like SWMM, MOUSE and MIKE SHE are commonly

used in practice and research, which makes them suitable

for learning/teaching. Also, educational documents and

case studies are usually available for such models. Another

consideration is graphical user interface and user friendly

environment which makes it easier for beginners to use

and learn the concepts instead of struggling with the

program itself. Some models like HBV have provided a

student version (HBV-light) to facilitate educational

applications. Operational applicability is assumed on the

basis of the model features, the original application

purposes and the accessibility of the models. The research

applicability depends on the study purpose, but basically

all the surveyed models have research potential and are

backed up by previous studies of their applications.

In short, all the models surveyed have a potential use in

research, and roughly one half could be used in education

or practical applications. The broadest applicability was

assigned to SWMM, followed closely by MOUSE RDII,

MIKE SHE and HSPF (Table 3).

4.2. Model characteristics with respect to snow
accumulation and melt computations

In this subsection, the individual selected snow models

were characterized according to the procedures used in

computing snow accumulation / melt at a point (i.e., the

point scale). These procedures encompass all the

important computations and phenomena currently con-

sidered in snowmelt modelling.

4.2.1. Modelling approach

The foundation of every snowmelt model is the

mathematical subroutine describing the melt process

using one of the two major approaches: (a) energy budget,

or (b) the temperature index method, which are explained

in detail in standard handbooks of hydrology (e.g.,

Maidment, 1992). The models’ subroutines listed in

Table 4 were classified in four different groups, (1) energy

budget, (2) temperature index, (3) simple energy balance,

and (4) hybrids combining the preceding approaches. The

energy budget method is the most comprehensive among

these four, but also the most demanding with respect to

local climatic input data (as shown in Table 4, five to seven

types of such data are required). The temperature index

method represents the simplest approach with the least

demands on climatic inputs (precipitation, temperature

and a snowmelt coefficient). In simple energy budget

methods, some simplifying assumptions are made in

computations of energy budget components, in order to

reduce the number of input parameters and simplify

energy computations. Three models fall into this category,

USM, SDM and PRMS, and were designed for specific

field studies without addressing all the general conditions.

Finally, hybrid models, i.e. SNOW-17 and SWMM, use

both energy budget and temperature index approaches, but

each for different conditions. The energy budget approach

is used during rainfall and sky overcast by clouds. In these

conditions, the dominant energy transfers occur through

the latent heat and by advection through rainfall, and the

other types of energy transfer may be neglected. Without

rain, these two models switch to the temperature index

method.

Table 4 also lists the input data required for individual

models. The ability to provide the required input data is a

key consideration when choosing the “best” model for a

particular application. Where feasible, data collection

strategies may be developed or modified to supply the

missing data.

4.2.2. Input data

The input data requirements listed in Table 4 can be

arranged in three groups, which are directly related to the

snow accumulation and melt procedures mentioned

earlier.

The first group of four models, employing the

temperature index and hybrid methods, needs the least

number of types of data inputs, i.e., time series of

precipitation and temperature, and a constant snowmelt

coefficient. All these models, except HBV, apply a method

computing a time-varying melt coefficient to account for

changing snow properties. Only one model in this group,

SWMM, also optionally uses monthly average wind speed

in order to improve the snowmelt calculation.

The remaining models in Table 4 employ algorithms

calculating the snow accumulation and melt on the basis of

the energy budget. The types of input data required by

these models include precipitation, temperature, wind

speed, dew point or relative humidity, and shortwave

radiation, all in the form of time series. In all these models

the longwave radiation is taken into consideration and

calculated on the basis of empirical equations, so there is

no need to provide longwave radiation as input data.

In two models in this group, SNTHERM and UEB, both

long and shortwave radiation can be optionally specified as

inputs, or calculated from empirical equations.

4.2.3. Parameters defining snow properties

Snow properties are defined in various ways in the models

under consideration and the related attributes create a

possibility of representing urban snow cover classes in

some models. Therefore, it is important to understand the

process by which individual models would define specific

snow cover classes, bearing in mind that snow properties
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in urban areas greatly vary in time and that such variations

can be handled differently in individual models.

The older snow gets, the more energy it absorbs due to

the reduced albedo, and, consequently, there is more

snowmelt. This phenomenon is described by the varying

melt-coefficient subroutines incorporated in some models

using the temperature index method. However, in the

models using the energy budget method, the albedo is

either calculated from empirical equations, or it can be

entered as a time-varying input (Table 4). The only

model that calculates the albedo over time on the basis of

truly urban conditions is GHUM, and the remaining

models use the methods, which are suited only for natural

snow in rural conditions. The models that require albedo as

a time-varying input comprise SDM, USM, GUHM and

SSARR-E.

Snow density also changes over time. Some models in

Table 4, i.e., SNOW-17, HSFP, PRMS, SNTHERM and

SHAW, calculate these change from empirical equations,

which have been developed for rural conditions. SDM,

UEB, GUHM and USM allow the user define a constant

density of the snowpack (snow cover) in their codes. The

rest of the models calculate the density of newly fallen

snow on the basis of temperatures (Table 4).

Freezing point is representative of the temperature

at which the water phase changes from liquid to solid.

This temperature might be reduced by urban snow

handling practices by addition of anti-icing and de-icing

chemicals, with road salt used most commonly. Some of

the models in Table 4 allow inputting a modified constant

freezing point value into the model (i.e. SWMM, MIKE-

SHE, SSARR-T&E and HBV), while in other models, the

freezing point is a pre-defined value that cannot be

changed by the user.

The snowpack (snow cover) shape changes in urban

areas because of snow removal activities and patterns of

snow accumulation in snowdrifts. This is an important

factor to be considered for simulation of different urban

snow covers. Among all the models studied, only SDM

simulates the snowpack (cover) shape and USM considers

the shape of snowpack by measuring and inputting various

snow decay curves for each snow cover class with a

different shape. The rest of the models simulate snowpacks

as those typical for natural snow, in a prismatic form

(Table 4).

4.2.4. Ground heat

Ground heat transfer into the snowpack may affect the

melting process, particularly in the rural environment. Its

neglect in some models was justified by model builders

claiming that such energy was insignificant, compared to

the surface energy transfer, and it did not affect the general

snowmelt pattern and volume (e.g., Bras, 1990). However,

there are models which allow an optional input of ground

heat into the snowpack (i.e., SNOW-17, MIKE-SHE,

HSPF, PRMS, SNTHERM, SHAW, GUHM and UEB) in

recognition of reported finding that, particularly in rural

conditions, ground heat transfer over a long period can

become significant (Male, 1981). In urban conditions,

characterized by numerous sources of waste heat, ground

heat can be safely neglected. A related issue is that of the

effects of frozen soils (e.g., on infiltration), which may be

of a greater importance in snowmelt runoff simulation, and

those effects are included (Male, 1981) in the SNTHERM

and SHAW models

4.2.5. Catchment representation

Basic calculations by snowmelt subroutines are typically

done for a unit of area, which could be as small as a point

(i.e., the point scale). Different models then use a variety

of methods to extend such point calculations over a larger

area and to estimate total snowmelt runoff from a

catchment, taking into consideration various hydrological

processes in the catchment (e.g., surface runoff, soil

infiltration, ground water, etc.). In this sub-section, some

of the relevant selected snowmelt models’ attributes are

compared in terms of spatial detail of model computations,

and catchment representation.

The catchment representation considered by various

models is described in Table 5, which indicates what parts

of the catchment (and processes) can be simulated with

individual models. The least areal coverage is offered by

UEB and SDM, which are point scale models and,

therefore, cannot simulate any other parts of the

catchment. The remaining models offer at least a surface

runoff simulation subroutine. Infiltration in catchments

can be simulated by all the models except USM.

Groundwater subroutine is included in six of the models

(Table 5), which partly reflects the original development

of some of these models for rural catchments. Note that the

importance of this feature may increase in modern urban

drainage design, which promotes the mimicking of natural

drainage in pervious parts of urban catchments (low

impact development) (Elliott & Trowsdale, 2007). With

respect to spatial considerations, the most comprehensive

models are the MOUSE RDI and SWMM, which can

simulate all parts of the catchment.

4.2.6. Spatial extent of snowmelt computations

Spatial extent of the snowmelt subroutines in a catchment

can be divided into four groups. Point-scale models (i.e.

SDM, UEB, SHAW, and SNTHERM) offer no spatial

extension of snowmelt calculations; they can only simulate

runoff from a small area. Lumped models extend the

point scale computations over the whole catchment,

using an average estimation. Semi-distributed models

allow discretizing the catchments into a number of
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sub-catchments with distinct characteristics. Therefore, a

combined set of lumped sub-models, established for

individual sub-catchments, represents a semi-distributed

model for the whole catchment. Distributed models are

those which divide the catchment into grid cells and

calculate the snowmelt for each cell and then synthesize

the contributions of individual cells to produce the

catchment snowmelt runoff. NWSRFS (SNOW-17) and

GUHM are the only distributed models in Table 4. Most of

the remaining models can be classified as both lumped and/

or semi-distributed; SNOW-17 is the only model in this

group which can simulate snowmelt in all the three spatial

modes - at a point scale, lumped or distributed (Table 5).

4.2.7. Areal extent of snowmelt

The catchment-related attributes of snowmelt models are

also compared (Table 5), with respect to catchment

discretization. All semi-distributed models allow the user

to discretize the catchment. The extent of snow cover in

the catchment is defined by the areal depletion curve,

which changes as the melting season progresses. SNOW-

17, SWMM, SSARRs, USM and GUHM are the models

which use the areal depletion curve to define the areal

extent of snow over the catchment area. A Snow cover

redistribution option, which is a typical feature of the

models designed for urban conditions, is included in

SWMM, USM and GUHM. Another important factor in

urban areas may be the canopy effect particularly in parks

and green areas, which is included in MIKE-SHE,

SSARR-E, PRMS and UEB. Although the vegetation

canopy effects are described by an equation developed for

rural conditions, it is expected that such effects would

approximate those in urban conditions as well. Snowdrifts

are considered in the HBV and UEB models. The

practicality of this feature may be questioned in urban

areas, particularly because no applications of, or

commentary on, this feature were found in the literature.

The authors are of the opinion that while the importance of

this feature is limited in conventional urban settings, it

may have some applicability in low-density sub-urban

environments and possibly provide some guidance for

addressing snowmelt of snowbanks along roads and

streets. Additional site information is also considered in

some of the surveyed models, including the solar radiation

aspects, longitude and latitude, and slope. Such infor-

mation is important for simulating/calculating the solar

radiation instead of using measured data, which are not

broadly available for practical uses (Table 5).

4.2.8. Temporal resolution (computational time step)

Finally, temporal resolutions (computational time steps) of

the surveyed models are also presented in Table 5 and

range from 0.25 to 24 hours. These values reflect the

nature of snowmelt calculations and those representing the

upper range (24 h) may be too coarse for certain urban

applications (Fletcher et al., 2013). In general, the models

using the temperature index method simulate snowmelt

with a 24-h time step resolution by using the daily melt

factor, but can distribute the daily melt into time intervals

as short 1 hour. Nevertheless, each individual model time

step can be adjusted depending on the routines used,

simulation requirements and the input data time interval.

On the other hand, the models using the energy budget

method provide better temporal resolutions; normally

those of one hour. Such ability, however, depends on the

model algorithm and the associated constants in model

equations. Among the reviewed models based on energy

budget methods, all have hourly time resolutions, except

UEB with 0.5 h and SNTHERM with 0.25 h, as optimum

time steps. However, major determinants of simulation

time steps are the recorded input data time intervals.

5. Discussion

The survey findings presented in the previous sections

(Tables 1–5) provide a basis for comparing different

snowmelt models and assessing their suitability for

application in urban conditions with various classes of

snow cover. The identified limitations of the existing

models with respect to urban snow applications can be

addressed using the survey information and possibly

mitigated by implementing appropriate model modifi-

cations. The following discussion focuses on identifying

the knowledge gaps and deficiencies of the models

reviewed with respect to the proposed urban applications

and offer some suggestions for overcoming such short-

comings. The discussion focuses on three aspects of

snowmelt modelling – the past trends in snowmelt model

development, the assessment of model applicability to

various urban snow covers, and gaps in modelling

capabilities.

5.1. Past trends in snowmelt model development

One of the first attempts to collect the knowledge on snow

hydrology was done by the US Army Corps of Engineers

(USACE, 1956) more than 50 years ago. Attempts to

model snow accumulation and melt followed some

decades later, when various researchers introduced

snowmelt modelling subroutines, which were either

physically or conceptually based (e.g., Anderson, 1973).

For both urban and rural snow conditions, different trends

can be observed from the research as well as practical

points of view. While research has focused more on the

physics of snow accumulation and melt (i.e., in energy

budget methods), in practical applications, temperature
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index-methods are preferred because they are highly

operational and use readily available input data.

There is a growing trend towards the use of IT

technologies, such as faster computers and GIS, for

increasing the efficiency of snowmelt modelling. Specific

measures include the use of spatial editors, data manage-

ment systems as well as an optional integration with other

models (simulation engines) to improve the overall

modelling procedure. For example, SWMM is used in

the MIKE-URBAN modelling framework using GIS. The

survey also showed tendencies towards including urban

snow cover classification on the basis of snow properties

and land use, in modelling.

It is expected that future trends will include the

development of procedures adopting and modifying the

conventional snowmelt simulation approaches and inte-

grating them with new IT technologies for improving

modelling results and also broadening the model

applicability to various snow cover categories.

5.2. Models potentially applicable to urban snow covers

Recognizing the broadly varying properties of various

urban snow covers and the associated differences in the

snowmelt process, the assessment of the suitability of

existing snowmelt models for urban applications needs to

be done in the context of the properties of various classes

of urban snow cover. This assessment can further be used

in deciding which model would best represent specific

urban conditions. For each set of specific conditions, the

user can identify the associated modelling considerations

and, using the information from Tables 1–5, choose the

model, which is best suited for addressing those

conditions. In the following section, some typical urban

snowmelt conditions are presented along with the best

applicable models. Such reasoning and approach can be

applied to all types of snow conditions found in urban

areas. Suitability of the models reviewed for each of the

urban snow covers was assessed regardless of the data

requirements and availability, focusing only on the

ability of individual models to address a specific urban

snow cover.

The ability of a model to consider the shape of urban

snow deposits seems to be an important factor. Therefore,

USM and SDM would be well suited for simulating

snowmelt from snow piles and snow banks, regardless of

the snow origin and land use (Table 2). However, neither

of these models is readily available and cannot be used for

practical applications at this time (Table 3). Considering

this fact, one needs to look for other solutions, which could

be obtained by adapting the snowmelt models, based on

the temperature index method (e.g., SWMM, MOUSE

RDII, SSARR-T and HBV), to specific snow deposit

shapes by calibration and adjustment of melt factors.

Attempts to apply energy budget models to snow piles

would require neglecting the pile shape and this would

adversely affect the quality of snowmelt simulations.

Natural snowpacks represent the class of snow, for

which snowmelt can be simulated by almost all the models

reviewed (except SDM). The untouched snow on roofs can

be considered as “natural” snow and could be simulated

with any of the temperature index models. Among such

models, SWMM is the best choice, because it is the only

model allowing inclusion of the wind speed, which is an

important factor for snow on roofs (Table 4). On the other

hand, for undisturbed snow in green areas with trees, any

model (e.g., UEB) considering vegetation canopy effects

would be a better choice (Table 5).

Albedo is one of the most important urban snow cover

characteristics deserving special attention. In the tempera-

ture index models, albedo change is included in the

snowmelt algorithm through a time-varying snowmelt

coefficient. All the models with this capability were

designed for non-urban conditions, except for SWMM,

which would appear to be the best choice in this case. The

models based on the energy budget include an algorithm

calculating albedo on the basis of the snow age and

density. However, such algorithms, and the range of

calculation they address, were designed to satisfy the

conditions of snow found in rural areas. Alternatively,

some other models (i.e. SSARR-E, USM, and SDM) use a

time series of snow albedo as an input to snowmelt

simulations and this option may be added to a future

version of UEB (D. Tarboton, 2012; personal communi-

cation). Finally, the GUHM model is the only model,

which incorporates an albedo algorithm relevant to urban

conditions and computes albedo changes in time. To deal

with general limitations of the snowmelt subroutines in

addressing snow albedo, one needs to consider conducting

field measurements of albedo and collecting enough data

for a specific catchment to facilitate better model

calibration. Using a model capable of applying time-

varying albedo (e.g., SWMM through varying melt

coefficient) would compensate for the lack of albedo

observations, or the absence of a precise empirical or

physical method serving to simulate albedo changes for

each of the snow covers.

5.3. Gaps in snowmelt modelling capabilities

The existing snowmelt models possess widely varying

characteristics with respect to addressing specific urban

conditions. The assessment of strengths and limitations of

these models in dealing with urban snowmelt can help

identify the gaps in knowledge required to simulate urban

snowmelt well.

One could argue that more complex models may offer

advantages in modelling the snowmelt process, but in

general, higher model sophistication does not necessarily

result in better simulation for heterogeneous urban
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conditions. Therefore, physically-based models are not

preferable when compared to empirical ones, which are

represented, e.g., by those employing the temperature

index method. A challenge remains to find a procedure

(model) introducing an optimal level of complexity

(Bergström, 1991), which could be achieved by under-

standing the processes and the physical system to be

modelled, the related system conditions, availability of

field data (for input and calibration), and modelling

limitations. Once the appropriate model(s) has been

chosen, a suitable procedure for its application can be

established. This approach would take advantage of the

maximum capacity of the modelling process with respect

to the data availability, time and funding resources.

Sensitivity analysis serving to identify the most

influential model parameters is recognized as an important

step in model modification and development. In this

context, Nash and Sutcliffe (1970) suggested that only the

modifications that improve simulation results considerably

are worthwhile (Bergström, 1991). The review of existing

snowmelt models demonstrates the need for such analysis

and, therefore, for further studies targeting the time-

varying parameters, such as snow albedo, density, freezing

temperature and snowpack shape.

Considering the importance and dominance of snow

piles in urban areas and that there are no models capable of

simulating snow pile shapes, it was suggested earlier in

this review that either adapting the melt coefficient on the

basis of measurements or neglecting the pile shape would

be a possible solution of this dilemma. However the

question remains as to what would be the consequences of

neglecting snow cover shape with respect to the accuracy

of simulations for individual models; therefore, more

studies need to be done to address this question.

Eventually the performance of the models surveyed

could be examined and provide a basis for recommending

more efficient modelling strategies for simulation of urban

snow piles in practice.

Only some of the discussed models employ time-

varying parameters to represent changing snow properties

(Table 4). None of the reviewed models, however, can

distinguish the snow properties change patterns for

different urban snow covers. For example a varying

melt-coefficient in a temperature index method is not

described by different values, for a snow pile or snow on

roofs. At the same time, the measurements of snow

properties for all classes of urban snow covers over a

period of time are not always feasible. Thus, generaliz-

ation of snow cover characteristics, currently missing in

the literature, seems to be a knowledge gap which needs to

be addressed. The snowmelt coefficient, which is applied

in the temperature index method, for example, needs to be

specified for each class of the snow cover, and empirical

equations should be developed and generalized to

represent the changes in snow properties occurring over

the melt season. Such processes need to be considered in

physically based models to generalize the built-in

parameters, including snow albedo, density, freezing-

temperature, changing shapes of snow piles, heat effects of

building, and etc. General patterns or empirical equations

need to be developed and incorporated in the modelling

procedure in order to improve the simulation results.

The extent of each land use affects the choice of

modelling procedures or strategies, since specific snow

covers represent certain parts of the associated land use.

Therefore, in terms of snowmelt volume, the greater the

area of a specific land use, the greater the importance of

the related snow cover characterization. Thus, choosing

“the best” model to simulate the dominant snow urban

cover class is highly important. Model performance

evaluations related to different urban snow covers seems

lacking in urban snowmelt modelling context and needs to

be addressed. Such evaluations need more systematic

measurements/observations, which also can help improve

the general concept of urban snow and snowmelt

modelling.

6. Summary and conclusion

Key steps in improving the urban snowmelt modelling in

the context of urban winter features, were reviewed. Three

major factors (i.e. human activities, land use and origin of

the accumulated snow) served as the foundation for

interpreting the differences in snow properties, patterns of

their changes and the consequent melt. An overview of

different urban snow covers provided ranges of estimated

values of the snow properties, and such information was

deemed important for snowmelt modelling and the

modelling procedure development addressed in this

review.

A review of attributes of common snowmelt models

indicated that the models served a wide range of purposes,

ranging from urban snowmelt research to comprehensive

hydrological modelling. Only one of the models was

intended for snowmelt modelling in urban conditions; the

remaining ones were either designed for non-urban

conditions, or their scope was limited to snowmelt

algorithms. In spite of such limitations, these types of

models provided valuable background and knowledge,

which could be used to develop snowmelt modelling

procedures applicable in urban conditions, or could serve

as a foundation for modifications of the available

snowmelt models, required for improving their applica-

bility in urban conditions.

In snowmelt computations, the models used three

methods, the temperature index, energy budget, or their

combination as a hybrid method.

In snowmelt computations, three methods are used in

the models surveyed: the temperature index, energy budget,

or their combination as a hybrid method. The knowledge of
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the level of input data requirements (governed by the

calculation method used in the model) provides guidance

for choosing the best suited model for simulating snowmelt

in a specific area, which can be characterized by the

availability of snowmelt model input data.

Snow properties are defined differently in various

models. In the temperature index models, the snow

properties are defined indirectly via the melt index, while

the energy budget models require more detailed

characteristics of snow. In both groups of models, it is

important to consider the changes in snow properties over

time. The areal extent of snowmelt modelling shows a

wide range from a point scale to the whole catchment

representation. Different methods are used to extend

snowmelt simulations to the catchment scale, ranging from

applying lumped models to sub-catchments and synthesiz-

ing the obtained results, to using an areal depletion curve

to define the extent of snow cover in the catchment, or to

applying distributed models.

Developing trends in snowmelt modelling show a

tendency towards using conventional snowmelt methods

and modifying them according to the specific urban

conditions, as well as using GIS to handle different land

uses and their respective urban snow covers. Such

developmental work suffers from limitations of the

available knowledge and knowledge gaps; their mitigation

requires more effort, so that the modelling procedure

development becomes easier and is better organized.

When examining the full spectrum of snowmelt models,

ranging from a simple index method to a complex

physically-based model, the challenge is to identify an

affordable model complexity for the heterogeneous urban

conditions. This requires considerations of the available

input data and model parameters, required accuracy of

results, and resource requirements with respect to time and

resources. Sensitivity analyses need to be done on time-

varying parameters to determine their influence on

simulation results. That would help generalize the

definitions of urban snow properties and develop model

modifications on the basis of this information.
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RÉSUMÉ 
Les zones urbaines comprennent des secteurs/surfaces perméables et imperméables qui contribuent 
différemment au ruissellement de surface total en zone urbaine. Le ruissellement des secteurs 
imperméables est étudié de façon approfondie et régulière lors de l’évaluation de la capacité des 
systèmes d’assainissement, mais le potentiel de contribution (ou pas) des secteurs verts/perméables 
au ruissellement n’est pas intégralement compris. Les secteurs perméables en zone urbaine sont 
également considérés comme présentant un potentiel pour des mesures permettant d’adapter le 
système à un changement climatique à venir. Cet article étudie la contribution du secteur 
vert/perméable au ruissellement urbain et son impact sur les systèmes d’eaux pluviales urbains. Il se 
concentre sur les processus d’infiltration et d’évaporation liés aux évolutions de la pluviométrie, en 
utilisant une zone d’étude et une analyse de sensibilité par modèle, en modifiant successivement les 
paramètres physiques / du modèle à partir d’un scénario de base. Les résultats montrent que les 
évolutions de la capacité d’infiltration (ex. lorsque le sol est saturé ou non) ont un impact sur la zone 
urbaine et le système d’assainissement urbain, à la fois au niveau des volumes et des performances 
du système hydraulique. L’évapotranspiration (telle que décrite dans cette étude) n’est pas en elle-
même un facteur significatif affectant la capacité du système d’assainissement urbain. Avec l’intérêt 
croissant pour la promotion et l’utilisation de secteurs verts/perméables dans l’environnement urbain, 
ces éléments pourraient être davantage étudiés, à la fois pour les zones construites et les secteurs 
naturels. 

ABSTRACT 
Urban areas consist of both impervious and pervious areas/surfaces which contribute in different ways 
to the total urban area surface runoff. The impervious area runoff has been extensively studied and 
routinely included when assessing the capacity of drainage systems, but the green/pervious areas’ 
potential to contribute (or not) to the runoff is not fully understood. The urban pervious areas are also 
seen as having potential for measures to adapt the system for a changing future climate. This paper 
reviews the green/pervious area contribution to urban runoff, and its’ impact on urban stormwater 
systems. It focuses on infiltration and evaporation processes related to changes in rainfall, using a 
study area and model sensitivity analysis successively changing model/physical parameters from a 
baseline scenario. The results show that changes in the infiltration capacity (e.g. when the soil is or is 
not saturated) will have an impact on the urban area and the urban drainage system, both in volume 
and on the hydraulic system performance. Evapotranspiration (as described in this study) is by itself 
not a significant factor affecting the urban drainage system capacity. With a growing interest in the 
promotion and use of green/pervious areas in the urban environment, these components should be 
studied further, both for constructed facilities and natural areas. 

KEYWORDS 
Climate change, Green/Pervious areas, Hydraulic capacity, Sensitivity analysis, Urban hydrology 
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1 INTRODUCTION 
Urban areas comprise both impervious and pervious areas/surfaces which contribute in different ways 
to the total surface runoff. This runoff may have impacts on the urban area (e.g. flooding) due to 
limitations in the capacity of the urban drainage system. Impervious area runoff is the major contributor 
and has a characteristic of rapid runoff and high peak flows, whereas pervious areas have a slower 
runoff-pattern with a more attenuated peak. Therefore, when assessing the capacity of urban drainage 
systems much focus has previously been put on the impervious area runoff. When assessing impacts 
due to climate change on these systems, the 1D model approach (with focus on the pipe system 
dynamics) is the one mainly used in initial analyses. But with more extreme weather events, and the 
predictions that these will occur more frequently in the future (IPCC 2007), the dynamics of runoff 
above ground and flooding has become more important to take into account. For the use of urban 
hydraulic/hydrologic models, recommendations are currently a 1D/1D or 1D/2D model approach (e.g. 
Leandro et al. 2009). In these models the digitized terrain of the urban area is taken into account 
(1D/1D with a simplified flow route description, and 1D/2D with a more detailed surface terrain 
description). In these surface models the pervious areas have a more defined role, although the 
pervious/green area potential to contribute (or not) to the runoff is not always explicitly included. The 
urban pervious areas are, however, seen by many as offering opportunities for potential measures to 
improve the situation/adapt the system for the future (e.g. Digman et al. 2012). 

Volume of water available for runoff, velocity of flow and magnitude of peak flow, will all increase with 
increasing amounts of imperviousness compared with an area with more green/pervious 
characteristics (e.g. Chow et al. 1988). Recent research on land-use changes, and thus the relative 
impervious vs pervious/green area contribution to runoff, has mostly been studied for large scale river 
catchments (e.g. Bronstert et al. 2002; Niehoff et al. 2002; Brath et al. 2006; Elfert and Bormann 2009; 
Deepak et al. 2010; Hamdi et al. 2010). Some of these studies also show the changes in runoff due to 
climate change (Bronstert et al. 2002; Hamdi et al. 2010). Gill et al. (2007) mapped urban morphology, 
to show the potential role of green area impact on urban runoff. The reduction of runoff volume and 
peak due to constructed infiltration facilities, BMPs/SuDS, and the process of retrofitting urban areas 
(e.g. Stovin et al. 2012), as well as how to include these facilities into runoff models (e.g. Soakaways, 
by Roldin et al. 2012a,b) is of much contemporary interest. Runoff from pervious areas (both natural 
and constructed facilities) is a complex process and much depends on the character of the soil and 
vegetation in combination with evapotranspiration potential. The infiltration processes are also related 
to the antecedent rainfall conditions, affecting the amount of water in the soil which may limit the 
infiltration rate and amount. Research in the urban hydrology field in the 1980ies revealed the 
importance of antecedent conditions in the urban area, affecting the runoff processes (Packman and 
Kidd 1980; Arnell 1982; Beaudoin et al. 1983; Marsalek and Watt 1983; Niemczynowicz 1984). 
Laboratory-scale simulations also showed the importance of antecedent conditions, as well as the 
connectivity, when comparing surfaces that were more or less impervious (Shuster et al. 2011). 

Under climate change in the northern hemisphere, extreme rainfall events are likely to be more 
frequent. When considered in combination with the increasing use of pervious areas for adaptation 
urban area impact studies will need a more holistic view of the contributions from ALL urban surfaces. 
“Holistic” meaning here not only surface runoff patterns, but in relevant cases interactions with sea 
level and watercourses and also the water balance, including infiltration processes and 
evapotranspiration.  

1.1 Objective 
The objective of this paper is to study the green/pervious areas contribution to urban area runoff, and 
its’ impact on the urban stormwater system capacity. Focus will be on the infiltration and evaporation 
processes and the study use results from a small scale sensitivity analysis in the south of Sweden 
(Kalmar), changing one parameter at a time from a baseline scenario. 

2 METHOD 
2.1 Study area and model set up 
The study area in Kalmar (SE of Sweden) has a population of about 3,000 and contributing catchment 
area of 2.23 km2, of which 12 % is impervious (Figure 1). The urban drainage system is separate, and 
the stormwater model used for simulations of the area was a coupled hydraulic and surface runoff 
model (Mouse and MikeShe, by DHI 2008). This is a 1D/2D model set up, with a simple description of 
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the unsaturated zone (infiltration) and evapotranspiration processes included. The saturated zone with 
groundwater flow dynamics was, however, not included, and there was no infiltration allowed into 
pipes from groundwater. The MikeShe part of the model consists of 2.23 km2, divided in 5m*5m grid 
cells. The model set up in Kalmar (MikeShe) has three possible equations to use for the infiltration in 
the unsaturated zone: Richards equation; Gravity flow; and 2 Layer Water balance (WB) flow (DHI 
2008). In the Kalmar model set up the simplest 2 layer WB flow was used. 

Groundwater level was set at 1m below ground and the soil defined as mostly Moraine (with a 
saturated hydraulic conductivity of 5*10-6 m/s). Infiltration capacity was uniform (spatially) and set dry 
(field capacity) at the beginning of each rainfall event. Vegetation was set with a leaf area index of LAI 
3, which is a mean value (LAI can vary from 0-7, depending on the growing season and vegetation 
type). Evapotranspiration is set at 3mm/day, which is a normal value for Kalmar in August (Eriksson 
1981). This set up will be referred to as the “Baseline scenario” and is meant to represent normal 
conditions in the Kalmar area.  

The Mouse model area consisted of 0.54 km2 (mostly impervious areas) and the hydraulic model (1D) 
of 440 nodes (mostly gully pots and manholes) with three outlets (two in the north and one in the south 
of the system). The main outlet is in the north (about 70% of all the runoff). Time of concentration for 
the area at outlets is 50-60minutes, but considering flooding in all locations in the system (all nodes) 
most problems occur some 30min after rainfall starts. Measurements (rainfall and pipe flow) and 
associated calibration of the model were undertaken in 2004 according to standard procedures with 
iteration techniques (Håkan Strandner, DHI Water and Environment, personal communication, 
October 2010). The MikeShe part of the model was included as a supplement in 2008. 

The two models interact at the gully pots (nodes in the Mouse model) where surface runoff and 
pervious area inputs (calculated in the MikeShe grid model) are passed on to the Mouse network 
model. Runoff from impervious surfaces (roads, buildings, paved areas) are estimated by the Mouse 
model (using a time-area approach) and input to the pipe network at the nodes. If water levels in the 
system exceed ground level (i.e. flooding) water from the Mouse model will be forced out from the 
nodes onto the surfaces (MikeShe) and can later re-enter the network at the same or another node.  

 
Figure 1. The Mouse hydraulic model, network of pipes and nodes (to the left). ©Lantmäteriet Gävle. Medgivande 

I 2001/0084. Topography and larger catchment (to the right). (DHI 2008).  
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2.2 Sensitivity analysis 
The study was a small-scale sensitivity analysis changing one parameter at a time from the Baseline 
scenario in the study area in Kalmar. The Baseline scenario represents normal conditions for the area, 
in the summer season. Parameters included in the study are: Precipitation (one higher scenario); 
Evapotranspiration (one lower and one higher scenario); and the Infiltration capacity using “Soil 
character” as an overall description (one lower and one higher scenario). Description of the scenarios, 
including parameters changed in each scenario are given in Table 1.  

Table 1. Scenarios in the Sensitivity analysis, and parameters changed.  

Run 

 

Scenario 
PRP 

[years] 
Pmax 

[mm/h] 

ET 
[mm/d] 

Soil 
character 

Ks 
[m/s] 

s 
[-] 

fc 
[-] 

w 
[-] 

1 Baseline (BL) 10 69.6 3 “moraine” 5*10-6 0.4 0.3 0.05 

2 Pres High (PH) 10+20% 83.6 3 “moraine” 5*10-6 0.4 0.3 0.05 

3 Evapo Low (EL) 10 69.6 0 “moraine” 5*10-6 0.4 0.3 0.05 

4 Evapo High (EH) 10 69.6 6 “moraine” 5*10-6 0.4 0.3 0.05 

5 Infiltr High (IH) 10 69.6 3 “sand” 5*10-4 0.4 0.1 0.02 

6 Infiltr Low (IL) 10 69.6 3 “bedrock” 1*10-10 0.3 0.1 0.05 
PRP –Rainfall return period, Pmax - Rainfall Max intensity, ET – Evapotranspiration, θs – water content at saturation, θfc – water 

content at field capacity, θw – water content at wilting point, Ks – Saturated hydraulic conductivity 
 

2.2.1 Rainfall 
Rainfall of a Chicago design storm (CDS, by Kiefer and Chu 1957) type with a skewness factor of 0.37 
(Figure 2) was used in this study, as it is the design rainfall used mostly in Sweden. The temporal 
resolution was 5min, and the duration 60min. The simulations where, however, run for three extra 
hours after the rain ceased to include the slower processes (runoff from green/pervious areas, 
infiltration, evapotranspiration). In the Baseline scenario (normal conditions) rainfall of a 10 year return 
period was used, so as to address the current design standards of urban drainage systems (SWWA 
2004). This rainfall had a maximum intensity 69.6mm/h, using rainfall statistics for Kalmar presented in 
national guidelines (SWWA 2004). 

[mm/h] [mm/h]

14:00
2009 06 30

16:00

  0

 10

 20

 30

 40

 50

 60

Precipitation Rate

 
Figure 2. The CDS rainfall profile, with duration of 60min, skewness 0.37 and return period 10 years. 

The rainfall parameter is included in this study to have a “climate change” reference to compare 
response with changes in the other parameters. Addressing changes in rainfall intensity is the most 
common way of taking climate change into account when performing impact assessment of urban 
drainage systems (e.g. Berggren et al. 2012). In current guidelines for Sweden the recommendation to 
take climate change into account in practice is to add a factor to design rainfall; in the Kalmar case 
about 20% (SWWA 2011). The new rainfall of 20% added to the original 10 year return period rainfall 
has a maximum intensity of 83.6 mm/h (scenario 2: PH in Table 1).  

2.2.2 Evapotranspiration 
Evapotranspiration and (soil) infiltration processes are interconnected, as the evapotranspiration 
depends on the availability of water in the soil (soil moisture) which is related to the soil characteristics 
and the infiltration process. The potential evapotranspiration is the maximum evapotranspiration that 
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can occur if there is no limitation in the availability of water to evaporate. Evapotranspiration for the 
Baseline scenario was set at 3mm/day, which is a normal value for Kalmar in August (Eriksson 1981). 
For the scenarios, evapotranspiration was changed to a minimum of 0mm/day (scenario 3: EL) and to 
a maximum of 6mm/day (scenario 4: EH). The minimum evapotranspiration scenario represents an 
autumn condition with lower temperatures. For current conditions, evapotranspiration is normally at a 
maximum in July (4.1mm/d) based on calculations for the period 1961-1978 (Eriksson 1981), but with 
climate change and increasing future temperature, it is likely that this parameter can be even greater 
in the future.  

2.2.3 Infiltration 
For green and pervious areas in the urban area, the infiltration processes influence how much of the 
precipitation will become surface runoff (and further on enter the sewer systems), and how much of 
the water will infiltrate into groundwater. The infiltration capacity is dependent on the soil moisture, and 
the soil characteristics (ability to “keep” the water). The soil character is described as Moraine in the 
Baseline scenario, having a saturated hydraulic conductivity (Ks) of 5*10-6 m/s. For the two studied 
scenarios the saturated hydraulic conductivity was set as “Sand” with 5*10-4 m/s (scenario 5: IH, 
corresponding to sandy soil, where most of the water infiltrates) and to “Bedrock” with 1*10-10 m/s 
(scenario 6: IL, corresponding to bedrock-like characteristics with little to no infiltration normally). The 
soil is also described by parameters for water content at saturation ( s), at field capacity ( fc) and at 
wilting point ( w). Water content is the available amount of water that the soil can store at different 
conditions. Water content at field capacity is the maximum amount of water stored in the soil when 
only gravity is affecting the soil. Wilting point is the point when water is no longer available for plant 
uptake.  

2.3 Evaluation criteria 
The results from the model simulations were evaluated with the overall water balance (both in 
MikeShe and in Mouse), and system performance parameters: water levels in nodes; peak flow at the 
outlet; and pipe flow ratio.  

2.3.1 Water balance 
The two models were run integrated but still separated, thus the water balance results have been 
obtained both from the MikeShe model for the whole catchment (2.23 km2) and details for the 
stormwater system from the Mouse model (connected areas 0.54 km2). Information was obtained 
about the main processes of input precipitation amount, infiltration, evapotranspiration, the change in 
overland surface water (flooding/ponding) and the amount of runoff entering the stormwater system 
from Mouse impervious areas and the extra water from MikeShe to Mouse, as well as the system 
outlet water volumes.  

2.3.2 Water level in nodes 
The water levels in nodes were evaluated using both the number of flooded nodes (related to different 
threshold levels) and the actual water levels in every node (as suggested by Berggren et al. 2012). 
The numbers of nodes were counted when maximum water level exceeded each of three threshold 
levels (ground level, GL, and critical levels, CL, at -0.5m and -1.0m below ground). The three 
thresholds help to indicate the safety margin in the system. The max water levels in each node are 
compared in pairs between the scenarios using mean and standard deviation of differences, and a t-
test at 95% significance level. The test t0 value in this case is t0.025, 439=1.960 (Montgomery 2001). The 
maximum water levels in all nodes were also presented graphically to view differences related to 
ground level. 

2.3.3 Peak flow 
The peak flow has long been a common evaluation criterion (e.g. Packman and Kidd 1980), for 
evaluation of the capacity of an urban drainage system, but care needs to be taken if the system is 
surcharged. Then the values may be representative only for the outlet or for a few points in the 
system. In this paper the peak flow is presented for the main outlet of the Mouse system.  

2.3.4 Pipe flow ratio 
As a complement to this, the pipe flow ratio (Q/Qfull) was also evaluated. A value of higher or equal to 1 
means that the pipe was surcharged, thus evaluating this parameter also gives an indication of the 
system capacity. The maximum pipe flow ratio in the system and the number of pipes in the system 
with values equal to or exceeding 1 were determined. 
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3 RESULTS AND DISCUSSION 
Water balance for the model simulations for both the total catchment (MikeShe- part of the model, total 
of 2.23 km2) and the volumes diverted in the stormwater model and their direct connected impervious 
surfaces (Mouse- part of the model, total of 0.54 km2) are shown in Table 2.  

Precipitation input is different only for the scenario 2 (PH) naturally, and Infiltration is also higher. The 
scenario 6 (IL) shows zero infiltration as expected. The ponding of water on the surface compared with 
the Baseline scenario (BL) was higher for scenario 2 (PH) and much higher for scenario 6 (IL), and 
also the volume water from MikeShe to the Mouse stormwater system is higher or much higher for 
these scenarios. For the study of impacts on urban drainage systems due to increased or decreased 
runoff from green/pervious areas, the column “MikeShe to Mouse” in Table 2 is very important. During 
flooding in the stormwater system (Mouse model) water will be forced out from the nodes onto the 
urban surfaces (in the MikeShe model) and can then infiltrate, or later re-enter the network at the 
same or another node. This will affect the water balance, especially the total amount water from 
MikeShe to Mouse. In most scenarios this term is positive, but for the scenario 5 (IH) the high 
infiltration rates makes water infiltrate before re-entering the system, thus the contribution from Mike to 
Mouse is negative. The high ponding volume in combination with higher Mouse end volume for 
scenario 6 (IL), implies that the simulation was too short to take all the slow runoff processes into 
account. More than 3 extra hours is needed. It is, however, unlikely that these slow running volumes 
will affect the peak flow and maximum hydraulic impacts in the stormwater system, which is often 
more dependent on the faster runoff component. The time delay in runoff from green/pervious runoff is 
regarded as common knowledge in urban hydrology (e.g. Chow et al. 1988). A test run with longer 
simulation time showed the same peak flow values and maximum water levels, but with an increase of 
the evapotranspiration component. For all scenarios except scenario 6 (IL) the infiltration is very high 
for the green/pervious areas in the MikeShe model, and the runoff volume from the green/pervious 
areas to the stormwater system is much less than the infiltration part.  

Table 2. Water Balance in the whole catchment (MikeShe), from MikeShe to Mouse, and in the stormwater 
system (Mouse: In/out and end volume).  

 Green/pervious areas (MikeShe)  Impervious areas (Mouse) 

 Precip. Infiltr. Evapotr. Ponding 
MikeShe 
to Mouse 

Input: 
runoff 

Input: 
infiltr  End Output 

Run [m3] [m3] [m3] [m3] [m3] [m3] [m3] [m3] [m3] 
1: BL 37 500 34 656 1 081 764 957 4 761 17 23 5 708 
2: PH 44 992 40 323 1 081 1 336 1 761 5 733 30 23 7 481 
3: EL 37 500 34 885 0 853 978 4 761 17 23 5 729 
4: EH 37 500 34 411 2 152 665 935 4 761 17 23 5 687 
5: IH 37 500 37 082 1 074 4 -58 4 761 0 22 4 696 
6: IL 37 500 2 1 082 22 041 10 949 4 761 102 347 15 378 
 

System performance, described in terms of maximum water levels in nodes, as well as peak flow and 
pipe flow ratio values is shown in Table 3, as output from the Mouse-part of the coupled model. The 
Baseline scenario represents a normal situation in the Kalmar area, and with rainfall corresponding to 
10 years return period, the system capacity was exceeded for a small number of nodes (22 of a total 
440), and 115 of the pipes were surcharged in this scenario.  

The climate change impact described as increased rainfall intensity (with 20% increase, scenario 2: 
PH) have a clear impact on the hydraulic performance of the system as expected, although for this 
case the low infiltration scenario (6: IL) has a greater influence. This is probably an effect of the large 
amount of green/pervious areas in the catchment and when the infiltration is low the volume of runoff 
entering the stormwater system is heavily increased (Table 2) and thus the system performance also 
affected. The time dependency is however also clear, the extra volume water entering the system from 
scenario 6 (IL) is much higher than for scenario 2 (PH) and still the hydraulic impacts in terms of 
number of affected nodes and surcharged pipes compared to the rainfall scenario (2: PH) is not that 
much higher. Peak flow at the outlet show impact on the system, but the dynamics of the whole 
system were better shown by the maximum water levels or the pipe flow ratio. The low infiltration 
scenario (6: IL) and the rainfall scenario (2: PH) make the most impact on the stormwater system, and 
the increased infiltration (5: IH)) makes less impact compared to the Baseline scenario. The 
evaporation scenarios (3: EL and 4: EH) make no hydraulic impact on the stormwater system.  
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Table 3. Maximum water levels in nodes, peak flow and pipe flow ratio, from the Mouse model results. 

 Water levels (WL) in nodes: Peak flow: Pipe flow ratio: 

Run 

Nodes 

WL ≥ GL 

Nodes 

WL ≥ -0.5m 

Nodes 

WL ≥ -1.0m 

Max Qpeak 

[m3/s] 

Max Q/Qfull 

[-] 

Q/Qfull ≥1 

[-] 

1: BL 22 80 147 2.04 3.00 115 

2: PH 40 137 212 2.18 3.42 152 

3: EL 22 80 147 2.04 3.00 116 

4: EH 22 80 146 2.03 3.00 115 

5: IH 15 72 127 1.90 3.02 98 

6: IL 57 168 261 2.23 3.01 176 
WL – Water levels relative the Ground, GL - Groundlevel 

In Table 4 the maximum water levels in the nodes are shown compared with the baseline scenario (1: 
BL). The levels are higher for scenario 6 (IL) and for scenario 2 (PH), lower for scenario 5 (IH) and 
similar to the baseline (1: BL) for scenarios 3 (EL) and 4 (EH). In Figure 3, the maximum water levels 
in all nodes are shown graphically in boxplots relative the ground level, and as shown there is a clear 
difference between the baseline scenario (1: BL) compared to scenario 2 (PH) and scenario 6 (IL) 
which are higher. The overall capacity of the stormwater system was not significantly affected by the 
changes in evapotranspiration (scenarios 3, 4). The impact on the urban drainage system from a high 
infiltration scenario (5: IH) indicate the potential of the green/pervious areas to improve the urban 
drainage situation. 

Table 4. Water levels in nodes, mean values, standard deviation, confidence interval and t-value for statistical 
evaluation. All scenarios compared with the Baseline scenario (nr1: BL). 

Run vs 
BL(1) MV [m] σ [m] CI T-value P-value 

2: PH 0.354 0.329 0.322 0.385 
22.53 

 0.000 
3: EL 8*10-4 0.008 - 1*10-5 0.002   1.94 0.053 
4: EH  - 0.002 0.010 - 0.004 - 0.001 -4.78 0.000 
5: IH - 0.127 0.141 - 0.140 - 0.114 -18.87 0.000 
6: IL 0.504 0.592 0.448 0.560   17.87 0.000 

MV – Mean Value period, σ – Standard deviation, CI – Confidence interval 
 
 

nr6:ILnr5:IHnr4:EHnr3:ELnr2:PHnr1:BL

1

0

-1

-2

-3

-4

-5

[m
]

0

Boxplot of water levels in nodes

 
Figure 3. Maximum water levels in nodes in relation to the ground level (marked at 0m). 
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The impact of climate change as described as increased rainfall intensity in the precipitation scenario 
(2: PH) are expected to be predominant in regard to the system performance, but from this study it is 
also apparent that there is a risk related to the contribution of runoff from green/pervious areas to the 
system (when the infiltration capacity is decreased, scenario 6: IL). A decrease in infiltration capacity 
that occurs due to changes in the soil characteristics is unlikely and more likely due to antecedent 
precipitation conditions – when the soil is totally saturated and the infiltration is much reduced. Another 
example of situations alike are frozen ground in the autumn, and in springtime during snowmelt. A test 
run with higher groundwater table (at the ground level, reflecting a totally saturated soil) was also 
performed with similar results as with the scenario 6 (IL). In Sweden future climate scenarios predict a 
wetter situation, especially during winter and autumn which can cause reduced capacity for any 
green/pervious areas to attenuate more intense rainfall events. A combination of higher intensity 
rainfalls at the same time as saturated soil conditions will further worsen the situation.  

The study described in this paper illustrates that natural green/pervious areas in towns and cities may 
also have a significant impact on the urban area as a total and also the hydraulic performance of the 
stormwater system. These surfaces respond to rainfall in most cases much more slowly compared 
with impervious areas, but are at the same time more difficult to control as they are not usually 
constructed facilities with a specific and defined connection to the urban piped system, unless they are 
specifically designed areas of green infrastructure. At times of wet antecedent conditions and heavy 
precipitation, these areas may contribute significantly to the total runoff volumes and, if at the same 
time the urban drainage system is overloaded, water from the green/pervious areas also needs to be 
routed around and through the urban area in the same way as runoff from impervious areas. Thus, the 
green/pervious area contribution needs to be given more explicit consideration as it has both a 
character of limiting the consequences of extreme rainfall events, but, once the attenuation capacity is 
exceeded, it will start instead to add to the consequences (e.g. London Borough of Croydon et al. 
2011). 

 

4 CONCLUSIONS 
In this paper the runoff contribution of green/pervious areas and its’ impact on the urban stormwater 
system capacity have been investigated using a small scale sensitivity analysis, changing parameters 
individually. The Infiltration and Evapotranspiration were used to represent characteristics of the 
green/pervious areas, and the results compared when precipitation increases more than the design 
standard requirements (10 year return period). This has shown that, for the Kalmar catchment: 

• Infiltration processes are more important for the runoff contribution to the urban drainage 
system than evapotranspiration when considered separately. These processes are, however, 
very much related. 

• The changes in infiltration capacity give large impacts on the total water balance and ponding, 
and may have a great impact on the system performance as well. In some cases more 
pronounced impacts than from changes in rainfall intensities.  

• Changes in evapotranspiration cause a small relative impact on the total volume and water 
balance, but the difference is insignificant for the capacity of the stormwater system.  

• There is a need to further study the potential of the green/pervious areas in future research, 
also as these areas are being used more frequently in the adaptation of urban areas to climate 
change.  
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Laboratory study of infiltration into two frozen engineered
(sandy) soils recommended for bioretention
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Abstract:

Infiltration of water into two frozen engineered soils of different gradation was studied in laboratory soil columns 1.2m long and
0.1m in diameter. Prior to testing, the soil moisture was adjusted to two levels, described by the gravimetric water content of 5%
or 10%, and soils were compacted to about 80–90% of the maximum dry density and refrigerated to temperatures ranging from
�8 to �2 °C. Water with temperatures 8–9 °C was thereafter fed on the top of columns at a constant head, and the times of water
breakthrough in the column and reaching a steady percolation rate, as well as the percolation rate, were recorded. The soil water
content was a critical factor affecting the thawing process; during freezing, soil moisture was converted into ice, which blocked
pores, and its melting required high amounts of energy supplied by infiltrating water. Hence, the thawing of soils with higher
initial water content was much slower than in lower moisture soils, and water breakthrough and the attainment of steady
percolation required much longer times in higher moisture soils. Heat transfer between infiltrating water, soil ice, and frozen soil
particles was well described by the energy budget equations, which constitute a parsimonious model of the observed processes.
The finer grained soil and more compacted soil columns exhibited reduced porosity and required longer times for soil thawing.
Practical implications of study results for design of bioretention facilities (BFs) in cold climate include the use of coarse
engineered soils and fitting bioretention facilities with a drain facilitating soil drainage before the onset of freezing weather.
Copyright © 2015 John Wiley & Sons, Ltd.
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INTRODUCTION

Infiltration of water into seasonally frozen soils has been
researched for more than 50 years (Willis et al., 1961),
first in studies of snowmelt in natural catchments and
more recently in connection with stormwater management
in regions with freezing temperatures (Caraco and
Claytor, 1997). The literature published may be classified
into three groups, starting with infiltration of snowmelt
into seasonally frozen soils in natural catchments, impacts
of soil freezing on hydrological performance of
bioretention facilities (BFs), and process-oriented studies
of water infiltration into frozen soils. The older literature
on snowmelt infiltration into frozen soils, which had
focused on qualitative description of processes, was
reviewed by Gray and Prowse (1993), who noted that
infiltration into frozen soils was affected by the thermal
and hydrophysical properties of soils, the soil temperature

and moisture regimes, and snowmelt inflow rate and
volume. Furthermore, the depth of soil freeze was also
important, with depths less than 0.15m exerting practi-
cally no effect. Iwata et al. (2011) emphasized that frozen
soils exhibited reduced infiltration capacities, which
modified the dynamics of the water cycle during the
winter–spring period, with consequences (partitioning of
snowmelt between runoff and infiltration) carried over
into the subsequent seasons.
Concerns about soil freezing and its impacts on urban

drainage came to the forefront by the introduction of
stormwater management into urban drainage design
(Marsalek, 2013) and were further heightened by the
recent emphasis on green drainage infrastructure, in
which pervious elements of urban areas become impor-
tant sinks for stormwater and serve to control urban
runoff. Green infrastructure is known under various terms
found in the literature (Fletcher et al., 2014), and even
though it thrives to employ techniques and methods
imitating natural catchment features for reproducing the
predevelopment hydrology, the performance of the green
infrastructure exposed to freezing is not well known
(Nordberg and Thorolfsson, 2004) and may deteriorate,
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particularly during the winter–spring transition (Khan
et al., 2012). Problems associated with urban runoff
and design challenges in cold climate (e.g. pipe
freezing, reduced biological activity, reduced infiltra-
tion, frost heave, and high runoff volume during spring
melt) were pointed out in a number of earlier
publications (e.g. Marsalek, 1991; Caraco and Claytor,
1997; Semadeni-Davies, 2004). Among those chal-
lenges, the impact of freezing temperatures on soil
properties and specifically infiltration capacity were
singled out as one of the critical issues, which
potentially modifies the dynamics of the water cycle
during the winter–spring period and the subsequent
seasons (e.g. Bayard et al., 2005; Iwata et al., 2011).
The impacts of cold weather on the hydrologic

performance of green infrastructure, particularly during
the late winter–early spring period, motivated general
studies of specific stormwater management measures,
with most interest focusing on bioretention followed by
infiltration facilities (Caraco and Claytor, 1997; Nordberg
and Thorolfsson, 2004; Davidson et al., 2008; Muthanna
et al., 2008; Roseen et al., 2009; Fach et al., 2011; Khan
et al., 2012; Denich et al., 2013). The findings of these
studies are largely of descriptive nature, examine the
overall performance of facilities (e.g. not just the soil
media but media with plant roots enhancing infiltration),
and range from indications of reduced green infrastructure
performance (Caraco and Claytor, 1997; Davidson et al.,
2008; Muthanna et al., 2008; Fach et al., 2011; Khan
et al., 2012; Denich et al. 2013) to no (or limited) effects
of cold weather (Roseen et al., 2009), or the need of
deeper knowledge (Nordberg and Thorolfsson, 2004;
Roy-Poirier et al., 2010). For example, Caraco and
Claytor (1997) cautioned about the potentially greater
runoff/snowmelt inflows into stormwater management
facilities and the need for allowing high flow bypassing.
Roseen et al. (2009) reported on studies of various low
impact development facilities, including bioretention, in
New Hampshire (US), and from a visual inspection noted
that the ‘expected’ frost penetration into filter media did
not substantially reduce infiltration rates. However, the
depth of frost penetration, soil characteristics, water
contents, and air temperatures were not reported. There
could be a number of explanations of this observation,
including a small depth of frost penetration (<0.15m) at
the time of observation, which does not affect frozen soil
infiltration (Gray and Prowse, 1993). On the other hand,
Khan et al. (2012) found that infiltration into a BF in
Calgary (Canada) in winter was impaired by the partially
frozen cell surface layer covered by ice. Two findings
from that study deserve further attention: the assessment
of BF performance for synthetic storms by applying the
equivalent rainfall as irrigation and the fact that the soils
in the BF studied were relatively fine graded (the soil

contained almost 50% of silt and clay). The latter aspect
disagrees with recommendations of coarse soils for BFs
in cold climate (Blecken et al., 2010; Muthanna et al.,
2008). Fach et al. (2011) demonstrated that the hydraulic
conductivity of a grassed infiltration swale in an Alpine
region, and the associated level of runoff control,
decreased over the winter period, pointing to the need
of examining infiltration into frozen soils. Other studies
showed that green infrastructure practices, including
bioretention and grass swales, are generally helpful in
reducing runoff in cold climate, but the importance of
local design criteria and adaptive modification of designs
from temperate climates was emphasized (Davidson
et al., 2008). These authors also produced practical
recommendations (discussed later in this paper) for
increasing the probability of good performance of BFs
in cold climate. Finally, Nordberg and Thorolfsson (2004)
argued that in spite of the growing trend of using green
infrastructure practices and the extensive research in this
field (largely in the temperate climate), there are still large
knowledge gaps concerning the sustained green
infrastructure performance in cold climate and
winter conditions. The same conclusion was reached by
Roy-Poirier et al. (2010) whose review of bioretention
systems proposed design modifications for better design
practices and noted that not enough certainty can be
drawn from cold climate studies of bioretention imple-
mentation. Furthermore, they suggested that further
research is needed regarding infiltration capacity of BFs
exposed to freezing weather and also with respect to
choosing suitable vegetation for cold climate conditions.
Process-oriented studies of infiltration into frozen soils

were relatively few (Al-Houri et al., 2009; McCauley
et al., 2002; Fourie et al., 2007), yet most helpful for the
research reported herein. These studies differ from those
described in the preceding paragraph dealing with BFs,
by focusing on soil media only, without plant roots. The
need to establish the infiltration properties of soil media
recommended for bioretention, in an unfrozen state and
without roots, was addressed earlier, e.g. by Carpenter
and Hallam (2010) and Fassman-Beck et al. (2015). It
should be, however, acknowledged that plant roots are
present in actual BFs and enhance infiltration, particularly
into compacted subsoils (Bartens et al., 2008). McCauley
et al. (2002) considered the use of frozen soils as a
contamination barrier preventing accidental fuel penetra-
tion into groundwater and demonstrated that a frozen soil
can halt infiltration and, thereby, considerably impact on
runoff generation. Fourie et al. (2007) elucidated to some
extent the effect of soil gradation and soil ice formation
on infiltration into coarse frozen soils, for a somewhat
limited depth of frost of 0.40m. However, gradations of the
soils tested (used for construction of roads) were relatively
coarser than typical engineered soils recommended for
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use in BFs. Al-Houri et al. (2009) demonstrated that
the period antecedent to soil freezing impacted
infiltration rates of fine-graded soils (loam and sandy
loam). Such impacts on coarser soils were different,
because of differences in soil–water redistribution.
However, the instrumentation used by Al-Houri et al.
(2009) did not allow observing soil moisture changes
during the thawing period. A beneficial effect of soil
freezing (i.e. from the stormwater management point of
view) on increased infiltration rates following the
freeze/thaw cycle was reported by Denich et al. (2013)
for a bioretention mesocosm study. This was attributed to
structural changes in soil compaction due to water
expansion during freezing, as reported earlier, e.g. by
Viklander (1997).
A quick overview of the literature on infiltration into

frozen soils in the context of stormwater management and
bioretention indicates that the way forward should consist
of a two-pronged approach: focusing on recommenda-
tions for enhancing good BF performance in cold
climates, derived from practical experience, and advanc-
ing process-focused research on infiltration into frozen
soils. The study that follows built on the existing
engineering recommendations of soil media for BFs and
focused on laboratory investigations of water infiltration
into, and percolation through, frozen soils.
The primary objective of the exploratory study

presented in this paper was to investigate infiltration of
water into two engineered soils, of slightly differing
gradations, frozen to large depths (up to 1.2m), which are
typical for regions with low winter temperatures and
seasonal snowpacks (e.g. in parts of Scandinavia, Canada,
US, and Alpine regions). Such investigations were carried
out using laboratory soil columns, which were developed
for this purpose and supplied with water on the top to
mimic infiltration processes during the thawing period.
The development of these test columns for laboratory

testing of frozen soil thawing formed a secondary study
objective.

MATERIALS AND METHODS

Engineered soil characteristics

Two engineered soil types, described as coarse and fine
recipes, were adopted in this study. The coarse recipe (S1)
was chosen on the basis of studies of bio-filters in cold
climate, in which Blecken et al. (2010) and Søberg et al.
(2014) followed the general guidance offered by Caraco
and Claytor (1997) and Muthanna et al. (2008). Such
guidance suggests that a well-drained medium, consisting
of coarser soil grains, would avoid ice blockage and,
therefore, would retain, to some extent, the hydraulic
performance in freezing conditions. The fine recipe (S2)
was designed to meet the bioretention filter media
guidelines (version 2.0) published by the Facility for
Advancing Water Biofiltration (FWAB, 2008) and the
Washington State University bioretention soil recommen-
dations (Hinman, 2009). Engineered soils were prepared
by mixing sand and a commercially available organic soil
enhancement product containing peat, bark mulch,
minerals, fertilizers, micronutrients, and chicken manure,
with unknown granulometry. After preparing the
engineered soils, their gradation was verified by sieving,
and they were also subject to the Proctor compaction test
to determine their compactibility. Soil characteristics are
shown in Figure 1 and listed in Table I.

Experimental setup and testing regimen

Laboratory columns were designed and built for
running the infiltration experiments (Figure 2). The soil
columns were made of PVC pipes with a diameter of
0.10m, and 1.35m long, accommodating soil columns
1.20m deep, with a 0.10m freeboard above the soil

Figure 1. Particle size distribution determined by sieving
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surface to allow space for a constant head feed of water to
the column, and the bottom 0.05m was occupied by a
drainage funnel. Before each test, the interior wall of each
column was covered with grease to eliminate fast flow
between the soil and the cylinder wall. With greatly
diminished (or eliminated) fast flow along the column
walls, Winterberg and Tsotsas (2000) concluded that the
column medium may be considered as an ‘infinitely
extended packed bed’, which facilitates the transfer of
column data to the field. Each column was equipped with
six thermocouple wires type T (copper/constantan) spaced
every 0.20m along the column wall, allowing to measure
and log temperatures every 10min (with accuracy of
±1.0 °C) during the freezing and thawing phases using
the INTAB 32000 PC logger with 24 channels. The
columns were thermally insulated to reduce lateral heat
transfer, using the ISOVER insulation wool of 45mm
thickness (λ ~0.036W/mK) and a 0.10-m styrofoam pad
under the column, to ascertain heat transfer through the
soil column in the vertical direction only.
Each of the soils was mixed with a specified mass of

water to pre-set the chosen gravimetric water content in
unsaturated conditions. The soil was filled into the
columns and compacted in five steps striving to achieve
compaction of 80–90% of the maximum soil dry density,
which is a common field compaction rate with no regular
foot traffic (Hinman, 2009). The pre-packed soil columns
were frozen in freezers with temperature set at �5±2 °C.
To obtain reference values for unfrozen soils, the
infiltration capacity of the soils tested was measured at
room temperature (20 °C), while during regular testing,
the soil columns were fed with water 8–9 °C warm,
flowing into the column at the top, with a constant
hydraulic head <0.10m. These elevated temperatures
were caused by the nature of the experimental apparatus,
requiring to continually pump the low temperature feed
water to the top of the column. Furthermore, some
disturbance of the soil surface was noted in some runs,
and hence, the temperature of the feed water was taken as
an average of measurements by the first thermocouple
located 0.1m below the surface. The outflow from the
bottom of the column was collected and measured at
certain time intervals, until a constant percolation rate was
achieved. The infiltration capacity was calculated using
the constant head method recommended for granular soils
by Smoltczyk (2002).
The experimental conditions investigated in the

laboratory tests of the two engineered soils are summa-
rized in Table II. Soil texture (gradation) and the water
content (before freezing) were the controlled variables set
at constant values. Soil compaction, initial soil temper-
ature (before thawing), and temperature of the water feed
somewhat varied, because of practical limitations of the
laboratory equipment.

Table I. Engineered soils properties

Fraction sizes
Soil sample

(mm) S1a (%) S2b (%)

<0.063 0 5
0.063–0.15 4 6
0.15–0.25 8 16
0.25–0.5 28 30
0.5–1.0 25 30
1.0–2.0 25 10
2.0–4.0 10 3
Organic contentc 15 10
Max dry density (g/cm) 1.81 1.71
Optimum moistured 15.6 13

a The coarse soil.
b The fine soil.
c Organic content – soil with high organic content, sold commercially and
well suited for supporting vegetation.
d Optimum moisture content indicates the percentage of moisture at which
the soil can be compacted to its highest dry density.

Figure 2. Experimental setup for studying infiltration into frozen soils
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All the infiltration tests were carried out in triplicates,
to assess data spread. In individual replicate sets, there
was some unavoidable variation in independent variables,
because of practical limitations of the experimental
apparatus and procedures. Specifically, temperature of
water feed could not be controlled at about 4 °C, because
of heat generated by pumping, and a constant initial soil
temperature could not be maintained in the freezers
available for the study. As elaborated in the Results and
Discussion sections, whenever feasible, the influences of
these variations on experimental results were assessed. In
spite of the relatively limited number of observations,
such data were adequate for describing the frozen soil
thawing process, and their statistical analysis produced
results consistent with numerical comparisons of average
values. This analysis consisted in applying the paired
t-test (90% confidence interval, with the exception of
tWBT, when the confidence interval was 84%) to the
results obtained for the two soils tested (S1 and S2) and
their responses to the experimental conditions described
in the Results section.

RESULTS

The presentation of results starts with the soil infiltration
tests performed for two engineered soils (S1 and S2)
compacted to 75–90% of the maximum dry soil density,
two ranges of water contents (4–5.4% and 10–11%), a
range of soil temperature values (reference runs at 20 °C

and the frozen soil runs at �7.8–2.2 °C), and water feed
temperatures (4.7–11 °C). Altogether, 18 experimental
runs were executed, and the run descriptions and
experimental results are listed in Table II.

Reference infiltration tests of soils S1 and S2 at room
temperatures (T=20 °C)

To establish reference values for unfrozen soils S1 and
S2, infiltration tests were first run at room temperatures
(run numbers 1–3 and 10–12, in Table II), and the time
required for water to infiltrate into, and percolate through,
the whole soil column depth and reach a steady flow state
(i.e. the maximum percolation rate, which is of interest in
design of stormwater bioretention or infiltration facilities)
was recorded. In runs 1–3 with soil S1, the degree of
compaction fairly varied (75–86%), as did the observed
times required to reach the steady percolation rate (further
referred to as tSPR). In similar runs with soil S2, much
more consistent results were attained, with compaction
rates varying from 84% to 87% and tSPR varying from 31
to 32min. Both sets of reference tests produced
comparable rates of percolation for the two soils tested,
and these results are further discussed in the Discussion
section in the context of just published research findings
by Fassman-Beck et al. (2015) indicating that the
percolation rates do not depend just on the soil gradation
but also its compaction and initial water content. Hence,
no statistically significant differences in S1 and S2
reference infiltration rates were detected.

Table II. Experimental results

Run no. Soil type
Compactiona

(%)
Water content

(%)
Soil temperature

(°C)
Effective water

feed temperatureb (°C)
tWBT

c

(min)
tSPR

d

(min)

1 S1 83 4.5 20 8 31
2 S1 86 4 20 8 37
3 S1 75 4.5 20 8 30
4 S1 80 4.5 �3.8 8.4 60 132
5 S1 80 4.5 �7.2 10.4 116 192
6 S1 90 4.5 �5.1 6.5 151 322
7 S1 80 11 �6.3 7.4 570 843
8 S1 80 10 �7.8 8.3 585 835
9 S1 90 10 �4.8 4.7 565 675
10 S2 84 5.8 20 8 32
11 S2 84 5.8 20 8 31
12 S2 87 5.8 20 8 31
13 S2 85 5.4 �6.8 11 273 485
14 S2 83 5.4 �7.4 9.7 326 504
15 S2 87 5.4 �5 8.2 293 432
16 S2 85 10.5 �2.2 9.1 455 668
17 S2 90 10.5 �3.5 8.2 588 961
18 S2 90 10.5 �4.4 8.6 620 962

a Percentage of maximum dry soil density.
b This temperature is defined here as the temperature just below the soil surface (site B1) averaged over tSPR.
c Time of water breakthrough in the soil column (tWBT).
d Time of attainment of steady soil percolation (tSPR).
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Infiltration tests of frozen soils

The next series of 12 runs was carried out with frozen
soils (run numbers 4–9 and 13–18, in Table II) and
focused on soil infiltration rates and their dependence on
soil gradation and compaction, and the initial temperature
and gravimetric water content. Besides the percolation
rate and the time to reach it (tSPR), the time of water
breakthrough in the column, tWBT, was also recorded
(tWBT< tSPR). As an example of observed results, run #4
is displayed in Figure 3, which shows soil temperature
changes in time, at six depths in the soil column (from
location B1 near the top to B6 on the column bottom) as
continuous lines, and the rates of water percolating
through the column as square symbols.
The reference soil columns (T=20 °C) required about

half an hour to become saturated and reach a steady
percolation rate, but in frozen soils, this process was
considerably slower (e.g. in run 4 in Figure 3, it took
more than 2h). In frozen soils, water supplied to the
column transfers heat to the soil and increases its
temperature (Figure 3), from top to bottom, as it
penetrates the column. During thawing, temperature
changes in the soil/water system result from the heat
exchange between the soil, ice formed in the soil, and
infiltrating water. Water fed to the soil column starts to
penetrate through the open pores whose occurrence
depends on the soil gradation, and the initial water
content and soil compaction. As discussed later, the initial
soil water content is particularly important for the speed
of the thawing process, because the higher water contents
lead to the increased presence of ice contributing to slow
thawing. As water percolates downward, the temperature
of ice and soil increases to values close to 0 °C. For
example, it can be seen in Figure 3 that in the coarse soil
S1 with a low initial water content (4.5%) and 80%
compaction, it takes about 4min for the top 0.30m of the
soil column to reach 0 °C, but for the whole column, this
process requires almost 40min. During that time, the wet

front travelled through the full column depth, and the first
outflow from the column was observed, implying that
water moving through soil pores equilibrated the
soil/water temperature along the breakthrough path to a
temperature close to zero. Data analysis shows that the
water breakthrough in the column media takes about 50%
of the time required for attaining steady water percolation
through the soil, for the coarse soil with low initial water
content, and 75% for the higher water content.
Immediately after the first outflow appears, the

percolation rate starts to increase. The observed outflow
increases in two stages: the slow stage, when the system
temperature is brought to about 0 °C, and the fast stage,
when the whole system thawed and reached the steady
infiltration/percolation capacity (compare the slopes of
the infiltration curve in Figure 3 for time intervals 40–90
and 90–110min).
A great amount of energy (334kJ/kg) is required to

change the water state from ice to water (solid to liquid).
This can also be seen in Figure 3 showing that the
temperature of the top 0.30m of the soil column (location
B2) remains around zero degrees for 40min, which is
almost 30% of the whole thaw time; during this stage,
water moves through open pores and opens up as much
voids in the soil as possible, throughout the column. The
outflow measured at this stage increases at a slow rate
(Figures 3 and 4). It can also be seen in Figure 4 that the
coarser soil (S1) with the lower initial water content
shows the fastest increasing infiltration rate, because there
is less of frozen water in the column and the coarser
gradation provides more pore space for percolating water.
Hence, water moves faster through the column and
saturates the soil, and the outflow rate increases faster in
both soils with the low initial water content, than in those
with a higher initial soil water content. Nevertheless,
when more water has percolated, more heat has been
transferred, more blocked pores opened up, and therefore,
more water can percolate through, and the soil becomes

Figure 3. Time series of temperatures measured inside the soil column at vertically spaced points B1–B6 (soil S1, low water content)
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saturated from the top to bottom. The difference between
the percolation capacity change rate of soils S1 and S2
was found statistically significant at the 90% confidence
level (P=0.07).
The column outflow rate suddenly increases in the next

stage when the top 0.65m of the soil column (between
sites B3 and B4; about a half of the column depth) is
saturated. The threshold occurs when the hydraulic head
of the water feed can exert higher pressure and press
water through the blocked pores, whose blockage was
already weakened by the increased temperature, and
therefore, the pores are opened up at a higher rate. This is
shown by a continuous line with square symbols in
Figure 3, indicating that slow infiltration (30 cm/h) occurs
in the beginning of the breakthrough process, when the
column is still partly frozen, and percolation through the
column accelerates after 90min as the hydraulic head and
temperature increase and the soil ice is melted. This takes
about 124min for the depth of 1.10m to be opened up,
and the whole process in this test took about 132min for
the entire column depth of 1.20m. It should also be noted
that the threshold of slow and fast stage differs for
different soil types. The rate change for coarse soil type
occurs when almost 50% of the soil depth is saturated
from top to bottom, while the comparable threshold in the
fine soil (S2) is around 75% of the depth (Figure 5). This
difference between the threshold depths of soils S1 and
S2 was found statistically significant at the 90%
confidence level (P<0.001).
The results show that compared with the reference

conditions (Tsoil = 20 °C), in frozen soils, the attainment of
steady percolation rates for the coarser soil S1 was
delayed on average by 1.4 and 9h, for low and high water
content, respectively. This means that the time it takes for
percolating water to saturate the initially frozen soil
column and create a steady outflow at the outlet during
the thawing period is 4 and 28 times longer than in the

reference conditions. Even greater departures from the
reference conditions were observed in the frozen fine soil
(S2), in which the attainment of steady percolation rates
was delayed on average by 7.4 and 13.8 h for low and
high gravimetric water content, respectively. Thus, the
time it takes for percolating water to saturate the initially
frozen soil column and cause a steady outflow is 15 and
27.6 times longer than in the reference conditions
(Figure 6). The differences in S1 and S2 responses to
low and high water content, described by tWBT and tSPR,
were statistically tested and found significant at the 84%
and 90% confidence levels (P=0.151 for tWBT and
P=0.087 for tSPR, respectively).
Variations in data in Table II limit statistically

significant comparisons of various parameters. However,
the results allow a qualitative description of soil–water
processes during the infiltration tests. Higher soil
compaction rates would be expected to increase the times
required for attaining steady percolation rates in frozen
soils, because higher compaction leaves fewer voids in
the soil and slows down percolation of feed water and the
associated heat transfer. The initial soil temperature
would also affect the times required for attaining steady
percolation; the lower the initial temperature, the longer
the time required for supplying heat to increase soil
temperature and attain steady percolation. However, this
additional amount of heat is much smaller than that
required for melting soil ice. The higher initial water
content results in formation of more ice in the soil, and
under such conditions, more heat has to be supplied by
infiltrating water to melt ice and open a passage through
the frozen soil. Hence, longer times will be required to
fully saturate the soil and attain the full (steady)
percolation rate.
The differences between the duration of thawing

processes in coarse (S1) and fine (S2) soils, described
by parameters tWBT and tSPR (Table II), are statistically

Figure 4. Percolation rate changes in soils S1 and S2 ( LW & HW, low
and high water content; s, slow process; f, fast process; the box plot

indicates the minimum, mean, and maximum values)

Figure 5. Threshold depth: the saturated depth at which the percolation
rate shifts from the slow to fast stage (percentage of the total sample depth;

the box plot indicates the minimum, mean, and maximum values)
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significant and can be explained by the higher porosity of
S1 allowing slightly higher percolation rates and faster
saturation of the soil column and heat exchange between
the infiltrating water and the frozen soil. When running
the experiments, it was observed that when feeding both
soil columns (S1 and S2) with 5% water content,
infiltration started as soon as water was supplied at the
top of the column but slowed down in frozen soils. On the
other hand, there was a complete blockage of infiltration
into frozen soil columns with a higher initial water
content, which caused water to pond on the top of the soil
column without infiltrating for some hours.

Energy balance of frozen soils thawing

Recognizing that the changes in frozen soil percolation
rates are driven by heat exchange, equations of energy
exchange in laboratory soil columns were written. This
estimation of the energy exchange in the soil columns
allows calculating the volume of feed water needed to
increase the soil/water system temperature to the point
when the thawing period actually ended. The columns
contain 17kg of sand with thermal capacity of 0.29kJ/kg °C

and 0.85 kg of water for 5% water content samples and
1.7 kg for 10% water content samples, with thermal
capacity of 4.2 kJ/kg as sensible heat and latent heat of
fusion for ice, which is 334 kJ/kg. The energy balance
estimation shows that 16 and 30.2 l or 0.53 and 1.0m3/m2

is needed for 5% and 10% water content soils,
respectively, to increase the system temperature from
�5 to +1 °C. Equations (1) and (2) were used to calculate
the energy balance of the soil columns:

E1 ¼ msoil ΔTsoilð Þ * 0:29 kj
kg°Cð Þ

h i
þ mwater

h
ΔTiceð Þ * 2:03 kj

kg°Cð Þ þ ΔTwaterð Þ*4:2 kj
kg°Cð Þ

þ 337 kj
kg°Cð Þ

i

(1)

E2 ¼ mwater* ΔTwaterð Þ*4:2 kj
kg°Cð Þ

h i
(2)

where E1 and E2 are the total required and available
energy, respectively; ΔT is the difference between
maximum and minimum temperatures of soil, water,
and ice; m is the mass; and subscripts soil, ice, and water
refer to the corresponding media, respectively.
The volume of water required to thaw the soil/water

system was calculated for each experiment using the basic
data from Table II and compared with the measured
volumes applied in the actual experiments. Figure 7
shows the comparison of the observed and calculated
volumes in the form of a plot of Vcalc versus Vobs. The plot
shows that the energy balance calculation provides good
estimates of the volumes of water needed for thawing
engineered soils in laboratory columns, and Equations (1)
and (2) therefore represent a parsimonious model of
frozen soil thawing.

Figure 7. Energy balance of the soil/water column: measured versus
calculated volumes of water required to thaw the soil column

Figure 6. Time of water breakthrough (tWBT) and the attainment of steady
percolation rates (tSPR) in frozen soil columns fed with warm water (T = 8 °
C) (S1 and S2, coarser and finer soils, respectively; Ref, reference values
for (Tsoil = 20 °C); LWC, HWC, low and high water content, respectively;

the box plot indicates the minimum, mean, and maximum values)
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Infiltration into soils after the freeze/thaw cycle

Furthermore, the experimental results showed that follow-
ing the freeze/thaw cycle, the maximum percolation rate
through the soil column increased, compared with the
reference value (T=20°C). This is caused by soil water
volume expansion during freezing and the associated
modification of the soil structure by loosening of the
compacted soil, reported earlier by Viklander (1997). The
results plotted in Figure 8 indicate some differences in
maximum infiltration capacities of the two soils tested,
described by average values of 54 and 36cm/h for the coarse
and fine soil types (S1 and S2), respectively. As suggested
earlier, the differences in infiltration rates in repeated tests for
S1were caused by differences in the degree of compaction. In
spite of some similarity of both soil types in terms of
reference infiltration/percolation capacity, there are consid-
erable differences in their infiltration capacities after the
freeze/thaw cycle. The results show that the maximum
infiltration capacity increased much more in the case of the
coarse soil S1 (on average, by 195%), compared with the fine
soil S2, whose maximum infiltration capacity increased on
average just by 73%. This can be explained by the availability
of more pore space in S1, which allows storing more water
and exerting higher forces while expanding during freezing.
The results also showed that for the fine soil S2, the final
infiltration capacity (i.e. after the freeze/thaw cycle) was less
affected by the initial water content. Thus, the soil S1 increase
in steady percolation rates due to frost heaving exceeded that
of soil S2, and this difference was found statistically
significant at the 90% confidence level (P=0.002).

DISCUSSION

The discussion focuses on four issues concerning
infiltration into frozen soils: (1) scope and limitations of
laboratory experiments, (2) influential processes affecting

infiltration into frozen soils, (3) experience with devel-
oping a frozen soil column testing apparatus, and (4)
engineering implications.

Scope and limitations of laboratory experiments. The
experimental part of this exploratory study was designed
to expand the parameters, and their ranges, of the earlier
published experimental studies on this topic (Fourie et al.,
2007; Al-Houri et al., 2009; Denich et al., 2013).
Towards this end, the study was successful in covering
larger frost depths, the length of columns tested, and
propagation of freezing temperatures in the vertical
direction only, from the top downward. The experimental
apparatus allowed for mimicking a large depth of frost, by
freezing soil columns 1.2m deep. Such large depths can
be expected in regions with low winter temperatures and
seasonal snowpacks (e.g. northern parts of Scandinavia,
states and provinces along the Canada-US border, Alpine
regions) and exceed the depth of frost of 0.4m used by
Fourie et al. (2007) in their study. The larger size of
columns (h=1.2m, D=0.1m) was chosen here to provide
a better representation of actual processes and, with
elimination of fast flow described in the Materials and
Methods section, would meet Winterberg and Tsotsas’
(2000) criteria for approximating ‘infinitely extended
packed bed’. Temperature of soil columns was cooled
down (Table II) for a couple of days in freezers to
stabilize it at the same value throughout the column
depth. During the actual experiments, the column walls
were insulated, and the frost propagation was allowed
from the column top downward. This arrangement would
be representative of a severe winter scenario, in which the
soil would be completely frozen and its temperature
stabilized throughout the depth of 1.2m. Such an
arrangement allowed a better experimental control than,
e.g. in a related study reported by Denich et al. (2013)
who exposed bioretention mesocosm containers to the
outdoor weather, with temperature and precipitation
variations and frost acting not only on the surface but
also on the side walls of the experimental containers.
The study scope, with respect to experimental data, is

limited (18 experimental runs), but sufficient for an
exploratory study reporting ‘first’ quantified data on
processes of infiltration into frozen engineered soils and
the energy balance of these processes. Furthermore, the
study results can be extended by using the energy balance
(Equations (1) and (2)) and can serve for planning future
more extensive research.
With respect to limitations, variations in compaction

rates were already listed in the Results section. There are
no standard procedures for compacting laboratory soils to
a preselected value, and hence, the process can be
described as trial and error. A definite improvement in the
consistency of compaction was noted for later runs (with

Figure 8. Average steady percolation rates for soils S1 and S2, reference
conditions, and low and high gravimetric water contents (the box plot

indicates the minimum, mean, and maximum values)
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soil S2, see 10–18, Table II), after gaining some
experience with soil preparation. By comparison, the
adjustments of soil moisture were fairly consistent
throughout the experimental runs. Initial soil temperatures
somewhat varied, because of limitations of the laboratory
freezer. Note, however, that soil column energy balance
calculations indicate that the additional energy required to
warm up ‘undercooled’ columns is negligible in compar-
ison to the energy required to melt soil ice.
Probably the most significant experimental limitation

was caused by the fact that the experimental equipment
did not allow feeding soil columns with water at a low
temperature, because pumping increased the feed water
temperature from the target value of Tfw =1.5 to 8–9 °C.
The target value is open to discussion as the authors did
not find any references listing snowmelt temperatures in
urban areas. However, notwithstanding this fact, the
process of heat transfer from feed water to soils in
experiments was occurring at a faster rate, which was
assessed using Equations (1) and (2). Energy balance
calculations for individual experiments (runs 4–9 and 13–18)
showed that the volumes of 1.5 °C feed water, required to
thaw the whole soil column, would be about three and
five times larger than those observed in the laboratory
tests for Tfw =8 °C, for soils S1 and S2, respectively.
However, the laboratory experiments allowed to verify
energy budget calculations, and therefore, the issues of
heat transfer from feed water of various temperatures to
the frozen soils can be estimated by calculations. In fact,
it can be safely assumed that there is a linear relationship
between the required time and volume to thaw the
soil/water system completely. This follows from the fact
that water transfers the energy while passing through
pores of the soils and that most of the energy is supplied
by sensible heat rather than latent heat, because the water
temperature was kept constant by continually pumping
water of the same temperature. Hence, the energy balance
equations represent a parsimonious model of infiltration
into frozen soils.
Multiplication of tSPR times from Table II by factors

3.4 and 4.6 indicates that at low temperatures of feed
water (T=1.5 °C), the attainment of design percolation
rates in a frozen BF would take 1–2.5 days of steady
inflow. However, because of diurnal temperature varia-
tions, with above zero temperatures during the daytime,
but freezing temperatures at night, the actual thaw times
could extend over a number of days, or be delayed until
the final snowmelt takes place at temperatures consis-
tently above the freezing point. During this transitional
period, it is unlikely that the BF would be able to infiltrate
runoff from sudden snowmelt or rain-on-snow events,
and it should be designed with an appropriate bypass,
as further reiterated in the section on engineering
applications.

Influential processes affecting infiltration into frozen
soils. Infiltration of water into frozen soils during the
thawing process is accompanied by a large energy
exchange among the soil, soil ice and infiltrating water,
because of heat transfer as water moves into frozen soils
during snowmelt or rain-on-snow events occurring in late
winter or early spring. All the energy required to thaw the
ice in pores (334 kJ/kg) and to equilibrate the soil
temperature is provided by the infiltrating water. Under
some conditions, this energy demand could even make the
infiltrating water to freeze and block the pores until enough
energy is supplied tomelt ice and open pores. However, the
occurrence of such conditions depends on how much ice
had formed in the soil during the freezing period. The
higher the initial water content, the higher the energy
demand and the volume of water and time required to thaw
the pore ice. While attempts were made in this study to
describe the freezing and thawing process using an energy
budget, the full complexity of the soil/water systemwas not
fully represented, and more research needs to be carried
out, e.g. concerning the coexistence of ice and water in
small pores and their impact on the infiltration capacity of a
soil media (Niu and Yang, 2006).
The critical factor influencing infiltration into frozen

soils is the initial soil water content, as qualitatively
suggested in the earlier studies (e.g. Gray and Prowse,
1993; Iwata et al., 2011) and confirmed quantitatively in
this study for two values of water content, 5% and 10%
(Table II). Higher water content contributes to build-up of
ice in, and blockage of, pores. During the thaw process,
the melting of ice requires high amounts of energy, which
has to be supplied by the infiltrating water. Visual
observations (supported by temperature measurement) of
soil column experiments showed that it took a couple of
hours before the feed water penetrated into the frozen
soils with higher initial water content, whereas in soils
with lower water content, infiltration started immediately
through open pores, and this accelerated the thawing
process. Thus, the higher initial water content impacted
significantly on extending both the time of water
breakthrough and the time for attaining steady water
percolation through the soil column. For the coarser soil,
this extension was longer up to five times, and for the
finer soil, about 1.5–2 times. The higher sensitivity of the
coarser soil can be explained by the fact that this soil
provides more pore space for the infiltrating water to
percolate through and supply enough energy to melt the
soil ice, without freezing. However, with higher water
content, an energy gradient may form and contribute to
water freezing and ice blockage. On the other hand, the
finer soil provides less pore space for water to move
through, and therefore, the time of exposure to ice is
longer for the infiltrating water, and this may cause its
freezing on the way down.
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While the BF may be designed for a particular
percolation rate, this rate may decline during the facility
operation as fine solids migrate into the BF and change
the soil structure. High reduction of BF infiltration rates
was reported for a BF impacted by excessive influx of
fines from construction activities (Brown and Hunt,
2010), but relatively small reduction, and only during
the initial post-construction period, was noted by Barrett
et al. (2013) in laboratory testing and further confirmed in
the field by Jenkins et al. (2010), who noted no significant
reduction in the infiltration potential of a BF after 7 years
of operation. The key to sustaining an acceptable level of
operation of BF is the proper design reducing the risk of
soil clogging, by stormwater pre-treatment and diligent
maintenance, as discussed later in the section on
engineering implications. As shown in Figure 8, the
reduction in BF infiltration capacity by incoming fines
may be compensated for in engineered soils by the
freeze/thaw cycle, which increased the percolation rates
of the soils tested by reducing their compaction. Thus, in
climates with freezing temperatures, reductions in soil
percolation rates due to influx of fine solids are somewhat
compensated for by frost heaving.
Figure 4 shows the effects of two soil characteristics on

the thawing process: (1) initial soil temperature before
thawing and (2) soil compaction. In a similar study,
Fourie et al. (2007) used Ts =�5 °C as the initial value,
without further exploring the potential effects of Ts on soil
infiltration. The results of this study show that even
though Ts does affect both tWBT and tSPR, no major
influence was observed in the examined range of the
initial temperatures from �8 to �2 °C. The low impact of
initial temperature can be explained by the great
difference in sensible energy of ice and latent heat of
water, with the latter being about 160 times greater, and
therefore, the initial soil temperature variations in the
range studied cannot have a significant impact on the
thawing process. On the other hand, Viklander (1997)
pointed out the importance of soil compaction on its
hydraulic conductivity, the presence of voids for water
movement, and the overall effects on the energy transfer
throughout the soil substrate. The hydraulic conductivity
strongly depends on the particle size distribution, and
because the studied engineered soils, by design, do not
contain much of fine particles, the voids cannot fill up
with higher compaction (there is not enough of fine
particles to do so). Consequently, in engineered sandy
soils, compacted to 80–90% of the maximum dry density,
compaction does not play a major role in infiltration into
frozen soils, with small effects on iWBT and tSPR times.
Following the water breakthrough in the soil column,

the water percolation rate increases rather slowly, until it
reaches the stage, when 50% or 75% of the soil depth is
saturated (Figure 5), for coarse and fine soils, respective-

ly. This indicates that the soil above the frozen zone is
saturated and the hydraulic pressure established in the
saturated zone can force water to move downward
through the voids (Hillel, 1980). Such forcing results in
faster thawing, because more water is percolating and
transferring more heat. It can be inferred that this pressure
is smaller in the finer soil and, therefore, a larger
saturation zone depth (by about 0.20m) was needed to
accelerate the rate of percolation.
Finally, the observed maximum percolation rates, after

the freeze/thaw cycle, were considerably higher than prior
to the cycle. The average percent increase was 195% for
the coarser soil and 75% for the finer soil. Previous
studies already reported that the cyclic freeze/thaw may
change the soil structure and increase its permeability, as
noted, e.g. by Viklander (1998) for compacted fine
grained soils, whose permeability increased up to ten
times or more. Expansion of freezing water loosens soil
compaction and contributes to recovery and self-
maintenance of soil permeability, after thawing.

Experience with developing the apparatus and proce-
dures for testing infiltration into frozen soils. The
development of a frozen soil testing apparatus and the
related procedures proved to be much more challenging
than anticipated. The well-functioning components of the
apparatus included the column itself, the bottom drainage
arrangement with a sand filter barrier, application of
grease on inner column walls to prevent fast flow along
the walls, thermal insulation of the column, and
thermocouple sensors for temperature measurement.
Further refinement is needed for the inlet structure and
the water supply. In retrospect, the protection of the soil
surface by a geotextile would help protect it against
erosion, and the water supply reservoir should drain into
the column by gravity rather than be operated by
pumping; this would avoid thermal enhancement of water
supply by pumping. Among the procedures, the most
challenging part was the packing of soil columns with a
certain degree of compaction (80% +), which strongly
influences hydraulic conductivity of soils. This problem
has been encountered by others as well (Fassman-Beck
et al., 2015). At present, such packing is essentially a
trial-and-error procedure, and the compaction should be
checked before soil freezing and testing; if the target
values are not achieved, the column should be emptied
and repacked before proceeding with further experimen-
tation.

Engineering implications. The literature on infiltration
into seasonally frozen soils suggests (Gray and Prowse,
1993) and this study indicates that soil freezing imposes
limitations on soil permeability and the rates of
infiltration. Such issues are of critical interest in the

LABORATORY STUDY OF INFILTRATION INTO FROZEN ENGINEERED SOIL

Copyright © 2015 John Wiley & Sons, Ltd. Hydrol. Process. (2015)



planning, design, and operation of stormwater manage-
ment facilities promoting runoff infiltration into soils,
including bioretention and infiltration measures receiving
and storing stormwater runoff throughout the year. In
regions with freezing temperatures, the operation and
performance of such measures in late winter/early spring
is of concern (Davidson et al., 2008). Decrease of
infiltration capacity and ice blockage leading to impaired
facility performance, or even a temporary failure of the
whole facility, has already been investigated (e.g.
Al-Houri et al., 2009), with most attention paid to
bioretention (Davidson et al., 2008; Khan et al., 2012;
Denich et al., 2013).
A historical perspective of stormwater management

indicates thatmanymanagementmeasureswere first studied
in the field, with a limited understanding of their
functioning, and processes research followed later
(Marsalek, 2013). Similar developments can be observed
in the case of winter/spring operation of BFs. In this case,
field research focused on the overall performance (i.e.
viewing the facility as a black box) and on practical
recommendations for improving such performance in
regions with freezing temperatures. Examples of such
efforts include studies by Davidson et al. (2008) and Khan
et al. (2012). Both studies produced recommendations for
achieving ‘good’ performance of bioretention in cold
climates. Such largely qualitative recommendations are
useful for engineering design and are generally supported by
the quantitative research results reported in this study.
Further discussion of key recommendations, focused on
hydrologic performance, follows and comprises the follow-
ing bioretention features: (1) cell sizing, (2) off-line design,
(3) under-drains, (iv) soils, and (v) stormwater pre-treatment
and the related general maintenance. Other practical issues,
not addressed here, would include installation, vegetation,
and detailed maintenance (Davidson et al., 2008).

Cell sizing and off-line positioning: The cell sizing was
not addressed in this study, but it is related to maintaining
the facility infiltrating stormwater throughout the year.
Bioretention cells are designed for low-flow water quality
treatment, and Davidson et al. (2008) warn that under
cold weather conditions, bioretention cells operate within
a wide range of infiltration rates that ‘are unpredictable’
and may fall to near zero values. Similarly, Khan et al.
(2012) noted that cold conditions contributed to higher
peaks and volumes of bioretention effluent, because of
reduced infiltration into the frozen cell soil (45–64% sand,
43–55% silt, and 5–18% clay). Furthermore, the cells
should be designed off-line to allow bypass by high
flows, with the depth of ponding not more than 0.3m to
prevent soil compaction (Davidson et al., 2008). Flow
bypassing is particularly important in view of high
uncertainties in soil infiltration rates in cold weather.

Under-drain installation:
Davidson et al. (2008) recommend equipping the facility
with a valve-controlled under-drain, which should be
open before the onset of cold weather. A similar
recommendation was implicitly reached in this study,
when quantifying the impact of initial water content on
infiltration into frozen soils. Data in Table II indicate that
before the onset of freezing weather, it is important to
keep the water content of bioretention soils as low as
possible, because soil ice is the main obstacle to water
infiltration into soils and quick soil thawing.

Selection of soils:
Unless the native soils are sandy, with high permeability,
it is recommended to build bioretention with engineered
soils (essentially sand with small additions of topsoil) to
ensure good performance in cold weather. As demon-
strated in this study, coarse engineered soils, with minor
additions of fines serving to support vegetation, are
preferred. Such soils are effective in keeping low soil
moisture, particularly if the bioretention cell is equipped
with an under-drain. The results presented here (e.g.
Figure 4) demonstrate that even a relatively small
departure from the coarse soil (S1) by increasing the
percentage of fines in soil S2 reduced the percolation rates
during the thawing process. Finer soils bind water more
tightly, which then leads to formation of more ice and
much slower thawing of the soil/water system (Al-Houri
et al., 2009). In general, coarser soils have higher porosity
and provide more storage volume for dealing with
winter–spring runoff entering bioretention (Caraco and
Claytor, 1997). These soils also provide another benefit
reported earlier by Viklander (1997) and confirmed in this
study, increased permeability and infiltration rates
following the thawing process.
Besides selecting relatively coarse soils for BFs, it is also

important to preserve such soil characteristics by minimiz-
ing migration of fine particles into the BFs. This is
achievable by stormwater pre-treatment, using relatively
simple yet effective measures, including vegetated filter
strips (Abu-Zreig et al., 2004; Blanco-Canqui et al., 2004),
vegetated swales, and flow-through filter structures, or small
settling basins (Minnesota Pollution Control Agency,
MPCA, 2015), or a geotextile filter. The final line of
protection against solids clogging is the mulch layer on the
BF surface. When regular BF inspections reveal that
percolation significantly declined (demonstrated, e.g. by
slowly draining or standing water or by field measure-
ments), rehabilitation of the BF should be carried out,
including the removal and replacement of the mulch layer
and top soil layers containing excessive fine particles
(Minnesota Pollution Control Agency, MPCA, 2015).
In summary, the study results indicate the need to

design bioretention cells in cold climate with conservative
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estimates of infiltration rates, coarse engineered soils,
stormwater pre-treatment, and wherever possible with
controlled under-drains facilitating low water content in
the facility at the onset of freezing weather.

CONCLUSIONS

An experimental exploratory study of water infiltration
into two frozen soils was conducted in the laboratory,
with the objective of elucidating the processes occurring
during the soil thawing and variations in soil
infiltration/percolation capacity. For two engineered soils,
representing sand with small additions of fines, infiltration
of water into, and percolation through, soil columns 1.2m
deep was observed in time and described by such
parameters as the time required for water breakthrough
the frozen soil column, variation of percolation rates from
this point in time on, and the attainment of a steady
percolation rate, representing the restoration of the soil
infiltration capacity. Independent variables in these
experiments included the soil water content, soil grada-
tion, and compaction. The soil water content proved to be
the critical factor affecting the thawing process; soil
moisture was converted into ice, which blocked soil
pores, and its melting required high amounts of energy,
which had to be supplied by infiltrating water. Hence, the
process of thawing of soils with higher initial water
content (10%) was much slower than that in lower
moisture soils (5% water content), and water break-
through and the attainment of steady percolation also
required much longer times in the former case. Heat
transfer between infiltrating water, soil ice, and frozen soil
was well described by the energy budget, which could
serve as a parsimonious model of changes in infiltration
into frozen soils. With respect to soil gradation and
compaction, the finer soil and more compacted soils
reduced soil porosity and extended the times required for
water breakthrough and steady percolation rates. Migra-
tion of fines into the BF needs to be controlled by
stormwater pre-treatment, and a gradual decline in soil
percolation rates is somewhat compensated for
freeze/thaw cycles leading to reduced compaction and
increased infiltration rates. Study results indicate that
frozen soils impede or stop infiltration, until infiltrating
warmer water (T>0 °C) melts the soil ice and open pores
for water passage. In the conditions tested, this thawing
process took 2 to 10 h, depending on the soil initial water
content, soil gradation and compaction, and temperature
of the infiltrating water (herein T=8 °C). These times
would be further extended in the case of cooler infiltrating
water and could be computed by using the energy balance
of the water/soil system. During this period, no water
percolated fully through the soil, and any inflow of

stormwater into bioretention would have to be either
bypassed or stored on the surface. Following the water
breakthrough, slow percolation rates were observed
(about 3 cm/h for S1), but within 3–6h increased to the
full rate (about 195 cm/h for S1).
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Abstract Accumulations of mass loads of selected
chemicals in roadside snowbanks were studied at five sites
with various traffic densities in the city of Trondheim
(Norway) by collecting snow samples throughout the win-
ter period and analyzing them for 13 water quality constit-
uents: pH, electrical conductivity (EC), alkalinity, Cl, Na,
total suspended solids (TSS), Cd, Cr, Cu. Ni, Pb, W, and
Zn. The resulting dataset was then supplemented by sim-
ilar data collected earlier in the city of Luleå (Sweden).
Regression analyses for individual sites indicated linear

trends in unit-area constituent accumulations with time
(0.65<R2<0.95) and supported the assumption of linearity
in further analyses. Principal component analysis (PCA) of
the combined Luleå/Trondheim data revealed cause-effect
relationships between the chemical mass loadings (TSS
and trace metals) and three predictors: snow age (snow
residence time (SRT)), traffic density (annual average den-
sity of traffic (AADT), and cumulative traffic volume
(CTV=SRT×AADT). Cl and Na loads, originating from
road salt applications in Trondheim only, did not display
this trend. Two types of parsimonious models for
predicting trace metal accumulations in winter-long road-
side snowbanks were developed: (a) a linear regression
model using CTV as a single predictor and predicting
metal accumulations with a moderate certainty (0.37<R2

<0.66) and (b) multiple regression models using SRT,
AADT, and snow water equivalent (SWE) as predictors.
The latter models indicated good correlations between the
mass loads and the predictors (0.64<R2<0.77) and pro-
duced slightly better prediction accuracies (0.44<R2<
0.67) than the simpler model.

Keywords Roadside snow quality . Pollution
accumulation . Statistical analyses andmodeling .

Prediction of trace metal accumulations

1 Introduction

Pollution accumulation in, and release from, snow de-
posits has been studied during the past several decades
with the objective of examining pollutant transport
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pathways and potential impacts on the receiving envi-
ronments during snowmelt. In this context, snowpacks
in natural areas were used as Bpassive samplers^ of
atmospheric deposition of persistent pollutants (Carrera
et al. 2001), including polycyclic aromatic hydrocar-
bons (PAHs), pesticides, and trace metals (Li et al.
2015). In urban areas, snow pollution processes are
greatly modified (Marsalek et al. 2003), because snow
deposits are exposed to the pollution released from
anthropogenic activities (traffic, heating, road mainte-
nance) and the concentrations of released substances in
urban snow may exceed those associated with atmo-
spheric deposition by two orders of magnitude
(Viklander 1998; Bućko et al. 2011). Consequently,
urban studies focused on snow deposits exposed to
specific pollutant sources, most often traffic and winter
road maintenance operations (e.g., Glenn and Sansalone
2002); spatial variations in pollutant distribution ranging
from experimental plots (Westerlund and Viklander
2011) to whole catchments (Sillanpää and Koivusalo
2013); and pollution loads stored in bulk snow (Bækken
1994; Viklander 1997; Björklund et al. 2011; Telloli
2014), or released with snowmelt runoff in situ (Meyer
et al. 2006; Meyer et al. 2009a), or at snow deposit and
storage sites (Viklander 1996; Exall et al. 2011).

Among anthropogenic activities, the dominant effect
on urban snow pollution is exerted by operation of
motor vehicles, certainly with respect to trace metals
(Viklander 1999) and PAHs (Kuoppamäki et al. 2014).
The understanding of traffic-generated pollution in ur-
ban snow is partly based on the large knowledge base
developed with respect to the pollution of road
(highway) runoff, which was recently reviewed by
(Kayhanian et al. 2012). This review and the literature
cited below indicate that, besides the conventional water
quality parameters, the most broadly reported constitu-
ents in highway runoff were trace metals, but data on
nutrients, PAHs, toxicity, and herbicides/pesticides were
relatively limited. Major specific sources of trace metals
in highway runoff were identified by Bourcier et al.
(1980), Frederick (1995), Davis et al. (2001), Ozaki
et al. (2004), Peltola and Wikström (2006), Lee et al.
(2012), and Zhong et al. (2012) as follows: vehicle
exhaust/diesel soot—Ni, Pb, Zn; tire wear—Cd, Zn; tire
studs—W; brake wear—Cd, Cu, Pb, Zn; catalytic con-
verters—Pt, Pd, Rh; asphalt road surface wear—Ni;
road marking paint—Cd, Pb; and galvanized metal
structures (signs, drains, and guardrails)—Zn. The level
of understanding of metal sources varies, with most

references addressing the three most ubiquitous metals,
Cu, Pb, and Zn (Gunawardena et al. 2015), and relative-
ly few studies examining the platinum group metals
used in catalytic converters (e.g., Pt, Pd, Rh) (Lee
et al. 2012; Zhong et al. 2012). The main sources of
PAHs are vehicle exhaust/diesel soot (Takada et al.
1991). Both trace metals and PAHs are of particular
interest in environmental studies, because besides chlo-
ride, they represent the major sources of toxicants in
highway runoff (Mayer et al. 2011).

In urban areas with seasonal snowpacks, some part of
the pollution load generated by traffic and winter road
maintenance (applications of salt and grit) enters and is
stored in roadside snow and eventually, it is released
during snowmelt (Moghadas et al. 2015) into the receiv-
ing environments (Glenn and Sansalone 2002; Bækken
1994; Kuoppamäki et al. 2014; Lygren et al. 1984; Vasić
et al. 2012; Mihailović et al. 2014). Pollutant accumu-
lation in roadside snow increases with, among other
factors, the annual average daily traffic (AADT) and
the snow residence time (SRT) (Viklander 1998;
Viklander 1999). Thus, particularly high concentrations
of trace metals in roadside snow were reported for
heavily trafficked highways in cold climate regions,
where winter-long snowbanks may be exposed to traffic
pollution inputs over the period of several months. For
example, Lygren et al. (1984) reported Pb concentra-
tions in a 4-month-old snow deposit along a highway in
Oslo, Norway, ranging from 410 to 6880 μg/L (these
data represent the period before phasing Pb out of gas-
oline), and for similar conditions, Bækken (1994) re-
ported Zn concentrations ranging from 58 to 6114 μg/L.
For less intense traffic in a smaller northern city (Luleå,
Sweden), Viklander (1999) reported Cd concentrations
in the range from 0.15 to 4.64 μg/L, andWesterlund and
Viklander (2011) reported mean concentrations of Cu,
Ni, Pb, and Zn as 239, 73, 63, and 851 μg/L, respec-
tively. Additional pollutants enter roadside snow as a
result of winter road maintenance, when in jurisdictions
with Bbare pavement^ policies, large quantities of road
salts are applied to pavement surfaces and strongly
contribute to toxicity of produced snowmelt and chang-
es in snowmelt (Marsalek 2003).

The actual release of pollutants from melting snow is
related to the release of water and, in general terms, was
described as preferential elution of dissolved chemicals
and delayed elution of hydrophobic chemicals (Meyer
et al. 2009a; Schöndorf and Herrmann 1987; Meyer and
Wania 2008; Meyer et al. 2009b). The elution
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chemodynamics may magnify the concentrations of
pollutants in bulk snow during various phases of snow-
melt. Comparisons of trace metal concentrations in bulk
snow to ambient freshwater quality guidelines indicate
high risks of biological effects (Swedish EPA 2000;
CEPA 2007) resulting from urban snow disposal, or
snowmelt discharge, into receiving waters. Thus, the
levels of trace metal concentrations in roadside snow
and their variations in time are of great interest when
considering used snow disposal; fresh, little contaminat-
ed snow could be disposed in local receiving waters, to
save on transportation costs and reduce pollution caused
by snow transportation, but old snow may need to be
disposed of at more distant snow storage and disposal
sites equipped with treatment of meltwater (Exall et al.
2011).

To provide guidance for quick estimation of trace
metal pollution in urban winter-long road snowbanks,
a study of such pollution was undertaken in the northern
city of Trondheim (Norway) and the resulting dataset
was enhanced by inclusion of similar data from an
earlier study conducted in the city of Luleå (Sweden).
Following the exploratory statistical analysis of the
combined dataset, parsimonious models of trace metal
accumulation in roadside snowbanks were formulated
and proposed for assessing the quality of urban snow in
roadside snowbanks.

2 Materials and Methods

2.1 Study Sites

The study sites were located in two cities, Trondheim
(Norway) and Luleå (Sweden), and their basic charac-
teristics are listed in Table 1. The city of Trondheim is
the third largest city in Norway, with about 170,000
inhabitants (in 2010), located at 63.42° N, 10.39° E.
The average annual precipitation for Trondheim study
sites was taken as 920 mm, as recorded at the Risvollan
Urban Hydrological Research Station (RUHRS). Snow-
fall represented about 30 to 40 % of the total precipita-
tion. The city of Luleå is located in northern Sweden at
65.58° N, 22.15° E, and its population was about 70,000
inhabitants in 1995, when the snow data were collected.
Average annual precipitation in Luleå is 500 mm, of
which 50 % is snow staying on the ground between
November and April (Hernebring 1996). In each city,
four study sites were selected, in the built-up parts of the

city, according to their representative ranges of traffic
intensities (AADTs), and used for snow sampling during
the winter of 1995 in Luleå and the winter of 2010 in
Trondheim. These four sites represented snowbanks
exposed to pollution input from traffic, characterized
by a specific AADT estimated by manual counts and
standard calculation procedures (Norwegian Public
Road Administration 2009). Additional two sites in
Luleå and one site in Trondheim were chosen as refer-
ence sites with no direct exposure to traffic. In Trond-
heim, the reference site was located 40 m from the
access road, and in Luleå, the reference sites were in a
city park and a residential area. Trace metal burdens in
snow at the reference sites were assumed to originate
from atmospheric deposition and represented back-
ground levels (Viklander 1999).

In Trondheim, snow clearance by ploughing is car-
ried out when precipitation as snow exceeds 7 mm for
roads with AADT >3000 vehicles/day and 10 mm for
roads with 1500<AADT≤3000 vehicles/day. In Luleå,
snow clearance starts when snowfall reaches 40–50 mm
in main streets and 100–120 mm in residential streets
(using the practical rule of thumb, 1 mm of precipita-
tion=10 mm of snowfall). Snow ploughed off the roads,
and streets is typically stored along the road, in the form
of snowbanks. Approximately 2900 t of road salt (NaCl)
was applied on the city roads in Trondheim during the
winter of 2009/2010, while no salt was used in Luleå.
According to the logs of winter road maintenance oper-
ations in Trondheim (i.e., snow ploughing and removal,
road salt and sand applications), all the studied sampling
sites with traffic were subject to salt applications during
the study period. Furthermore, no abrasives were ap-
plied at the sites studied, and no snow was removed
during the sampling period.

2.2 Snow Sampling and Laboratory Analyses

Snow samples were collected as vertical cores from the
top of the snowbanks to the bottom. Nine samples were
taken between 17 January and 26 April 1995 in Luleå
and seven samples between 29 January and 15
March 2010 in Trondheim. The samples were stored in
plastic bags and transported to the laboratory in a frozen
state within 1 h of sampling. Snow density was calcu-
lated from the measured volume and weight of snow
samples.

In the laboratory, the snow samples were slowly
melted at a room temperature (about +20 °C) and the
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meltwater was filtered through a nylon screen with the size
of openings of 1 mm to remove coarse particles, debris,
and litter. The resulting filtrate was then analyzed for
alkalinity, pH, electrical conductivity (EC), total suspended
solids (TSS) and ten elements, including seven trace
metals. Analytical methods applied to Trondheim and
Luleå samples somewhat differed, as explained below.

Trondheim samples were analyzed by the Department
of Chemistry of the NTNU (Norwegian University of
Science and Technology). TSS was measured according
to the Norwegian Standard NS-EN 872, using Whatman
GF glassmicrofiber filters with the pore size of 1.2μmand
vacuum-assisted filtration. For tracemetal analysis, sample
aliquots were collected in 50 mL Sarstedt tubes and stored
in a refrigerator. Subsequently, 6.5 mL of the aliquots was
digested in a microwave oven (UltraClave) with 20 %
HNO3 and then diluted six times. Subsamples were ana-
lyzed using high-resolution inductively coupled plasma-
mass spectrometry (HR ICP-MS) for total concentrations
of ten elements. The reported detection limits, in μg/L,
were as follows: 0.01 (Cd), 500 (Cl), 0.025 (Cr), 0.1 (Cu),
50 (Na), 0.065 (Ni), 0.01 (Pb), 0.025 (Pt), 0.005 (W), and
0.125 (Zn). Standard QA/QC procedures were implement-
ed, with blanks analyzed and the results verified against
certified reference materials. Alkalinity and pH were mea-
sured using a Metrohm 726 Titroprocessor, Norwegian
Standards NS 4754 and NS 4720, and EC was measured
using a microprocessor conductivity meter (LF 537), Nor-
wegian Standard NS 4721.

Luleå samples were analyzed by a commercial labo-
ratory accredited by the Swedish Board for Technical

Accreditation (SWEDAC) as fulfilling the requirements
of international standards EN45001 and ISO/IEC Guide
25 (Viklander 1998). TSS was measured according to
the Swedish Standard Method SS 028112 for Water
Investigations, using Whatman GF glass microfiber fil-
ters with the pore size of 1.6 μm and vacuum-assisted
filtration. Trace metals were analyzed by inductively
coupled mass spectrometry (ICP-MS), with pneumatic
nebulization. An Ingold meter for ion weak water at
room temperature of 20 °C was used to measure pH,
and a radiometer, CDM 210, was used to measure the
conductivity in Luleå samples.

2.3 Meteorological Data and Snowbank Development

The primary objectives of field data collection in both
cities were to estimate the time of the onset of snowbank
development (i.e., when SRT=0), identify the cold period
when accumulation of trace metals in snowbanks occurs,
and illustrate the potential eutectic melt period of snow-
banks. Meteorological data (i.e., daily precipitation and air
temperature) in Trondheim were collected at the RUHRS
and in Luleå, at the Luleå Airport, located approximately
4.5 km from the city center. It should be noted that mete-
orological stations in both cities were less impacted by
anthropogenic influences (e.g., heat fluxes, solar radiation
reflection from buildings) than the study sites with traffic,
and this may explain some uncertainties in the occurrence
and timing of minor snowmelt episodes.

Roadside snowbank evolution during the study peri-
od, with respect to snow water equivalent (SWE[mm]),

Table 1 Characteristics of study sampling sites in Luleå and Trondheim

City Site ID AADT vehicles/day Comment

Luleå Lref1 0 Residential area—away from streets

Lref2 0 Park in downtown

L1 1500 Residential street—low traffic

L2 4500 Connecting road—intermediate traffic

L3 5000 Connecting road—intermediate traffic

L4 20,000 Arterial road—higher traffic

Trondheim Tref 0 Research site—no public access

T1 2256 Residential street

T2 7300 Connecting road—intermediate traffic

T3 12,364 Arterial road—higher traffic

T4 14,955 Arterial road—higher traffic
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was derived from the observed meteorological data and
presented in Fig. 1 for both cities, together with air
temperatures, precipitation, and the sampling dates
(i.e., denoted LD1–9 for Luleå and TD1–7 for Trond-
heim) over the course of the study. In Luleå, the monthly
average air temperatures in January, February, March,
and April were −6.7, −5.4, −2.1, and 0.4 °C, respective-
ly. A snowfall of 12.3 mm (i.e., SWE) on December 29/
30, 1994, was assumed to be the onset of evolution of
seasonal roadside snowbanks in the city (i.e., SRT=0).
Air temperatures exceeded 0 °C on five occasions dur-
ing the sampling events LD1–7; however, the SWE
values indicated only minimal snow melting in the
roadside snowbanks. Therefore, samples LD1–7 were
assumed to be representative of the snow accumulation
period, but samples LD8 and LD9 clearly represented
the snow melting period with a rapidly declining SWE.

In Trondheim, the monthly average air temperatures
in January, February, and March of 2010 were −7.0,
−5.7, and −0.1 °C, respectively. A snowfall of 32 mm
(i.e., SWE) on January 4 initiated the development of a
winter-long snow cover lasting throughout the
study period (i.e., SRT=0). Furthermore, this
snowfall was followed by a snow ploughing oper-
ation on all roads in the city, which resulted in the

development of roadside snowbanks along all traf-
fic routes. Further increases in snowbank SWE
resulted from snowfall events and two snow
ploughing operations (i.e., on January 25 and Feb-
ruary 8); hence, for the first three sampling oper-
ations (TD1–TD3), a positive growth in SWE was
observed. In March 2010, the mean SWE started
to decline. Road salt was applied on the roads
shortly after the snow ploughing operations on five
occasions during the study period (i.e., on January
27, February 9 and 18, and March 13 and 21).
Although the daily average air temperatures
exceeded 0 °C on three occasions, no snowmelt
events were recorded at the RUHRS station before
March 9. From March 9 on, the air temperatures
were fluctuating around 0 °C and caused three
snowmelt events within the study period and a
decrease in SWE at all the study sites with traffic.
It was noted that even during the snow accumula-
tion period, determined from observations at both
meteorological stations, the sampled SWEs were
not continually increasing and occasional SWE
declines were observed at LD3, LD5, TD3, and
TD4 before the final snowmelt period started
(Fig. 1).

Fig. 1 Top panels: air temperature and precipitation (measured at the Luleå Airport and RUHRS). Bottom panels: mean SWEwith standard
deviations in the studied snowbanks (with traffic), sampled in Luleå on nine dates (LD1–LD9) and in Trondheim on seven dates (TD1–TD7)
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2.4 Statistical Analysis

When dealing with spatially varying pollutant loads, it is
useful to estimate the loads stored in snow as unit-area
mass loads [mg/m2], which can be readily compared
among different sites (Boom and Marsalek 1988;
Viklander 1997; Reinosdotter and Viklander 2005).
Hence, trace metal concentrations in bulk snow were
converted to unit-area mass loads using Eq. 1:

ML ¼ K⋅CS ⋅SWE ð1Þ

where ML is the constituent mass load per square
meter of a snow deposit [mg/m2], K is a unit conversion
coefficient (=1000),C is the constituent concentration in
the melted snow sample [mg/L], and SWE is the snow
water equivalent of the sample [m], calculated from the
measured weight and volume of each snow sample.

Statistical analysis of snow quality was based
on the hypothesis that trace metal accumulation
rates in roadside snow are quasi-linear during the
freezing periods (i.e., no metal mass losses during
snowmelt, which is particularly well justified for
metal fractions associated with solids; Schöndorf
and Herrmann (1987)), and therefore, AADT and
SRT could be used as independent variables for
predicting the quality of roadside snow with re-
spect to trace metals. The data analysis was per-
formed in two steps: firstly, conducting an explor-
atory analysis examining relationships among the
experimental variables, and secondly, using the
first step findings, a predictive general linear mod-
el of constituent loads in snow exposed to traffic
was developed.

The exploratory analysis tested the metal accu-
mulation hypothesis in two stages: (a) for individ-
ual sites, considering temporal and spatial varia-
tions, and (b) analyzing the combined data sets as
a general representation of metal accumulation.
Individual site data were subject to regression
analyses examining the linear accumulation behav-
ior of mass loads and normalized mass loads (i.e.,
normalized by traffic loads, AATD), with the over-
all objective of examining the feasibility of com-
bining the site data into a single (citywide) dataset
for further analysis. In such analysis, the metal
accumulation hypothesis was examined for the
combined datasets by applying principal compo-
nent analysis (PCA) to investigate correlations

among the influential factors and the studied water
quality constituents.

Using the findings of the PCA, predictive parsimo-
nious models for metal mass accumulations in roadside
snowbanks were developed using two approaches of
different complexity: in a simpler approach, a single
predictive variable, the cumulative traffic volume
(CTV=SRT×AADT) was used in a simple linear re-
gression model, and in the more complex approach,
multiple regression analysis was applied to develop a
general linear model including several independent var-
iables (i.e., AADT, SRT, and SWE) and their interac-
tions. The statistical analyses were carried out using the
Minitab software (Minitab 2013).

3 Results and Discussion

3.1 Trace Metals in Roadside Snow

Examples of snow physical properties and snowmelt
quality characteristics, described by five physicochem-
ical parameters and nine selected elements, are shown in
Table 2, for three sites in each city: a reference site, a
low-traffic site (AADT=1500 and 2256 in Luleå and
Trondheim, respectively) and a high-traffic site
(AADT=20,000 and 14,955, in Luleå and Trondheim,
respectively).

When comparing the complete datasets from the two
cities studied (for reasons of brevity, Table 2 contains
just partial datasets), the statistical significance test (t
test) confirmed that in terms of magnitudes, concentra-
tions of TSS, Cr, Cu, Ni, Zn, and pH values were
significantly higher in Trondheim than in Luleå
(Table 2). This can be explained by two facts: Greater
snow depths in Luleå (hence, higher dilution) and gen-
erally higher AADTs in Trondheim (the average value
of four site AADTs in Trondheim, 9375, was 1.2 times
higher than that in Luleå, 7750; Table 1). It is generally
acknowledged in the literature that concentrations of
traffic-related constituents increase with AADT both in
road runoff and sediments (Gunawardena et al. 2015)
and in roadside snow (Viklander 1999; Gunawardena
et al. 2015; Li et al. 2015). The above authors also
confirmed that traffic was the main source of such
pollution, greatly exceeding atmospheric deposition
and other anthropogenic sources. Li et al. (2015) also
showed a clear decline in trace metal concentration in
urban roadside snow in the direction from the urban
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center toward suburbs of Urumqi, China. Concerning
the potential dilution by greater storage of water in Luleå
snowbanks, the larger amount of snow in Luleå (i.e., the
mean SWE value in Luleå was 2.7 times that in Trond-
heim) would have diluted the constituent concentrations
and reduced pH. However, this is not the case for Cd and
Pb, which both occurred at higher concentrations in

Luleå. Lower concentrations of Cd and Pb in Trondheim
were attributed to the implementation of more stringent
environmental legislation introduced during the 1990s
(e.g., the Cadmium Directive 91/338/ECC; phasing Pb
out of gasoline, OECD andUNEP (1999)), thus after the
completion of the Luleå study in 1995. The effects of Pb
phasing out on reduced concentrations of Pb in highway

Table 2 Summary of selected hydrologic and water quality parameters measured in roadside snow Luleå and Trondheim

City SRT SWE pH EC Alkalinity TSS Cl Na Cd Cr Cu Ni Pb Z W
[–] [days] [mm] [μS/

cm]
[mmol/L] [mg/L] [μg/L]

Lref 70 88.3 6.4 13 0.07 5 7.2 1.8 0.01 1.3 3.0 0.6 0.6 12.6 1.2

L1 AADT=1500 25 68.0 8.6 1073 0.78 3755 492.5 251.8 0.6 335.4 304.5 172.9 36.1 607.7 83.6

36 112.1 8.9 863 0.79 1820 306.6 157.9 0.3 171.1 146.9 89.3 18.2 278.3 41.9

39 104.8 8.8 2310 0.8 2415 803.6 428.0 0.1 83.2 62.6 40.5 7.8 127.4 27.4

53 118.8 8.6 927 0.76 1740 487.0 270.7 0.4 226.7 218.7 110.1 22.5 416.7 63.1

64 90.7 8.8 249 0.87 3385 111.1 78.2 0.7 367.8 297.5 177.4 32.4 624.2 84.3

70 45.9 7.4 643 0.47 1870 320.0 181.3 0.1 112.6 63.8 50.8 8.3 127.0 10.5

84 39.7 7.1 50 1.46 730 16.4 18.8 0.2 176.0 158.8 92.3 16.0 288.5 29.8

L4 AADT=
20,000

25 54.8 8.6 945 1.79 8425 576.4 272.2 0.2 68.7 105.6 34.7 12.1 216.8 105.8

36 95.2 8.9 622 5405 207.3 138.3 0.6 419.5 366.9 202.6 43.0 672.8 173.6

39 105.8 8.9 880 5950 337.2 190.8 0.5 336.1 320.3 173.1 33.2 559.4 155.0

53 103.8 9.0 680 8290 317.2 185.3 1.1 737.7 621.1 330.2 72.3 1229.9 207.5

64 79.4 9.1 959 11145 66.8 49.0 0.8 487.7 462.8 241.1 49.2 1080.6 172.4

70 51.1 7.8 1525 2920 859.3 475.5 0.8 526.3 413.2 246.4 44.2 856.8 132.4

84 61.3 7.6 87 1.87 12695 6.3 29.5 2.6 1351.8 1248.2 678.3 163.7 2403.5 143.0

Tref 75 86.9 4.9 6.92 0.04 14 0.2 0.1 0.5 1.4 0.9 3.3 18.5

T1 AADT=2256 18 103.3 6.4 13.7 0.1 790 5.4 0.5 45.3 85.7 28.0 60.6 164.0

33 187.6 6.3 15.2 0.09 630 56.0

47 190.2 6.3 11.6 0.09 400 1.9 0.8 23.0 63.3 14.8 42.5 155.0

61 226.4 6.3 10.48 0.09 550 32.6

75 246.0 6.3 10.24 0.08 410 5.8 0.8 59.6 88.2 31.4 59.4 226.0

89 207.8 6.4 12.2 0.09 480 4.7 0.4 28.4 49.0 18.7 36.6 119.0

102 323.0 6.0 5.2 0.07 440 47.4

110 196.3 5.9 10.57 0.06 310 1.8 0.2 21.8 40.5 11.7 39.9 71.0

117 114.3 5.8 18.1 0.07 1300 75.8

T4 AADT=
14,599

18 101.7 7.6 3.16 0.3 1600 16.6 2.3 58.8 211.0 69.5 274.0 590.0

33 230.5 7.2 21.1 0.16 480 82.2

47 166.7 7.1 22.4 0.16 350 5.5 1.0 27.5 119.0 20.2 100.0 228.0

61 297.4 7.4 29.2 0.24 1100 194.0

75 239.9 7.9 30.6 0.36 3000 29.8 4.6 181.0 574.0 125.0 567.0 1390.0

89 267.3 7.6 25.7 0.23 820 11.0 1.4 45.7 168.0 40.6 169.0 448.0

102 366.7 7.3 19.5 0.21 1300 188.0

110 295.7 7.1 14.3 0.18 2000 11.8 1.6 62.3 202.0 54.9 202.0 574.0

117 130.3 7.1 12.48 0.32 7100 270.0
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runoff were demonstrated, e.g., byViklander andMarsalek
(2011) and Gunawardena et al. (2015). Road salt applica-
tions in Trondheim contributed to much higher concentra-
tions of Cl and Na and higher values of EC, compared to
those reported in Luleå, where no salt was applied. As
discussed later, the concentrations of Cl and Na are clearly
not correlated with traffic (AADTs).

When comparing the chemistry of the roadside snow
with samples collected from the reference sites unaffected
by traffic, heavy impacts of traffic on snow quality were
obvious (Table 2). Roadside snow samples exhibited con-
sistently higher pH values, compared to those from the
reference sites (Table 2). The higher pH and alkalinity
values in the roadside snow can be attributed to the con-
centrations of TSS, which were higher in the roadside
snow samples. The same tendencywas also noted for trace
metals (i.e., Cd, Cr, Cu, Ni, Pb, W, and Zn) in the roadside
snow, whose concentrations exceeded those in reference
site snow by one to two orders of magnitude (Table 2).
Thus, it appears that the mass of metals scavenged by
falling snow from the air is insignificant compared to the
metal accumulations contributed by traffic. The same find-
ing was also reported by Kuoppamäki et al. (2014), who
noted that traffic was the dominant source of snow pollu-
tion in cities, with pH, alkalinity, and conductivity all
displaying trends closely related to traffic density, particu-
larly within a 5-m band adjacent to the road; outside this
band, the snow pollution concentrations drastically de-
creased. In highly industrialized areas, Li et al. (2015)
showed that in spite of the importance of traffic pollution
sources, anthropogenic effects including factory pollution
emissions, construction fugitive dust, and oil refinery emis-
sions may also have considerable impacts on the pollution
accumulating in urban snow.

Mass loads of the trace metals studied were ranked
similarly in both cities studied, and could be presented,
in a descending order, as Zn > Cu > Cr > Ni > Cd. An
exception to this order was noted for Pb in Luleå,
reflecting the fact that those data predated the lead
phasing out from gasoline (OECD and UNEP 1999).
W was studied only in Trondheim, where W concentra-
tions were ranked just below those of Ni.

3.2 Statistical Data Analysis

3.2.1 Exploratory Analysis

In the first stage of exploratory analysis, data at individ-
ual sites were examined separately using linear

regression (Fig. 2) to investigate if the accumulation of
constituents in roadside snow increased linearly with
time, as assumed in further statistical data analyses of
the combined city datasets serving for developing gen-
eral predictive relationships between the individual con-
stituents and independent variables (i.e., SRT, AADT,
and SWE).

Linear regression analyses were performed on data
for consecutive sampling days showing continuous
snow accumulation (with no disturbance), which were
three sampling days in Trondheim (SRTs varying from
25 to 53 days) and four in Luleå (SRTs varying from 18
to 75 days). The same trend was observed for all the
constituents studied, except Na and Cl. The results of
regression analysis showed linearity (0.65<R2<0.95) in
both cities and all the sites, except site T1, where the
SWE was fluctuating during the analyzed period. As an
example of these analyses, plots of Cu accumulations in
sampled snow are shown in Fig. 2.

Furthermore, spatial variations affecting the dataset
characteristics were quantified by analyzing metal loads
normalized by traffic densities (AADTs), yielding metal
accumulations in roadside snow per vehicle. Plots of
such data are shown for Cu in Fig. 3; all the other
constituents studied showed similar tendencies, except
for Cl and Na. In general, mass accumulations were
increasing with SRT in a consistent way, except for the
two sites with the lowest traffic loads (L1 and T1).

In the second stage of exploratory analysis, the
relationships among the experimental variables
were examined by applying the PCA. The loading
plot of constituent concentrations and their predic-
tors (i.e., AADT, SRT, and CTV) produced by
PCA provides an overview of correlations among
the variables, with the first and second orthogonal
components accounting for 58 and 15.8 % of the
data variability, respectively (Fig. 4). Acute angles
between any two vectors plotted in Fig. 4 show
correlation between those variables. Thus, Fig. 4
indicates possible correlations between the group
of trace metals and such predictors as AADT and
SRT, or their product CTV. Among such correla-
tions, the strongest ones were noted for the well-
known traffic-related metals (Cd, Cr, Cu, Ni, Pb,
Zn) and the weakest ones were noted for less well-
understood W. Practically, no correlation was not-
ed for Na and Cl. The CTV variable had a longer
vector than AADT and SRT, thus showing that the
interaction between these two predictors is
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important and could be captured by the combined
variable (CTV). Salt chemicals Cl and Na were
not correlated to traffic density (AADT), because
road salt is applied according to snowfalls, which
occur independently of traffic descriptors.

The results summarized in the loading plot generally
agree with those of other studies, showing significant
cause-effect relationships between traffic characteristics

and trace metal accumulations in roadside snow, before
their potential release with snowmelt runoff. For
example, Helmreich et al. (2010) studied the seasonal
changes of urban road runoff quality and showed that
pollutant concentrations of TSS and heavy metals in
snowmelt exceeded those in rainfall runoff multiple
times. It was also reported that the dissolved fraction
of heavy metal did not change seasonally. Therefore,

Fig. 2 Cu unit-area mass loads versus SRT, with linear regression lines and coefficients of determination (R2) displayed for individual sites
in Luleå and Trondheim
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under stable conditions, the period of pollutant accumu-
lation (equivalent to the antecedent dry period in runoff
studies) can conceivably be set equal to the SRT,
whose significant correlation with trace metals can
be observed in the PCA plot in Fig. 4. This
assumption is also supported by Li and Barrett
(2008) and Finney et al. (2010), who identified
the AADT and the antecedent dry period (ADP)
as two significant factors affecting the mass loads

of constituents accumulated on the road surfaces
during dry weather.

3.2.2 Prediction of Trace Metal Accumulations
in Roadside Snow

Multiple Regression Model Employing SRT, AADT, and
SWE as Predictors A general linear model was applied
to the observed data assuming that no snowmelt occurs

Fig. 3 Accumulated Cu unit-area mass loads per vehicle versus SRT, for all sites in Luleå (left) and Trondheim (right). 1Cu accumulation
rates at study sites with various AADTs in Luleå and Trondheim [mg/m2/vehicle/day]

Fig. 4 PCA loading plot for combined Luleå/Trondheim data
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below 0 °C, recognizing that this assumption may
be better applicable in Luleå, where no road salt is
used, than in Trondheim, where road salt is used.
The concerns about salt lowering the eutectic tem-
perature are borne out by temporal variations of
SWE, indicating that it was not rising consistently
but decreasing on some occasions, even during the
freezing periods. A number of studies have dem-
onstrated that snow and ice freezing point can be
lowered by using deicing chemicals. For example,
Ketcham et al. (1996) reported that a 23.3 % NaCl
concentration lowered the eutectic temperature to
−21 °C, and Zhang et al. (2009) recommended a
practical salt application range of temperatures be-
tween −10 and 1 °C. As illustrated in Fig. 1,
about half a time, temperatures during the study
period were above −10 °C, and depending on salt
concentrations, snowmelt could be expected on a
number of occasions, even though it would not be
detected by flow meters. The evidence of such
snowmelt episodes at individual study sites is pro-
vided by the SWE data (Fig. 1, bottom panel),
which fluctuated even during the subzero temper-
ature period. Sublimation may be another reason
for water losses from the snowbanks, though sev-
eral studies showed that it represents an insignifi-
cant fraction (e.g., 1 % for a rural catchment) of
snow ablation (Szczypta et al. 2015). Hence, the
assumption of no melt during the observation pe-
riod will introduce some uncertainties into the
results.

On the other hand, experiments with repeated
snow thaw/freeze cycles indicate that dissolved
constituents leave the snowpack with early snow-
melt (i.e., the preferential elution), but those at-
tached to particulates remain in the snowpack until
the final melt (Schöndorf and Herrmann 1987).
This mechanism would tend to retain most of the
trace metal burden, typically attributed to the par-
ticulate fraction, in roadside snow until the final
snowmelt and minor intermittent snowmelt epi-
sodes would not significantly affect metal accumu-
lations. Dissolved metals would leave with early
snowmelt, and deicing salts (applied in Trondheim)
were found to increase the dissolved metal content
of snow (Reinosdotter and Viklander 2007).

In setting up the multiple regression model,
SWE was considered as one of the predictors.

Statistical tests showed that SWE and SRT were
not strongly correlated, with Pearson correlation
coefficient of 0.36 and a low coefficient of deter-
mination (R2=12.6 %) for a linear regression be-
tween predictors SWE and SRT. Thus, SWE was
not considered as a multicollinearity phenomenon
and could be safely included in the multiple re-
gression analysis (O’Brien 2007).

Results in Table 3 indicate that TSS and trace metals
(Cd, Cr, Cu, Ni, Pb, and Zn) are well correlated
(p values <0.05) with all the predictors, i.e., SRT,
AADT, and SWE. Furthermore, multiple regression
models could be used to explain the correlations in the
form of a polynomial equation, which could serve as a
prediction tool. R-squares (i.e., adjusted and predicted)
calculated by the regressionmodels are also presented in
Table 3. An average adjusted R-square of 67.75 % re-
flects the explanatory weight of the regression model,
and the predicted R-squares, with an average of
62.18 %, show the goodness of fit for the predicted
response of a new observation. This was done by re-
moving one of the actually observed values (one at a
time) from the data set and comparing it with the asso-
ciated modeled response. The predicted R-squares
showed the numerical percentage of predicted re-
sponses, which were explained by the model, with a
95 % confidence. Comparison of adjusted and predicted
R-squares shows differences equal to or less than 9 %,
which indicates that the model explains well predictors
and is not over-fitted (Minitab 2013). Concerning the
individual elements, the best model fits can be arranged

Table 3 Multiple regression model for trace metal and TSS and
predictors (i.e., SRT, AADT, and SWE) for combined data sets
from Luleå (1995) and Trondheim (2010)

Model Multiple regression

Constituent R2 Adj-R2 Pre-R2

TSS 0.66 0.63 0.6

Cd 0.71 0.68 0.63

Cr 0.64 0.61 0.55

Cu 0.75 0.72 0.65

Ni 0.65 0.62 0.56

Pb 0.72 0.7 0.67

Zn 0.77 0.75 0.67

Pt 0.74 0.58 0.44

W 0.73 0.66 0.48

Adj adjusted, Pre prediction
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in the following descending order: Pb > TSS > Cd > Cr
> Ni > Zn > Cu.

The results further indicate that TSS, Pb, Cd,
Cr, Ni, Zn, and Cu accumulate over time in road-
side snow, as a result of continuous input of traffic
pollution. The rate of trace metal accumulations in
snow increased with increasing AADT and SRT,
for several metals, and was further influenced by
SWE. Owing to the satisfactory fits of the multiple
regression models, mass loads of Cd, Cr, Cu, Ni,
Pb, Zn, and TSS may be expressed as functions of
SRT, AADT, and SWE, with fairly high certainty,
and the prediction model can be defined by a
polynomial equation with specific coefficients for
individual constituents:

ML ¼ Cþ a� SRTþ b� AADTð Þ
þ c� SWEð Þ þ d� SRT� AADTð Þ
þ e� SRT� SWEð Þ
þ f � AADT� SWEð Þ ð2Þ

where ML [mg/m2] is the predicted unit-area mass
load and C, a, b, c, d, e, and f are the coefficients
generated by the regression model and listed in Table 4.

Linear Regression Model with a Single Predictor,
CTV The results of PCA showed that CTV (=AADT×
SRT) might be a better descriptor of the metal accumu-
lation in roadside snow, than SRT and AADT, consid-
ered separately. Furthermore, consideration of CTV fa-
cilitates prediction of the mass loads of TSS and trace
metals using a small number of independent variables,
which is generally a feature of parsimonious models.
Also, this approach has another advantage of expressing
metal mass loads as a linear function of CTV, whose
estimated slope of the regression line yields the accu-
mulation rate, which has some practical use. Thus, linear
regression analyses were performed to further evaluate
the CTV as an independent variable, and the results of
such analyses are summarized in Table 5.

Using this method makes the correlation less ev-
ident for metals (i.e., R2 ranging from 0.37 to 0.66),
when compared with the previous analyses (i.e.,
multiple regression). However, considering the high
variations in snow quality observed in this study, the
results suggest that there is a potential of using CTV
to estimate metal accumulations by conducting more

Table 4 Predictor coefficients and their interactions estimated by multiple regression models

C a b c d e f

TSS 1.78 1.78 −1.96E-02 8.26E-04 5.95E-02 1.20E-05 −2.39E-04
Cd −2.46 −2.46 −2.25E-03 2.60E-05 1.03E-02 1.00E-06 −5.00E-05
Cr 0.07 0.07 1.00E-04 1.65E-04 2.83E-02 6.00E-06 −2.01E-04
Cu −0.02 −0.02 −2.30E-03 1.27E-04 3.21E-02 6.00E-06 −2.00E-04
Ni 0.11 0.11 −2.20E-03 1.10E-04 2.05E-02 4.00E-06 −1.29E-04
Pb −0.93 −0.93 2.05E-03 5.10E-05 1.02E-02 1.00E-06 −4.40E-05
Zn −0.20 −0.2 4.00E-03 1.57E-04 4.78E-02 9.00E-06 −3.11E-04
Pt 0.01 0.01 −1.45E-04 0.00 −1.11E-04 0.00 1.00E-06

W 0.75 0.75 −7.40E-03 3.20E-05 7.30E-03 2.00E-06 6.20E-05

Table 5 Linear regression correlation coefficients (R2) between
TSS and trace metal unit-area mass loads and the snow accumu-
lation period traffic volume (CTV) for Luleå, Trondheim, and the
combined datasets

Constituent Luleå Trondheim Combined
CTV [vehicles] CTV [vehicles] CTV [vehicles]

TSS 0.48 0.60 0.35

Cd 0.61 0.42 0.49

Cr 0.44 0.39 0.24

Cu 0.55 0.55 0.57

Ni 0.46 0.37 0.35

Pb 0.66 0.50 0.57

Zn 0.60 0.60 0.60

W – 0.78 –
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field measurements. In any case, it is feasible to
express unit-area mass loads, ML [mg/m2], of Cd,
Cr, Cu, Ni, Pb, and Zn as functions of CTV (Eq. 3):

ML ¼ f acc⋅CTV þMLBG ð3Þ
where facc is the accumulation rate coefficient [mg/

(m2 vehicle)] and MLBG [mg/m2] is the background
mass load due to other sources than traffic.

Figure 5 shows the estimated accumulation rate co-
efficients for Luleå, Trondheim, and the combined
datasets and the previously estimated accumulation rates
from Oslo (Bækken 1994). Accumulation rate coeffi-
cients for Luleå and Trondheim were significant at a
level of 0.05. For Cu and Zn, the accumulation rate
coefficients were comparable for the two cities studied;
for other parameters, the differences were larger. The var-
iations in the accumulation rates can be caused by local
differences in the type of asphalt pavement, tires, distribu-
tion of vehicles, and traffic density during the winter
months, hydrologic characteristics, and snowmanagement
practices, including the use of de-icing and traction agents.

Even though the proposed parsimonious model (Eq. 3)
does not account for the complexity of snow hydrology
and quality, it is well suited for obtaining first-order ap-
proximations of the net accumulation rates of contaminants
in roadside snow during cold periods. By applying unit-
area accumulation rate coefficients (Fig. 3), it may be
possible to predict the mass of constituents accumulated
in urban roadside snow without extensive sampling and
analyses. Potentially, this approach would assist munici-
palities in distinguishing between heavily and less polluted
snow, on the basis of SRT, and thereby helps decide where
to dispose snow of various age bearing different levels of
contamination. Note that relatively clean fresh snow can be
disposed locally, even in receiving waters, but heavily

contaminated old snow may require disposal at special
snow storage and disposal sites (Exall et al. 2011).

4 Conclusions

An experimental exploratory study of pollution accu-
mulation in roadside snow exposed to traffic was con-
ducted in the city of Trondheim (Norway) by means of
snow sampling and statistical analysis of measured data.
Toward this end, snow samples were collected at five
sites on seven dates between January and March 2010
and analyzed for snow physical properties (i.e., SWE)
and 12 water quality constituents (pH, alkalinity, TSS,
Cl, Na, and seven trace metals, Cd, Cr, Cu, Ni, Pb, W,
and Zn). The resulting dataset was compared to, and
enhanced by including, an earlier similar dataset from
Luleå (Sweden), where snow samples were collected at
five sites on nine dates between January and April 1995,
and analyzed for pH, TSS, Cd, Cr, Cu, Ni, Pb, and Zn. In
general, the concentrations in roadside snow were
higher in Trondheim than in Luleå, because of higher
AADTs in Trondheim (by 20 %, on average) and lower
dilution of deposited traffic contaminants by smaller
snow depths, representing about one third of those ob-
served in Luleå. There were two exceptions to this
finding, higher Cd and Pb concentrations in Luleå, ex-
plained by the fact that the collection of these data (1995)
predated the full implementation of stringent environmen-
tal legislation controlling environmental releases of Cd and
Pb during the 1990s.

Regression analyses carried out for individual study
sites indicated a linear trend in unit-area constituent
accumulations over time (0.65<R2<0.95), which satis-
fied the assumption of linearity for further statistical data

Fig. 5 Accumulation rates of six
trace metals and TSS derived
from a regression model using
CTVas the sole independent
variable
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analyses. A PCA model including the constituent mass
loads and the three predictors (AADT, SRT, and CTV)
illustrated the cause-effect relationship between traffic
and trace metal accumulations; Cl and Na originating
from road salt applications did not follow this trend.
CTV (the product of AADT and SRT) correlated more
strongly with trace metal mass loads than AADT and
SRT, which showed the importance of interactions
among the predictors.

Two types of models for predicting the trace metal
accumulations in roadside snow were developed: a lin-
ear regression model and multiple regression models.
The linear regression model used CTV as a single pre-
dictor and showed moderate certainty for metal accu-
mulation predictions (0.37<R2<0.66). However, this
model could be further improved by collecting more
field data. A multiple regression model was developed
using SRT, AADT, and SWE as predictors, which cor-
related well with the metal unit-area mass loads (0.64<
R2<0.77). This model can be described by a polynomial
equation with specific coefficients for individual con-
stituents and used to predict contaminant accumulation
in roadside snow (prediction 0.44<R2<0.67) with a
greater accuracy than the linear regression model, using
CTV as single predictor. Thus, the study enhanced the
understanding of metal accumulations in roadside snow
and led to the development of parsimonious models of
trace metal accumulations in roadside snow.
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ABSTRACT 

A methodological study of modelling runoff from rain-on-snow events was conducted using the 
Northern Sweden City of Kiruna as a test case, with respect to physiographic, drainage system, 
and the current and projected future climatic data. Runoff simulations were carried out with the 
PCSWMM, which is a GIS supported version of the US EPA SWMM5. In total, 177 simulations 
were run covering four scenario categories: eight rain events, three climates (the current and two 
projected), three soil infiltration rates, and five snow water equivalent (SWE) values. Simulation 
results were analysed with respect to influential rainfall/snowmelt/runoff factors and the noted 
differences were statistically tested for significance. Result analysis revealed new findings 
concerning the differences between runoff generated by rain-on-snow and summer thunderstorm 
events. In particular, it was noted that a relatively frequent rain-on-snow event, with a return 
period of 1.4 y, caused fewer flooded nodes and surcharged pipes in the catchment sewer system, 
but almost five times greater runoff volume, when compared to the same drainage system 
performance indicators corresponding to a 10-year event occurring in the summer. Depending on 
the physical characteristics of the snow cover, among which the depth appears the most 
important, rainwater and snowmelt may be retained in, or released from, the snowpack, which 
acts as a dynamic reservoir controlling the generation and release of runoff. Smaller snow depths 
produce smaller volumes of melt, smaller storage capacity and less effective insulation of soils, 
which may freeze to greater depths and become practically impervious, until the process of soil 
thawing was completed. The impacts of climate change in the study area, described by increases 
in precipitation and air temperatures, are likely to cause more frequent runoff problems attributed 
to the rain-on-snow events in the future. Even though the runoff tendencies reported here 
correspond to the characteristics of the study area and climate, they suggest the need to consider 
rain-on-snow events in sewer design and stormwater management in regions with seasonal snow 
covers, certainly with respect to runoff volumes.  
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INTRODUCTION 
Urban areas in regions with seasonal snowpacks, including those in parts of Scandinavia, Canada, 
US, and Alpine regions, may accumulate significant amounts of precipitation in the form of snow 
during the winter period. For example, The Swedish Meteorological and Hydrological Institute 
(SMHI) data report (SMHI, 2015) shows more than 100 days of snow cover (up to 225 days in 
higher latitudes and altitudes) with average maximum snow depths from 40 to 130 cm over the 
country. Snow accumulated during the winter time releases melt water during a relatively short 
period and thereby contributes a significant amount of water to the volume of annual runoff 
(Aizen et al., 1996; McCabe and Clark, 2005; Serreze et al., 1999; Stewart, 2009).   

Analysis of severe floods with devastating potential in Sweden, between 1970 and 2005, showed 
that even though most of floods were caused by rainfall, the snowmelt induced flood magnitudes 
were considerably greater than those induced by rainfall (Carlsson et al., 2006). Therefore, 
besides the significance of snowmelt runoff volumes, there is also a risk of high runoff peaks in 
urban catchments, and such peaks then may result in combined sewer system overflows and 
flooding during the snowmelt season, particularly during rain-on-snow events (e.g. Bengtsson 
and Westerström, 1992; Matheussen, 2004).  

A considerable fraction of runoff occurring during late winter/early spring is usually conveyed 
through the drainage infrastructure, because the infiltration capacity of pervious areas is reduced 
by the presence of frozen ground, whose thawing and restoration of full infiltration capacity may 
take relatively long time (Moghadas et al., 2015b). The effect of frozen soils on generating more 
runoff was described in numerous earlier studies for alpine regions, and predominantly natural or 
agricultural catchments (e.g. Bayard et al., 2005; Hejduk et al., 2015; Niu and Yang, 2006). 
While the effect of frozen soils on runoff generation in urban settings had been investigated in 
small scales, i.e. in the lab or on experimental plots, and produced similar conclusions as the 
aforementioned studies (e.g. Al-Houri et al., 2009; Bengtsson and Westerström, 1992; Milina, 
2000), there are no references concerning such studies on urban catchment scales. Thus, it is of 
interest to quantify the combined effects of frozen soils, snowmelt and rainfall on runoff from 
urban catchments during the melting period. 

In urban catchments, reduced infiltration capacity on pervious areas during the freezing period 
may produce runoff flows exceeding the capacity of the sewer system during rain-on-snow 
events. Therefore, the combined effect of rain and snowmelt and their joint probability of 
occurrence become important in urban snow and stormwater management, and flood risk 
assessment. Somewhat analogous studies were reported and addressed, e.g., joint impacts of 
flood factors as precipitation and tidal levels (Lian et al., 2013; Sörensen and Bengtsson, 2014). 



 

 

Such studies emphasize the importance of investigating the combined impact of causative factors 
on urban flooding and management. Recognizing the lack of information on frequencies of the 
joint occurrence of intense rainfalls during the snowmelt period in urban areas, it is desirable to 
address this issue and contribute to closing such a knowledge gap.   

The concerns about rainfall during snowmelt may be further exacerbated by the changing climate 
and the increasing likelihood of rain-on-snow events. Numerous studies projected the future 
climatic conditions for specific regions and other studies investigated the impact of such changes 
on urban drainage systems during warm parts of the year, when thunderstorms with intense 
rainfall occur (Berggren et al., 2011; e.g. Olsson et al., 2009). However, no references were found 
with respect to addressing snowmelt in urban catchments in the context of the changing climate. 
Recently published climate change scenarios for Northern Sweden suggest warmer and wetter 
winters (Moghadas et al., 2011; SMHI, 2015). Hence, it is required to assess the stormwater 
systems performance under such conditions and make informed decisions concerning the 
necessity of possible design modifications, and/or the need for adaptation measures, which would 
mitigate the risk of flooding caused by rain-on-snow events in the future.  

Analysis of snowmelt and runoff phenomena in urban catchments for various climatic scenarios 
requires a hydrologic model capable of modelling snowmelt. A literature review of snowmelt 
models (Moghadas et al., 2015a) highlighted the lack of models suitable for investigating 
snowmelt in urban areas, where the melting process is affected by more factors (e.g., 
modification of snow properties, shape of snow deposits, additional energy inputs from 
buildings) than undisturbed snowpacks in rural areas. Because of limitation of the existing 
models, and the lack of input data at the catchment scale, urban snowmelt runoff was modelled in 
relatively few studies (Matheussen, 2004; Mitchell Heineman et al., 2010; Valeo and Ho, 2004). 
Thus, there is a need to advance snow and snowmelt management studies for urban catchments 
with respect to rain-on-snow events (as flood generating events) and possible changes in such 
processes in future climates. Moreover, such studies should also address snow management (i.e., 
snow removal and storage within or outside the catchment) and the drainage system performance, 
and eventually the performance of control measures mitigating flood risks and enhancing runoff 
quality in regions with seasonal snow accumulation and relatively short melting periods. 

The general objective of the study described herein was to investigate modelling snowmelt runoff 
and rain-on-snow in urban catchments. The specific objective was to demonstrate an innovative 
approach to modelling the total runoff during rain-on-snow events with respect to: (a) the 
frequency of rain-on-snow events (for the study catchment), (b) determinant factors for runoff 
formation during such events (e.g. rainfall intensity, snow depth, frozen soils), (c) the drainage 
systems performance during the snowmelt season, and (d) potential changes in determinant 
factors and drainage performance due to climate change. Modelling procedure was demonstrated 
in a case study done for the City of Kiruna in Northern Sweden (67.9° N, 20.2° E). 

 

 



 

 

MATERIALS AND METHODS 

Site Description and characteristics 

The study catchment represents the territory of the City of Kiruna, which has about 18,000 
inhabitants (2013 data) and is located 140 km north of the Arctic Circle (67.85° N, 20.22° E) 
(Figure 1) at 460 m above sea level. The catchment covers an area of 1,371 ha, of which 22% are 
impervious (roofs contribute 8.6 and roads/parking lots 13.4%). The dominant soil types are (1) 
mountain bedrock, (2) Moraine (silt loam) and (3) peat (loam), as identified from the soil-type 
maps of northern Sweden (SGU, 2014).  

 
Fig. 1. Kiruna catchment and its location in Sweden (red squares indicate snow storage sites) 

 

The city is served by separate sewers; the storm sewer system consists of approximately 100 km 
of pipes discharging into a small receiving water body (The Luossajoki River) through 23 storm 
outfalls. Kiruna average annual precipitation for the study reference period (i.e. 1961- 1990) is 
522 mm, of which 184 mm is likely to be in the form of snow, as recorded between November 
and April, when average daily temperatures are below 0°C (Alexandersson and Karlstrom, 2001).  

SMHI reports show that the annual average maximum snow (actual) depth in Kiruna is 
approximately 90 cm, but the annual maximum can reach up to 140 cm and the snow cover may 
last from November till mid-May (SMHI, 2015). The snowmelt season is estimated to start 
approximately on the 25th of April, as derived from a data record of average daily temperatures at 



 

 

the Kiruna airport (the record started in 1957) and the maximum daily snowmelt, estimated from 
measurements of the wastewater treatment plant inflow is 31.5 mm/day (Hernebring, 1996; 
SMHI, 2015; SWWA, 2014). 

Snow management bylaws require sidewalks and streets to be cleared with minimum clearance 
widths of 0.6 and 5.5 m, respectively. Snow ploughing should start within 5 and 15 hours from 
the onset of snowfall when the minimum snow accumulation reaches 5 and 8 cm for priority and 
secondary roads, respectively. Generally, no road salt is applied and all pervious/green areas are 
used during winter time for local snow storage. The municipality also uses four larger snow 
storage sites (Figure 1), with a surface area of 1.25 ha representing 84% of the total snow storage 
area. Three of these sites are located outside the catchment. The total estimated volume of snow 
stored at the four sites during each winter is about 120,000 m3 (Kiruna municipality, 2015; 
personal communication).  

 

Meteorological data acquisition 

Meteorological data for the study catchment of Kiruna was obtained in two temporal resolutions, 
hourly and 15-minutes. Hourly temperature and daily precipitation data were available from the 
Kiruna airport (ca. 5 km from the city centre) for the period from 1958 to 1993 (the operation 
period of the station) and were used in frequency analysis of rain-on-snow events. Fifteen-minute 
data to be used as model inputs were obtained from seven surrounding weather stations located 
within a distance range of 35 to 120 km from Kiruna, and an altitude range from 312 to 493 
meters above sea. The data were available since 1995 when these seven stations started to 
operate. 

The 15-minute rainfall time series were further processed to identify individual events. Rainfall 
events were extracted based on three criteria: (1) a minimum of six hours of antecedent dry 
period with no precipitation, (2) rainfall depths ≥ 2 mm, and (3) a minimum rainfall intensity ≥ 
0.01 mm/h. For each actual rain event, the duration, total depth, and intensity were determined. 
Recognizing that the Swedish drainage design is based on time of concentration (TOC) and that 
the TOC of the study catchment is about six hours, the maximum six-hour rainfall depths were 
determined from the actual events, assumed to represent block rainfall, and the corresponding 
block-rain intensities were calculated. Such intensities were then evaluated against the Swedish 
National IDF-Curves (SWWA, 2014) to determine their return periods. This procedure produced 
the following two block-rainfalls: (1) DS1 with 0.4 year return period representing high intensity 
events of the early-melting period; and, (2) rain DS2 with 1.4 year return period representing an 
extreme event of the late-melting period. Furthermore, a 6-h block-rainfall with a 10-year return 
period, DS3 that is recommended by SWWA (2014) for design, was also established and used in 
a reference “summer” scenario.  



 

 

A combined dataset of rain events occurring at all the stations during the snowmelt period (i.e. 
April-May) was built and the events were sorted based on their maximum 6-h block-rainfall 
intensity, with the aim of selecting the most extreme rain events. Among such events, two types 
of events, in terms of duration, were considered: short events (4.6-6 h) and long events (19.8-22.8 
h). Eventually a set of five rainfall events and the associated temperature data were selected to be 
used as inputs for hydrological simulations (i.e., rainfalls R1-5 in Table 1). Both design and 
actual rainfall events are listed in Table 1. 

Snow density was estimated at 200-300 kg/m3 (Brandt et al., 1999). From the average annual 
snow depth (90 cm) and the average snow density, the snow water equivalent (SWE) of 
accumulated snow at the start of the snowmelt season was calculated as 180 mm. Such a value 
agreed well with the mean yearly snowfall presented by Alexandersson and Karlstrom (2001).  

 

Frequency analysis of rain-on-snow events 

Meteorological data from the Kiruna airport, comprising hourly temperatures and daily 
precipitation Rd, were used to analyse the frequency of the joint occurrence of rainfall and 
snowmelt for a period from 1958 to1993, which included the study reference period (1961-1990). 
As a complement to daily precipitation, daily positive temperature sums, Tsum, were calculated 
from the hourly air temperature data. Note that the daily positive temperature sum represents a 
surrogate for the energy input to the snowpack, which is also used in the temperature index 
method to calculate snowmelt. The available series of 36 years of such data were used to develop 
annual maxima series of Rd and Tsum. 

 

Model setup 

The Kiruna catchment was divided into 545 sub-catchments, draining into a network of 888 
conveyance elements (mostly pipes and few open ditches) with a total length of ca. 100 km, and 
875 nodes and 23 outfalls (Figure 1). The catchment was discretized as recommended for the 
semi-distributed urban drainage model EPA SWMM, Version 5 (Rossman, 2010, 2015), and 
implemented in PCSWMM by Computational Hydraulics International (CHI). The snowmelt 
module in SWMM combines the conceptual temperature index method for dry (no rain) periods 
with a simplified energy balance method during rain, using equations 1 and 2, respectively 
(Moghadas et al., 2015a; Rossman, 2010, 2015). The original equations were converted and are 
presented here in metric system units, and the term incorporating wind speed was disregarded, as 
no wind data were used in simulations:  

SMELT =DHM × (Ta-Tbase)     Eq1. 

SMELT =1.8 Ta × (0.001167+0.01778.i)   Eq2. 



 

 

where SMELT is the melt rate (mm/h), Ta is air temperature (°C), i is the rainfall intensity 
(mm/h), Tbase is the base melt temperature (°C) and DHM is the melt factor (mm/h · °C). 

 

Definition of hydrological model parameters:  

Roads, roofs, and parking lots constitute the catchment impervious elements (overall 
imperviousness = 22%). Sub-catchment slopes were calculated from a 5×5 m DEM (the mean 
catchment slope is 5%) and used as inputs to the Horton’s method along with associated 
infiltration rates in the simulation model. The melt coefficient is described in SWMM by the 
minimum and maximum melt coefficients, which are assumed to occur on the 21st of December 
and the 21st June, and for times in between, the coefficient is calculated from a fitted sinusoidal 
curve according to the calendar day. The values of parameters assumed to be homogeneous 
throughout the catchment and snowmelt parameters are summarized in Table 2.  

To eliminate uncertainties related to the build-up of the snow pack, the model was applied for 
melting periods only, using different initial SWEs. The snow pack’s capacity to hold liquid water 
from snowmelt or rain is assumed to be 10% of the SWE (Dunne et al., 1976).  

The main parameters determining snowmelt in the model are the melt coefficients. The relevant 
values were adopted from the literature (Valeo & Ho 2004; Heineman et al. 2010); they were 
chosen to account for different properties of undisturbed and ploughed/stored snow during the 
melting period. To allow for an approximate verification and adaptation of melt coefficients 
within the reported ranges, simulations of the entire snowmelt period in four individual years (i.e. 
2001, 2005, 2009 and 2013) were performed and the modelled end dates of the melting season 
were compared to the actual snow depth measurements and deviated just by 4-6 days. The 
calibrated coefficients are shown in Table 2. 

Different snow management measures in various parts of the city were accounted for by 
categorizing individual sub-catchments on the basis of their main land use as (a) residential and 
(b) mixed land use areas with high imperviousness. These differences manifest themselves 
mainly with respect to redistribution of snow within the sub-catchments, i.e., the ploughing of 
impervious areas and the storage of ploughed snow on pervious or impervious areas.  

Ploughing and redistribution of snow is represented in the model in two major steps: (i) Removal 
of snow from a subcatchment to central storage sites (located in another subcatchment and/or 
outside the catchment). For the case study it is estimated that 1.6 and 8.5% of the total snow 
volume are carried away to deposit sites in and outside the catchment, respectively; the 
estimations were made on the basis of the area of deposit sites (0.25 ha inside and 1.25 ha 
outside) and the total volume of displaced snow (i.e. 120,000 m3); and, (ii) Relocating snow 
within individual subcatchments according to their land use: In residential areas, 80% of snow 
from roofs and roads are relocated to pervious areas, and the rest (i.e. 20%) to impervious areas, 
and in mixed land use areas, comprising commercial and industrial areas and the city centre, 20% 



 

 

of snow from roofs and 80% of snow from roads are relocated to surrounding green areas, while 
the rest remains on adjacent impervious areas.  

 

Scenarios 

Design of simulation experiments established 177 simulation runs from combination of two sets 
of scenarios. The first set targets hydrological parameters comprising three different soil 
conditions with respect to infiltration, and four different initial snow covers. The second set 
targets the future climate scenarios comprising changes in temperature and precipitation.  

One of the infiltration scenarios represents the summer conditions with full infiltration capacity 
(used in the reference scenario for comparison) and the other two mimicked the consequences of 
different soil conditions before the onset of freezing, i.e. different water contents. Intermediate 
and low infiltration scenarios were defined to account for winter soil conditions (adopted from 
the findings of lab experiments (Moghadas et al., 2015b)). In the low infiltration scenario, the 
infiltration values for bedrock were used, with the maximum infiltration volume limited to 2 mm; 
and in the intermediate scenario, the basic infiltration rate was reduced by 80% and maximum 
infiltration volume was limited to 15 mm.  

The four initial snow cover scenarios are defined by different initial SWE (i.e. 10, 50, 90 and 180 
mm), which represent the different state of snowpacks during the melting season, and affect not 
only the magnitude of the available SWE, but also the snowpack capacity to store water. These 
scenarios also include the future conditions when total snow accumulation would decrease by up 
to 56% (e.g., as projected in ECHAM 4-RCA3, B2 climate scenario) (Roeckner et al., 1996). 

For the development of climate change scenarios, the climate projections recommended in the 
latest IPCC report (IPCC, 2014), i.e. Representative Concentration Pathways (RCPs), were 
considered. Based on further recommendations (Arnbjerg-Nielsen et al., 2013; Willems et al., 
2012), two ensembles of multiple climate projections produced by various global climate models 
were adopted and applied (SMHI, 2015) to address projection uncertainty: (1) ensemble RCP2.6 
representing a low emission scenario (comprises ICHEC-EC-EARTH, MOHC-HadGEM2-ES 
and MPI-M-MPI-ESM-LR); and, (2) ensemble RCP4.5 representing an intermediate emission 
scenario (comprises CCCma-CanESM2, IPSL-IPSL-CM5A-MR, MIROC-MIROC5, MPI-M-
MPI-ESM-LR, NCC-NorESM1-M & NOAA-GFDL-GFDL-ESM2M). 

The 15-minute precipitation and temperature data selected for model simulations are used as 
baseline climate scenario. The changes in precipitation (%) and temperature (C°) for both future 
projections with respect to the baseline were obtained from the SMHI database (SMHI, 2015). 
The changes were estimated based on the deviation of future conditions (i.e. average of modelled 
temperature and precipitation for the period 2070-2100) from those in the reference period (1961-
1990). Such changes were estimated as 15 and 28% increases in precipitation, and 2.72 and 4.14 
°C increases in temperature for RCP2.6 and RCP4.5, respectively, and were applied to the 



 

 

baseline datasets as uplifting factors. The simulation experimental design is summarized in Table 
3. Each simulation run can be identified by an individual code based on the type of rainfall input 
and scenarios for the climate, infiltration and initial SWE.  

Simulation results were analyzed with respect to the following two points: (1) the water balance 
and, in particular, runoff generation during the rain-on-snow events; and, (2) the drainage system 
performance, which was assessed on the basis of the number of flooded nodes (i.e., the 
nodes/manholes with hydraulic pressure grade line above the ground level) and surcharged pipes 
(i.e. pipes conveying runoff as pressurized flow). The results of such analysis can serve as 
indications of potential flooding for this specific case study, because the model has not been 
calibrated against runoff measurements.  

 

Results and Discussion 

Joint frequency of occurrence analysis (FOOA) of rainfall and snowmelt  

 
Fig. 2. Empirical (dots) and fitted (solid lines) distributions of annual maxima of daily rainfall depths (Panel a) and positive 
temperature sums Tsum (Panel b) in Kiruna: annual maxima, annual maxima during the snowmelt period (SMP), and annual 
maxima during the snowmelt period and days with Tsum > 6.2ºC·day. Dashed lines represent 95% confidence intervals 
 

Figure 2 shows distributions of the annual maxima of daily precipitation (panel a) and annual 
maxima of positive temperature sums for the average snowmelt period (panel b). For comparison, 
both the empirical and fitted Gumbel-distributions are shown. Panel (a) shows the distribution of 
three different sets of annual maxima: (1) for the entire year, (2) during the average snowmelt 
period, and (3) during the average snowmelt period with Tsum > 6.2 ºC·day, which corresponds to 
a return period of 1.1 years.  

It is obvious that maximum daily rainfall depths expected during the snowmelt period are 
considerably smaller than the annual maxima. When selecting only rainfalls occurring on days 
with a Tsum > 6.2 ºC·day, the expected maximum amounts are smaller than the yearly maxima of 



 

 

daily precipitation. This shows that air temperatures during large rainfalls occurring during the 
snowmelt period are rather low, and the combinations of higher temperatures and rainfalls are 
less likely. 

Although the distributions in Figure 2 are derived from daily precipitation, it can be used for a 
rough classification of the rain-on-snow events selected for model simulations. When evaluating 
the rainfall depths of selected events in Table 1 against the distribution of annual maxima during 
the snowmelt period, the events fall into three categories: (1) R1 and R2 with a return period of 2 
- 3 years, (2) R5 with a return period of approximately 12 years, and R3 and R4, which represent 
rather infrequent events. However, it should be emphasized that this classification is based on a 
distribution estimated from only 36 years of daily precipitation data. 

Simulation results 

A Total of 177 simulation-runs (Table 3) were performed for seven rain events during the melting 
period (applied in all winter scenarios i.e. low/intermediate infiltration and four SWE scenarios) 
as well as one rainfall mimicking a summer event (i.e. high infiltration with no SWE scenarios) 
and for three climate scenarios, i.e., the reference, RCP2.6 and RCP4.5 (Table 3). The results of 
snowmelt simulations were examined and discussed with respect to: (1) temperature, rain 
intensity, and initial SWE, (2) the aforementioned parameters plus infiltration and their combined 
effects on runoff and drainage system performance, and, (3) the climate change perspective. 
Table 4 summarizes results of selected simulation-runs referenced to rainfalls (i.e. R1, R5, and 
DS1-3). 

Snowmelt investigation on the basis of simulation results  

An example of time series graphs of one simulation run R1C1I2S4 (rainfall R1, reference climate 
scenario, intermediate infiltration and initial SWE of 10 mm), together with the graph of 
outflow/runoff for SWE of 90 (for comparison), was chosen as a representative example of 
simulation results. Temperature and rainfall (as model inputs) and SWE, infiltration, surface 
runoff and outflow (as model results) are plotted against time and illustrated in Figure 3. 

The plots show that snowmelt starts right at the beginning of the event since the temperature 
exceeds the threshold temperature (Te=0 °C). The SWE displays a sharp decline at the beginning 
of the event, because of the snow redistribution formulation in the model. This can be explicitly 
seen in the graph showing SWE of a representative mixed land use subcatchment. Despite the 
occurrence of melt and rainfall, infiltration occurs only after 90 min and runoff after 100 min, 
since the event onset. This is the time needed by water to fill up the voids in the snowpack, before 
leaving the snowpack and contributing to infiltration. The onset of runoff is further delayed by 
another 10 min required by water leaving the snowpack to fill up the surface storage capacity 
(assigned in the model) and exceed the infiltration rate.  



 

 

To examine the melt and runoff based on basis of equations 1 and 2 employed in the SWMM 
model, the event can be divided into three parts: (1) low temperature (i.e. ~0.6 °C) and the first 
intensity peak of the rain event hyetograph, (2) elevated temperature (i.e. ~4°C) and the second 
intensity peak of the rain event, and (3) elevated temperature (i.e. ~4.2 °C) but no rain.  

 

 

 

Fig. 3. Time series of rainfall/air temperature, SWE, infiltration rate, and runoff/outflow for SWE =10 and 90 mm, 
respectively, arranged from top to bottom. The graphs correspond to simulation runs for rain event R1, the reference climate, 
and intermediate infiltration scenarios 

The slope of the SWE graph, representing the melt rate, is very mild in the first part, when the 
temperature is low, but increases as soon as temperature increases, in spite of the snowpack being 
exposed to similar rain intensities and volumes in both hyetograph peaks. Finally, the slope of 
SWE remains constant in the third parte with an elevated temperature but no rainfall. Thus, 
temperature can be noted as an important model input in simulations of runoff formation 
presented in Figure 3 (and similar plots of other selected rain events and scenarios). However, 



 

 

this cannot be generalized, as the contributions of temperature and rain induced melt to the total 
melt during a rain-on-snow event depend on the rainfall intensity. A comparison of the two terms 
inside the bracket in Eq. 1 (i.e., the first term describing the melt due to ambient air temperature, 
and the second term describing the melt due to the energy of rainfall) shows that rain induced 
melt constitutes a greater proportion of the total melt, compared to the temperature induced melt, 
if the rain intensity exceeds 4.24 mm/h (derived from Eq. 1). However, the underlying 
assumption is that the temperatures of the rainwater and air are equal, because a higher air 
temperature increases the energy content of rain and this energy is eventually transferred to the 
snowpack. As soon as the rain stops, Eq. 2 takes over control of the SMELT; meaning that the 
melt energy of rainfall substitutes for conceptual solar energy represented in the snowmelt 
degree-day method. Marks et al. (2001) showed that 60-90% of the energy required for melting in 
warm moist conditions is provided through sensible heat (i.e. convection due to air and snowpack 
temperature difference), which supports the use of a model based on temperature as the main 
energy source for simulating such events.   

A comparison of two sets of simulation runs, with rainfall inputs DS1 and DS2 (designated as 
“R6C1-3I1-2S1-4” and “R7C1-3I1-2S1-4”), as an example, highlights the profound model response to 
the temperature change, compared to the change in precipitation. A summary of results illustrated 
in Figure 4 shows that increases of the Reference rainfall (DS1) by 15, 28 and 40% (in sets 2, 4 
and 6) produce on average only 3, 5 and 7% more snowmelt. However, the temperature increases 
by 2.7 and 4.7 °C, in sets 3 and 4, cause a considerable jump in the total snowmelt, i.e. 35-62% in 
set 3 (RCP2.6 scenario) and 55-100% in set 5 (RCP4.5). 

 

 
Fig. 4. Snowmelt rates for six simulation sets comprising 4 runs each: The reference set includes simulation runs with the DS1 
rainfall (designated as R6C1I1S1-4), and its modifications are presented in the figure as sets 2-6 

 

Besides temperature and rain intensity, other factors affecting the snowmelt process can be also 
found in the literature, including snowpack temperature and snow-air temperature difference 
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(Levia and Leathers, 2014), temperature pattern, SWE, and the areal extent of antecedent 
snowpack (Pradhanang et al., 2012). Rain event duration was also noted as an influential factor 
affecting the range of snowmelt results for the same temperature and rain intensity as inputs, but 
different SWE scenarios, as illustrated in Figure 5. This can be explained by the fact that the cold 
content of snowpack (i.e., the temperature difference between the snowpack and air, referenced to 
SWE, was initially set equal to 0 °C in the model) for higher SWEs needs more exchange energy 
to balance the system temperature with ambient air temperature change. Therefore, the melt in 
short events (i.e. R1, R2, DS1 and DS2), for different SWE scenarios, causes a greater span of 
results in Figure 5. On the other hand, during the longer events (R3-5), there is more time for 
balancing the internal energy content with air temperature, and therefore, for similar events, the 
melts generated in different SWE scenarios contribute to a smaller span of results (Figure 5).  

 

 
Fig. 5. Average snowmelt per hour for the “Reference climate scenario” categorized on the basis of: (1) average 
event temperature (°C), and (2) average event rain intensity (mm/h). Data points in each set (connected by a 
vertical line) show results from different SWE scenarios i.e. 10, 50, 90 and 180 mm, respectively, arranged from 
the lowest to the highest point in each set 

 

Runoff generation in rain-on-snow events 

Runoff depths simulated for various infiltration scenarios, SWE values, and climate scenarios are 
presented in Fig. 6. When examining tendencies in this complete set of results, there is a strong 
indication that the simulated runoff depths are sensitive to the snow depths included as SWE in 
the model; the higher the snow depth, the lower the runoff depth. For example, the simulation run 
runs with SWE of 10 mm (i.e. R1-7C1-3I1-2S4) show 1.8-5 times more generated runoff compared 
to those with SWE of 180 mm (i.e. R1-7C1-3I1-2S1). This difference was confirmed by the paired t-
test analysis (p-value<0.001). To elucidate this point further, one can examine the runoff and 
outflow time series of two simulations runs (i.e. R1C1I2S2 and R1C1I2S4) with SWE of 10 and 90, 
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respectively, which were presented in Figure 3. When comparing the graphs, one can observe the 
equal runoffs/outflows generated during the first 245 minutes, when the snowpack storage 
capacity is fully used. From that moment on, the results diverge due to the excess water from the 
smaller snowpack contributing to runoff, while the deeper snow pack still retains melt water and 
rainwater. A similar finding was reported by Wever (2015) who showed high dependency of 
runoff dynamics on the snow depth in the beginning of a rain event in an alpine region, causing a 
time lag of 2.2 to 10 hours for runoff to start after the onset of rainfall, depending on the depth 
and cold content of snowpack. This can be explained by the fact that the meltwater/rainfall is 
retained in snowpack until all voids are filled and runoff starts. From the results illustrated in 
Figure 6, a monotonic relation (with average R2=95%) for snow depth (snow storage capacity) 
and runoff volume can be inferred; the only deviations from this trend are observed in Figure 6 
for RCP 2.6 & 4.5, because for an initial SWE = 10 mm, the snowpack was completely melted.  

 

 
Fig. 6. Runoff for the selected rainfalls, grouped in three levels: (i) First level: Low (L) and 
intermediate (M) infiltration scenarios; (ii) Second level: varying SWE =10, 50, 90 and 180 mm; and, 
(iii) Third level, climate scenarios: Reference, RCP2.6 and RCP4.5. The hollow circles indicate the 
runoff depth for each rainfall, and the filled circles show the mean value of all runoff depths for each 
scenario; the black dash-line shows the total generated runoff in the summer scenario (DS3, 
designated as R8C1I3S5) 

 

An extreme case of a 10-year summer rainfall event with full infiltration capacity (i.e. DS3, 
designated as R8C1I3S5) was compared with the “moderate” winter scenarios, which comprise all 
the selected rainfalls for the reference climate scenario, with intermediate and low infiltration 
scenarios, and the likely maximum SWE value of 180 mm (i.e. R1-7C1I1-2S1). The results in 
Figure 6 and Table 4 (for brevity, the table contains just an extract of more important results) 
show that in spite of reduced infiltration, the total generated runoff depths (and also outflows) in 
winter conditions are smaller than those generated in the summer scenario. This implies that high 
snow depths (SWE of 180 mm in this study) can compensate for reduced catchment infiltration, 



 

 

due to frozen soils, by retaining rainfall. On the other hand, smaller SWEs increase the generated 
runoff depths (Figure 6) and cause more runoff than the summer rain events, in spite of 
considerably lower rainfall depths/intensities during the melting period (compare DS3 with other 
rain events in Table 1); this can be explained by the lower storage capacity of low-SWE scenarios 
along with small snow depths. 

The snow storage capacity, which was reported as 2-10% by weight (Anderson, 1973), varies 
during the melting period, as snow is subject to (wet and dry) metamorphism, depending on the 
time phase of the melt season. The resulting impacts on runoff volume and peak flow were 
studied by Dunne et al. (1976), who reported on the role of snow depth in controlling melt 
hydrographs in studies of water movement through subarctic snowpacks. In that sense, snow 
depth (and its storage capacity) may be considered as a potential runoff control measure during 
the melting period, particularly with respect to mitigating the impact of heavy rain-on-snow 
events. However, exploiting such a control would be feasible only if snow is distributed over 
large areas and not concentrated in large piles only. 

Generation of surface runoff from a rain-on-snow event on pervious areas is strongly affected by 
the seasonal infiltration rate. Reduced infiltration rates, by 80 and 100%, for intermediate and low 
infiltration scenarios, respectively,  represent different stages during the melting period, when the 
frozen soil (with no infiltration capacity) gradually recovers its infiltration capacity (i.e., to the 
intermediate level) and eventually reaches the full capacity (Moghadas et al., 2015b).  

The results of simulation runs for design storms DS1 and DS2 (designated as R6C1-3I1-2S1-4 and 
R7C1-3I1-2S1-4), for low and intermediate infiltration scenarios, were compared to those from high 
infiltration scenarios mimicking summer conditions (DS3, designated as R8C3I1-2S5). This 
comparison showed that the generated runoff was on average 4.6 and 5.4 times greater than that 
in the summer, for intermediate and low infiltration scenarios, respectively (Table 4 and Figure 
6). The summary of the flooded nodes and surcharged pipes in the drainage system (Table 4) 
shows the impact of winter when comparing the system performance in winter (DS2) and in 
summer (DS3*). This observation confirms the findings of Carlsson et al. (2006) that the floods 
in extreme winter conditions are greater than those in other seasons, in spite of their lower 
probability of occurrence. The statistical paired t-test was applied to all the simulation runs and 
confirmed that the runoff depths simulated for low infiltration, intermediate infiltration, and 
summer scenarios were statistically different (p-value <0.0001) with respect to runoff generation.  

 

Climate change  

Climate change, described by increased temperatures and precipitation, has an obvious impact on 
the event snowmelt volume. The simulation results showed that the total snowmelt volume 
increases in future scenarios. Figure 7 illustrates future snowmelt increases in percent of those 
corresponding to the reference climate scenario, for individual snowmelt events. For short events, 
increases of 50% (RCP2.6 scenario) and 80-110% (RCP4.5 scenario) were noted. For long 



 

 

events, such increases were 25-60% (RCP2.6) and 30-70% (RCP4.5). This difference between 
the total snowmelt volumes in future climate scenarios and those in the reference climate scenario 
was statistically significant (paired t-test, p-value<0.0001) for both future scenarios, i.e. RCP2.6 
& RCP4.5 in all simulations (Figure 7). The most influential factor uplifting snowmelt in future 
scenarios is the higher temperature, projected in both RCP2.6 and RCP4.5. This eventually leads 
to the conclusion that the impact of RCP4.5 is higher than that of RCP2.6, and the differences 
between the two future scenarios results are statistically significant (p < 0.02).  

 

 
Fig. 7. Total snowmelt change in future climate scenarios, obtained from comparisons to the reference climate 
scenario results; hollow circles represent simulated data points for individual SWEs and filled circles indicate 

the mean values for the corresponding vertical data sets 
 

A snow storage coefficient was calculated as the ratio of theoretical snow storage, at the end of 
each event, to the volume of total water (i.e., the sum of snowmelt and precipitation). The 
coefficient represents the potential storage capacity expressed as the water equivalent (i.e., 
assuming 10% of SWE of snowpack at the end of each event), which is fully used at the end of 
each event (Figure 8). The results show that the theoretical storage capacity of snowpack would 
decrease due to more melt and eventually lower snow depth during the final stage of melt. The 
snow storage coefficient decreased on average by 32 and 45%, for RCP2.6 and RCP4.5 
scenarios, respectively, as assessed by discrete event simulations.  

Earlier studies focused mainly on the long-term (seasonal) impacts of climate change on 
snowmelt or runoff generation, in the context of water resources management (e.g. Yucel et al., 
2015). A direct comparison of the earlier studies and the present one is not feasible, because of 
specificity of climate scenarios for various locations. However, the general results of the earlier 
studies are consistent with the findings presented here. Climate change can significantly impact 
the availability of water because of changes in temperature and precipitation regimes (Batelaan et 
al., 2013; Stewart et al., 2004; Yucel et al., 2015) and the extent of soil frost, which would 
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increase due to lower snow depths and lower insulation, in spite of warmer winters (Hardy et al., 
2001). On the other hand, Semadeni-Davies (2004) studied the impacts of climate change on 
winter urban water management and concluded that climate change impacts might be 
insignificant and could be potentially overcome with innovative technologies.  

 

 
Fig. 8. Snow storage coefficient: Hollow circles indicate simulated data points for individual SWEs and the 

filled circles indicate the mean values for the corresponding vertical data sets 
 

In this study, comparisons of volumetric snowpack runoff coefficients, defined as the ratio of the 
total runoff depth to the total water supply, equal to the sum of rainfall and snowmelt depths, 
indicate that the effect of runoff generation due to snow depth variation is evidently higher than 
that of climate change (Figure 9). While on average the runoff coefficient increased by 30% 
(from the Reference to RCP4.5 scenarios), the decrease in the snow depth and the snow storage 
capacity would affect the runoff generation coefficient by 300%, when comparing the SWE180 
and SWE10 scenarios.  
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Fig. 9. Volumetric runoff coefficient shown for different SWE depth, infiltration rate and climate scenarios:  

Hollow circles indicate simulation data for individual SWEs and the filled circles indicate the mean value for the 
corresponding vertical data sets 

 

However, the results discussed earlier highlight the importance of the study of rain-on-snow 
events towards the end of the melting season, when: (i) average daily temperatures are relatively 
high, (ii) a significantly more intense rainfall may occur, (iii) smaller storage capacity is available 
in the snowpack, because of smaller snow depths and the filling of voids in the snowpack with 
water, and (iv) smaller cold contents of snowpacks may lead to higher melts caused by rainfall. 
These factors evidently cause more runoff, which in turn affects the performance of the storm 
sewer system.  

The impact of climate change on the performance of storm sewer network in future climates with 
more precipitation, but smaller snow cover depths, is described in Table 4 for the study 
catchment. The numbers of flooded nodes and surcharged pipes are considered as flooding 
indicators comparing the system performance in different climate scenarios. When comparing the 
sewer system performance indicators in the reference and future scenarios, it can be noted that a 
1.4-y rain event simulated for an extreme scenario (low infiltration and RCP4.5) can exert the 
same impact on the system performance as a 10-y event in summer conditions with full 
infiltration capacity (Table 4). The results in Table 4 and Figure 6 show that the numbers of 
flooded nodes and surcharged pipes are in the same range for snow depths of 10 and 50 mm, 
while there is a considerable reduction in these numbers for the snow depth of 180 mm. This 
implies that general reductions of snow depths in the future will decrease the potential retention 
capacity of the snow cover and would contribute to overloading the drainage system, certainly for 
the average reductions of snow water equivalents in future scenarios by 50 and 66% indicated by 
the Echam4-RCA3 and A1&A2 scenarios, respectively (Roeckner et al., 1996). Regions with 
long cold winters and seasonal snowpacks (e.g., in parts of Scandinavia, Canada, US, and Alpine 
regions) could experience in the future more severe soil frost, because of reduced snow cover 
insulation (Hardy et al., 2001), smaller snow depths and water storage capacity, more intense 

Climate scenario
Infiltration

SWE

RCP4.5RCP2.6Reference
MLMLML

180905010180905010180905010180905010180905010180905010

0.9

0.8

0.7

0.6

0.5

0.4

0.3

0.2

0.1

0.0

Ru
no

ff
/T

ot
al

 li
qu

id
 w

at
er

 (-
)



 

 

rainfalls towards the end of the melting season, decreased input into drainage systems due to ice 
blockage of inlets, and also flow path changes (Milina, 2000). Taking these hazards into 
consideration, it appears important to include the ‘snowmelt season’ specifically in the sewer 
network design, stormwater management and the drainage system adaptation to climate change. 
This suggestion applies the study catchment in spite of the future climate scenarios contributing 
to warmer winters with less accumulation of snow, but higher rain intensities (Moghadas et al., 
2011). 

Summary and Conclusions 
Concerns about the impacts of rain-on-snow events on catchment drainage performance and 
stormwater management prompted the study of such events in a Northern Sweden City of Kiruna. 
Toward this end, a study catchment was established and the frequencies of joint occurrence of 
rain and snowmelt were analysed and used for selecting a set of actual rainfalls (further 
supplemented by design rainfalls), which were applied as precipitation inputs in 
rainfall/snowmelt/runoff simulations. The frequency analysis of rain-on-snow events was based 
on 36 years of data and indicated generally lower rainfall depths of rain-on-snow events, when 
compared to summer storms, and low frequencies of occurrence of the combinations of higher 
temperatures and rain-on- snow in the study catchment. It furthermore shows that two of the 
selected rainfalls represent extreme rain-on-snow events. Mathematical modelling of snowmelt 
and rain-on-snow events in urban catchments requires a lot of input data, which are rarely 
available in practical applications. This shortage of data was circumvented by defining plausible 
scenarios divided into four categories: eight rain events, three climates (the current one and two 
projected), three infiltration rates including those for frozen soils, and five snow water equivalent 
(SWE) values. For these scenarios, an insight into rain-on-snow processes in the study catchment 
was obtained by modelling runoff from rain-on-snow events using a GIS-supported version of the 
US EPA SWMM model (PCSWMM). In total, 177 simulations were carried out and their results 
analysed with respect to influential rainfall/snowmelt/runoff factors; the noted differences were 
tested for statistical significance. Result analysis revealed new findings concerning the 
differences in runoff generated by rain-on-snow or summer thunderstorm events. In general, 
simulated runoff in winter condition was on average 5 times greater than that in the summer and 
the number of flooded nodes in the drainage system in the current climate for a relatively 
frequent rain event (a return period of 1.4 years) on a snow-covered catchment with frozen soils 
was as high as 70% of the number of flooded nodes produced by a storm with a 10-year return 
period under summer conditions. This percentage increased to 80% and 100% for future climates 
in RCP2.6 and 4.5 scenarios, when the climate change caused increases in simulated snowmelt 
during rain-on-snow by 25-60% for RCP2 and 30-110% for RCP4.5. 

The methodology applied in this study offers a practical procedure for similar case studies and 
allows circumventing the common shortage of input data in snowmelt modelling and prediction 
of rain-on-snow runoff and its potential impacts on urban drainage systems. The procedure 
comprises: (1) identification of the most frequent rain-on-snow events by statistical analyses of 



 

 

rainfall depth and temperature data during the snowmelt period, for selecting the rainfall events 
of interest (either historical rainfall events or design storms) as inputs to the simulation model; (2) 
Calibration of the model over the whole season with respect to the start and end dates of the 
snowmelt season, using temperature and snow depth data; (3) Selection of suitable scenarios for 
rainfall/snowmelt/runoff factors (i.e., the infiltration capacity of green areas during the snowmelt 
season, initial snow cover along with storage capacity, and climate change scenarios), according 
to the study purpose.  

In applications of the above methodology, simulation results indicated high sensitivity of the 
SWMM snowmelt routine to temperature inputs, in spite of the simplicity of the energy budget 
algorithm used in SWMM during wet weather. This indicates the importance of the quality of 
temperature input data and the need to improve melt coefficients used by the model, e.g. by 
collecting local data. With respect to climate change, there is a need for good downscaled 
temperature data at a local scale for better winter/spring runoff simulations.  

Depending on the snow cover depth, snowpack may either store or release water from rain and 
snowmelt, and consequently, the snow depth strongly affects the generation of surface runoff and 
the hydraulic loading of the drainage system. Smaller snow depths produce lower total runoff 
volume not just because of low SWEs, but also through a combined action of low storage 
capacity of the snowpack and frozen soils contributing to higher runoff during intense rain 
events. The relation of SWE and water storage capacity was shown to be monotonic. The reduced 
storage capacity due to smaller SWE generates 1.8-5 times more runoff for SWE of 10 and 180 
mm. In this regard, the sensitivity of runoff to the available snow storage capacity needs to be 
further investigated and supported by better representative values for different urban snow cover 
types. 

In the presented case study, the capacity of the urban drainage system may be exceeded during 
less frequent rain-on-snow events, particularly under adverse initial and antecedent conditions, 
which are more likely to occur towards the end of the melt season. Such adverse condition may 
continue to occur, or become even more frequent, in future climates, and therefore, there is a 
need to consider rain-on-snow events in drainage design and stormwater management, even 
though warmer temperatures should lead to smaller snow accumulations in catchments.  
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Table 1 Selected actual rainfall events and design storms for runoff simulation  

ID Start End 

Average 
event 

temperature 
[C] 

Duratio
n 

Depth 
Maximum blockrain 

Return 
period 

6 h duration [y] 

[h] [mm] 
Volume 

[mm] 
Intensity 
[mm/h]   

R1 2009-05-09 02:55 2009-05-09 07:30 2.42 4.6 12.3 12.3 2.05 0.1 
R2 2005-05-24 09:45 2005-05-24 15:45 8 6 11.1 11.1 1.84 0.1 
R3 2013-05-20 00:41 2013-05-20 20:30 6 19.8 35.9 17.5 2.92 0.4 
R4 2013-05-19 23:15 2013-05-20 22:00 5.3 22.8 38.4 24.4 4.07 1.4 
R5 2001-04-27 21:45 2001-04-28 20:00 2.92 22.3 19.8 10.5 1.73 0 

DS1 
Design Storm 
(Blockrain) 

3 6 17.3 2.88 0.4 
DS2 3 6 24.4 4.07 1.4 
DS3 - 6 41.4   6.9 10  

 

 

 
Table 2 Hydrological patermeter values used in SWMM 
simulations 

  Pervious Impervious 
Depression storage (mm) 6 1.5 
Manning’s n 0.24 0.014 

Infiltration 
Min rate 
(mm/h) 

Max rate 
(mm/h) 

Loam1 5.4 150 
Loam silt1 3.8 125 
Bedrock1 3.60E-04 7.20E-04 
decay rate (mm/h) 3 
drying time (day) 14 
Snow type Relocated Undisturbed 
Min melt coefficient2* [mm/h/C] 0.2 0.008 
Max melt coefficient3* [mm/h/C] 0.46 0.05 
1 The values adopted from Akan (1993)  
2 Melt coefficient on the 21st of December 
3 Melt coefficient on the 21st of June 
* Melt coefficient follows a sinusoidal curve and is updated 
according to the calendar day 

 

 

 

 

 

 



 

 

Table 3  Simulation experimental design based on individual rainfall and the scenarios 
The Scenarios Rainfalls  Climate  Infiltration1 SWE  

Run ID R   α C δ  I β  S θ 

RαCδIβSθ 

R1 1 Reference 1 Low 1  180 1 
R2 2 RCP2.6 2 Medium 2 90 2 
R3 3 RCP4.5 3   50 3 
R4 4       10 4 
R5 5         

DS12 6       
DS22 7         
DS33 8     High  3 0  5 

1 High infiltration scenario mimics summer condition for which no snowmelt simulation is 
applied.  
2 Rainfall events used for all infiltration scenarios. 
3 Rainfall event used only for high infiltration scenario (and no SWE scenario is applied). 

 

 
Table 4 Summary of Kiruna storm sewer system performance data: Discharge volumes, the number of flooded nodes 

and surcharged pipes for selected rainfall events 
 Outflow [103 m3] Number of flooded nodes Number of surcharged pipes 

Climate 
scenarios Ref. RCP2.6 RCP4.5 Ref. RCP2.6 RCP4.5 Ref. RCP2.6 RCP4.5 

Rain SWE Med Low Med Low Med Low Med Low Med Low Med Low Med Low Med Low Med Low 

R1 

180 23 23 29 29 34 34 0 0 0 0 1 1 4 4 7 7 18 18 
90 23 23 29 38 45 64 0 0 0 1 2 7 4 4 7 11 23 36 
50 23 34 51 72 76 96 0 0 2 13 15 25 4 6 22 51 57 85 
10 47 69 82 105 106 129 8 15 21 20 24 32 34 56 70 90 100 124 

R5 

180 42 48 107 137 147 173 1 2 12 13 14 17 7 11 45 50 53 64 
90 99 131 182 219 216 254 9 12 24 27 33 38 35 43 84 115 122 151 
50 130 168 213 261 249 299 15 19 22 30 34 40 45 77 109 118 142 153 
10 158 212 231 286 257 311 17 21 24 31 30 31 73 86 106 115 124 134 

DS1 

180 37 37 43 48 60 76 1 1 0 1 2 3 8 5 3 6 14 31 
90 46 68 94 116 128 150 1 10 17 20 24 30 11 45 66 86 100 120 
50 79 103 127 150 160 182 13 19 21 26 28 32 57 70 94 106 121 131 
10 112 137 158 183 190 213 19 21 25 27 30 35 72 82 105 111 121 132 

DS1* 0 36 41 47 0 0 0 5 6 9 

DS2 

180 53 63 100 119 143 161 3 10 17 23 35 45 14 45 61 86 133 168 
90 113 135 168 189 0 226 27 34 44 46 53 61 115 131 160 173 204 216 
50 145 167 198 219 234 254 33 43 46 47 58 62 133 152 173 179 212 224 
10 175 198 226 248 260 281 38 44 46 47 58 61 138 158 173 179 215 223 

DS2* 0 52 60 67 0 2 2 12 19 23 
DS3* 0 107 146 179 60 90 121 194 246 247 

* This event mimics summer conditions: no SWE and full infiltration capacity 
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ABSTRACT
In the absence of reliable methods for predicting the quantity and quality of urban snowmelt 
induced runoff, the feasibility of simulating the snowmelt runoff and TSS transport with the 
widely used US EPA Stormwater Management Model (SWMM) was explored on an urban test 
catchment in Östersund (Sweden), for which measurements of air temperatures, snowmelt runoff 
rates and TSS concentrations were available. Towards this end, a methodology for snowmelt 
simulation was developed and indicated that the accuracy of such simulations could be increased 
by breaking down the entire melt season into several stages with similar quasi-uniform ‘melt 
conditions’. Such conditions could be described by a specific melt coefficient, soil infiltration 
rates, and threshold melt temperature. The use of duration of sunny hours, reflecting solar 
radiation, was beneficial in defining the melt season stages and interpreting model results. While 
the snowmelt flow rates were modelled with an acceptable accuracy, uncertainties in runoff flow 
simulations were magnified in estimates of TSS transport. However, by calibrating the model for 
different snowmelt stages, errors in TSS simulations could be reduced from (-85% - 153%) to (-
25 - +50%).  

KEYWORDS 
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INTRODUCTION 

The development and availability of comprehensive models for planning, design and analysis of 
urban drainage systems has been recognised as one of the most significant achievements of the 
past 50 years of research on urban stormwater management (Marsalek, 2013). Indeed, the 
capabilities of contemporary stormwater management models generating runoff flows and their 
quality, while taking into account the current knowledge of environmental hydrology (Fletcher et 



 

 

al., 2013), diversity of catchment covers and land uses, extensive surface and underground 
stormwater transport networks, and environmental controls in the form of LID (Low Impact 
Development) or BMP (Best Management Practice) measures, are truly impressive and facilitated 
advanced stormwater management and mitigation of impacts on receiving waters, with high 
levels of productivity. However, the leading modelling packages are generally focused on 
rainwater runoff in temperate climates, with very limited, and largely untested, capabilities to 
address urban snowmelt in regions with seasonal snowpacks (Moghadas et al. 2015), including 
most of Canada, northern parts of the US, Scandinavia, parts of Russia, China and Japan, and 
Alpine regions. Yet these regions are facing numerous challenges in managing urban snow, 
snowmelt, and stormwater, and such challenges are arguably more complex than those 
encountered in temperate climates without snow (Viklander et al., 2003).  

Snowmelt from urban snowpacks increases the risks of flooding and pollution of the receiving 
waters by water and contaminants stored in the urban snowpack. Adverse impacts on flooding are 
caused by high volumes of snowmelt runoff potentially filling up storage capacities of drainage 
facilities (Buttle and Xu, 1988; Bengtsson and Westerström, 1992; Carlsson 2006). Snowmelt 
contamination has been recognized for some time and its severity is given by accumulation of 
contaminants in urban snow for extended time periods and by amplified concentrations of 
contaminants released from snowpacks (Meyer and Wania, 2008).  Critical constituents causing 
such a contamination include total suspended solids (TSS) (Sillanpaa and Koivusalo, 2013), 
chloride occurring at acute toxicity levels (Marsalek, 2003), particle-bound heavy metals 
originating from traffic (Cd, Cu, Ni, Pb and Zn; Kuoppamaki et al., 2004; Moghadas et al. 2015), 
and trace organics (Bjorklund et al., 2011; Meyer et al., 2011). Furthermore, modern stormwater 
management created new pathways for chloride in urban areas, particularly with respect to entry 
to groundwater aquifers in the case of infiltration facilities, and discharges of chloride laden 
runoff causing densimetric stratification in stormwater storage facilities, or natural water bodies 
receiving such discharges (Marsalek, 2003). Finally, a review of environmental impacts caused 
by urban snow disposal was documented by Engelhard et al. (2006).      

Analysis of the aforementioned environmental issues would greatly benefit from urban snowmelt 
modelling, whose status was recently reviewed by Moghadas et al. (2015). The review concluded 
that while some progress has been made, in the form of development of  spatially-limited 
research models of urban snowmelt (Matheussen, 2004; Valeo and Ho, 2004) and advancing the 
understanding of pollutant accumulation in, and release from, urban snowpacks (e.g. Viklander 
1996; Westerlund et al., 2008; Sillanpää and Koivusalo, 2013; Zhang et al., 2015; Moghadas et 
al., 2015c), little was achieved in incorporating such work into essential sub-models of snowmelt 
quality, involving pollutant build-up, wash-off and transport. For modelling urban snowmelt at 
the catchment scale, the choices of fully operational models were found practically non-existent 
and the user needs to rely on applying one of the fully operational models, like e.g. SWMM, 
under the conditions, for which the model was not adequately tested.     



 

 

Snowmelt simulation tools produce results with a fair degree of uncertainty, as reported e.g. by 
Bahremand and De Smedt (2006), Jacquin (2010) and Zhang et al. (2015). There are two types of 
challenges encountered: (i) impracticality of employing a physically based method of snowmelt 
computation because of the non-availability of input data (Matheussen 2004), and (ii) challenges 
of obtaining distributed process parameter values reflecting heterogeneity and complexity of 
urban areas caused by anthropogenic activities (e.g. Semadeni Davies, 1999; Sillanpää, 2013; 
Moghadas et al., 2015 a). Not surprisingly, a number of authors reported inadequacy of common 
modelling tools for modelling urban snowmelt/runoff quantity (Valeo and Ho, 2994) and quality 
(Westerlund et al. (2008).  The latter authors concluded that TSS transport in snowmelt induced 
runoff was practically unpredictable. In spite of these recognized shortcoming, Zhang et al. 
(2015) reported that further studies and investigations are required for quality modelling of 
stormwater drainage systems, and that the discussion of data, modelling procedure and results can 
contribute to improvements of the methodology of snowmelt runoff and pollutant transport 
modelling in practical and scientific applications.  

In the absence of reliable methods for predicting the quantity and quality of urban snowmelt 
induced runoff, the objective of the study presented herein is to explore the feasibility of 
simulating the snowmelt runoff and TSS transport in an urban test catchment, with the 
Stormwater Management Model (SWMM) of the US Environmental Protection Agency. The 
reasons for selecting the SWMM included extensive applications of this model on numerous 
catchments around the world, open-source code, availability of a (simple) snowmelt subroutine in 
the model, and opportunity to apply it on a test catchment. The test catchment is located in 
Östersund, Sweden, and was documented by physiographic data required for SWMM application. 
Furthermore, runoff flow rates and TSS concentrations were available from other studies 
conducted in this catchment.   

MATERIALS AND METHODS 

Site Description and characteristics 

The study catchment named Odenbacken is located in the city of Östersund in the central part of 
Sweden (63.18 °N, 14.5° E) at 300-380 m above sea level (Figure 1). It represents a suburban 
residential area with more of open and green areas (higher perviousness) than found in typical 
Swedish urban residential areas. The catchment area (19.9 ha) comprises 0.64 ha of parking lots, 
1.32 ha of roads and 2.18 ha of roofs. The soil type in the region and in the catchment is 
dominated by Moraine (silt loam) according to the soil-type maps of Sweden (SGU, 2014), and 
the catchment has almost homogenous characteristics in terms of snowmelt conditions. 



 

 

Figure 1 Location of the study catchment in Östersund and Sweden 

Stormwater from the catchment is drained through a separate sewer system with 1,854 metres of 
sewers discharging through a single outlet into Lake Storsjön (the fifth largest lake in Sweden). 

Average annual precipitation in Östersund is 564 mm, 32% of which occurs between November 
and March. As the average air temperature in this period is below 0 C, this precipitation is likely 
to be snow (Alexanderson et al., 1991). The maximum snow depth recorded by the Swedish 
Meteorological and Hydrological Institute (SMHI) during the study period in the winter of 2012-
2013 was 37 cm (SMHI, 2015).  

Snow management in Östersund is performed by the municipality. Snow is ploughed from 
priority roads and other streets/paths when the depth exceeds 3 and 5 cm, respectively. Piled 
snow from ploughing is taken away from the central part of the city, but not from the rest of the 
study catchment. Crushed stone materials are used as a traction material in the streets and 
pathways; natural sand and road salt might be used in extreme wintry conditions, which have not 
occurred during the study period.  



 

 

Meteorological data acquisition 

A weather station was established in the centre of Östersund where rainfall was monitored with 
the tipping bucket rain gauge Type MJK (0.2 mm resolution) and temperature was recorded by 
the Tinytag Plus2 logger; this equipment was located approximately 2 km north of the study 
catchment. An area-velocity flow meter (Type ISCO 2150) was installed at the catchment outlet. 
All measurements were recorded in, or converted to, one minute time steps.  Due to the lack of 
local observations, snow depth data was obtained from a SMHI station at Norderön (elevation 
312 m), which is an island with mostly agricultural land use 14 km west of Östersund. Data on 
sunshine hours [h/min] during the study period was obtained from the Swedish radiation safety 
authority. All the data was processed for the study period between 25 March and 14 April of 
2013.

Model setup 

The delineation of the study catchment and associated subcatchments was done according to the 
sewer system inlets and drainage patterns in a Digital Elevation Model (DEM) of the area. The 
DEM was obtained from Lantmäteriet (the Swedish National Land Survey) with a 2 m resolution 
and accuracy of 0.25 m in plane and 0.05 in elevations. The catchment was subdivided into 12 
subcatchments; the modelled sewer system consisted of 25 pipes with a total length of 1505 m, 
25nodes and 1 outfall (Figure 1).The catchment area, imperviousness and catchment slopes were 
estimated from the DEM data and a background map (containing different land uses); the 
associated infiltration properties of pervious areas were introduced to the model (Horton’s 
method) based on the study area soil types. For the snowmelt routine, the relevant initial melt 
coefficient was adopted from the literature (e.g. Valeo and Ho, 2004; Heineman et al., 2010); and 
the initial snow depth was estimated based on the snow depth data and converted into the snow 
water equivalent (SWE) using a general range of snow densities in Sweden, i.e. 200 kg/m3 for 
packed late-winter snow (Brandt, 1999). The model was built up and ran in PCSWMM by 
Computational Hydraulics International (CHI) using the EPA SWMM, Version 5.1 as a 
computational engine (James et al., 2010).  

Model calibration 

The model was calibrated and/or validated in three phases, i.e. for rainfall runoff, snowmelt 
induced runoff, and TSS transport. The calibration processes and the calibrated parameters are 
described and discussed in more details in the following sections.  

Rainfall runoff calibration 
Calibration against runoff for summer conditions was performed for discrete events.  Relevant 
parameters were adjusted, i.e. percentage of runoff routed from impervious to pervious areas, and 
the subcatchment width as the major parameters, and slope, depression storage capacity, and 
Manning number as complementary parameters. The calibration was performed using SRTC 



 

 

(sensitivity-based radio tuning calibration tool) in PCSWMM to achieve a good fit with measured 
runoff. The parameters were only calibrated for impervious areas since due to low intensity 
rainfalls, there were no runoff contributions from pervious areas. This fit was assessed using the 
Nash-Sutcliffe efficiency (NSE) (Nash and Sutcliffe, 1970) and the coefficient of determination 
R2. Four single rainfall events were available, of which three were selected for calibration and 
one for validation. Data about the events and the model performance are presented in (Table 1). 

Table 1 Selected events: Calibration statistics 

Event Start End Duration 
[h] 

Depth 
[mm] 

Intensity 
[mm/h] NSE R2

Event01C 2012-09-14 15:13 2012-09-14 16:27 1.23 3.2 2.59 0.861 0.952 
Event02C 2012-09-17 09:59 2012-09-17 17:08 7.15 18 2.52 0.737 0.836 
Event03C 2012-09-26 11:55 2012-09-27 07:38 19.7 5.6 0.28 0.819 0.832 

Event04V 2013-06-13 01:12 2013-06-13 22:22 16.18 11 0.68 0.772 0.774 
C Calibration period; V Validation period 

Snowmelt runoff calibration 

The snowmelt engine of SWMM uses a hybrid method to compute snowmelt. The temperature 
index equation [SMELT =DHM × (Ta-Tbase)] is used for dry periods (no rain), where DHM is the 
melt factor (mm/h · °C), SMELT is the melt rate (mm/h), Ta is air temperature (°C) and Tbase is 
the base melt temperature (°C). Melt coefficient is described in the model as a minimum and 
maximum melt coefficient for the 21st December and 21st June, respectively; the coefficient for 
any day in between is calculated from a fitted sinusoidal curve. Infiltration in the model is 
described by the maximum infiltration rate, which is attenuated by applying a “decay-rate” 
transitioning to the minimum infiltration depicting the frozen soil conditions and the subsequent 
thawing process (Moghadas et al., 2015b). 

Melt runoff from a snowpack depends on the stage of melting as well as the weather conditions 
during that specific stage. As a consequence, several model parameters can be considered as 
time-variable during the melting period. The infiltration rate, which is reduced by frozen soils, 
increases with time as the soil thaws. The melt coefficient partly depends on the length of a day 
(daylight hours) and increases during the melting season, as days become longer and generally 
more energy for melt is available. On the other hand, the melt coefficient also depends on the 
sunny hours during each calendar day, which affect the melt rate due to direct or indirect 
irradiance during clear or cloudy hours. The last two aforementioned factors are not implemented 
in the SWMM, and therefore, long term simulation with the model could not be well calibrated. 
Consequently, from the whole melting period, two sub-periods with similar melt conditions were 
selected to calibrate the model against the measured runoff (i.e. the total daily outflow volume).   

The first sub-period represents the beginning of the season, with reduced infiltration rates, and 
the second sub-period is at the end of the melting period with a restored infiltration capacity. 
Both sub-periods were chosen so that their temperatures were approximately half a day above the 



 

 

base temperature, at which the melt occurs, on consecutive days. No validation was performed 
due to the shortage of available data. 

The following assumptions were made for the initial values of snow related parameters and other 
initial conditions in the model: (i) the sinusoidal interpolation between the minimum and 
maximum melt coefficients in SWMM was ignored by using the same values for both periods. 
This value then represents the actual melt coefficient of each sub-period; the initial values were 
adopted from the literature addressing similar conditions (Valeo & Ho 2004; Heineman et al.
2010); (ii) the base temperature was initially assumed as -0.5°C, as  melt runoff was measured 
during the period with air temperature below 0 °C. This assumption provided the model with 
approximately 6 to 10 hours of temperatures higher than the threshold value; (iii) the initial snow 
depth was estimated as 34 mm SWE for the 25th of March; (iv) fraction of free water capacity is 
the potential capacity of snowpack to store liquid water, which is described in the model as 
percentage of SWE. An initial value of 10% of SWE is recommended in the literature (e.g. 
Anderson, 1973); and, (v) all snow from impervious areas was ploughed, except from the roofs; 
half of ploughed snow from impervious areas was relocated onto the pervious areas.  

Snow related parameters, i.e. the melt coefficient, base temperature, initial snow depth, Manning 
number of the catchment surface and runoff routing related parameters, i.e. the width (related to 
the overland flow length), Manning number and infiltration rate were calibrated to achieve a good 
fit with measured runoff for total event volumes. The catchment related parameters were 
calibrated twice, once for snow-free conditions and the second time for the conditions with snow, 
assuming that the snowpack distribution in the catchment alters the routing of surface runoff and, 
therefore, flow length and slope should be different. Manning number differs due to ice and snow 
on the surface, and infiltration also changes due to frozen soils. The model with calibrated 
snowmelt parameters was then used to estimate the TSS transport (fine particles) by snowmelt 
induced runoff.  

A summary of calibrated parameters for snowmelt runoff simulations is shown in Table 2. 

Table 2 Calibrated parameters for snowmelt runoff  
Period 1 Period 2 

13-03-25 12:00 13-04-05 10:00 
Calibrated parameters 13-03-29 12:00 13-04-11 10:00 
Melt coefficient (pervious areas)  [mm/h/C] 0.0176 0.295 
Base temperature [C] -0.45 -0.5 
Initial snow depth [mm] 30 3.7 
Manning number for pervious areas  0.17 0.17 
Catchment width change from rainfall runoff calibration  +75%* -20%*

Max infiltration rate [mm/h] 0.018 0.022 
* individual width values for each subcatchment were adjusted by percentage of their original 

values (i.e. values estimated through calibration of the rainfall runoff model). 

A simple local sensitivity analysis was also done to identify the most sensitive parameters with 
respect to the simulated peak flows, the times of peak and runoff volumes to assess the 



 

 

calibration and the modelling procedure. The model, which was calibrated for snowmelt runoff, 
was used as the base model. Relevant parameters were altered independently (“one at a time”) by 
defining a reasonable range for each of them. The parameters and their selected ranges were: melt 
coefficient (±15%), base temperature (±22%), fraction of free water capacity (±50%), initial 
snow depth (±35%), initial free water (depth of liquid water stored in snow pack at the start of 
simulation, and sub-catchment width, slope, and Manning number, for pervious and impervious 
areas (all ±50%).  

Estimation of EMC for TSS 

During two consecutive days in each sub-period, discrete water samples of catchment runoff 
were collected by manual sampling at the outlet, by dipping a two-liter polypropylene bottle into 
sewer flow. In total, 38 samples collected during the study period were used in the analysis. TSS 
concentrations of samples were determined according to the European regulations for raw surface 
water quality (75/440/EEC). The analysis was accomplished by filtration of water through a glass 
fiber filter (Whatman GF/A filter), which was the dried at 105°C and weighed (SS-EN872:2005). 
Sample analysis was done at a local accredited laboratory. The detection limit of this method is 5 
mg/l, with a 15% uncertainty. The details of TSS data are summarized in Table 3.  

Table 3 Sampling of TSS 

Sampling events Start End Approximate flow 
 volume interval [L] 

EMC
 [mg/l] # of samples 

S1: 25.03.2013 13:41 16:30 5000 1796 5
S2: 26.03.2013 14:08 17:08 4000 861 6
S3: 09.04.2013 12:53 16:30 1000 160 9
S4: 10.04.2013 13:08 17:05 1000 227 18 

Total simulated TSS fluxes were calculated manually using equation: W=C × Q (Equation 1) 
where W is the TSS flux [mass/s]; C is EMC (event mean concentration) [mass/L]; and Q is the 
flow rate [L/s] at the catchment outlet.  The latter was obtained from the snowmelt simulations. 
The value of EMC was adjusted by comparing the measured and calculated total TSS fluxes for 
individual events. EMC was adjusted for three periods, i.e. for the two calibration sub-periods, 
and for the whole period.  

RESULTS AND DISCUSSION 
The results of rainfall/runoff model calibration showed an acceptable model performance. SRTC 
tool in PCSWMM was used to provide performance statistics of these simulations, which 
indicated that the model reasonably represented the catchment conditions, with an average 
NSE=0.8 and R2=0.87 for the calibration period (events 1-3). The calibrated model was then 
applied in the validation period (referred to as event 4) and showed acceptable performance with 
NSE=0.77 and R2=0.77, with both values in the range that Moriasi et al. (2007) and James et al. 



 

 

(2010) classified as acceptable for hydrological modelling (i.e. 0.5<NSE<1 and 0.5<R2<1). 
Details of the model performance for discrete events are summarized in Table 1. 

The sensitivity analysis of the snowmelt runoff model confirmed that the melt coefficient and 
base temperature are the most sensitive snow-related parameters. It also showed that the sub-
catchment width, Manning number of pervious areas, and the maximum infiltration rate are the 
most sensitive catchment-related parameters having a considerable impact on the peak and 
volume of simulated runoff, but not on the time to peak. These above five parameters were 
chosen as the main calibration parameters of the snowmelt model. Figure 2 illustrates changes in 
simulated runoff due to the variation of the sub-catchment width and the melt coefficient (i.e. 
both being representative of snow and catchment related parameters) during the first snowmelt 
sub-period in March. 

Figure 2 Prediction bands based on the assigned range of the melt coefficient on pervious areas [min= 0.015; max=0.02 
mm/day/C°] in the upper panel and the sub-catchment width [min= 50%; max=150% of the calibrated value from the 

rainfall/ runoff model] in the lower panel 

The base temperature is obviously a sensitive parameter strongly affecting the simulation results, 
since it determines at which temperature the melt would start. This parameter though was used to 
calibrate on the days with measured runoff, when the daily temperature was mostly below zero, 
with the maximum temperature of 1 C° for periods of 30 and 90 minutes during events 7 and 8, 



 

 

respectively (Figure 4). The base temperature is one of the initial parameters to be adjusted, and 
other parameters are calibrated on the basis of this adjustment.  

The catchment width, Manning number and slope conceptually reflect similar properties of the 
catchment overland flow, and changes in one of these parameters can compensate for the other 
two. Consequently, only one parameter, i.e. the width, was selected for calibration, while the 
other two were kept constant. Modifying the width directly determines the flow length in each 
subcatchment. Compared to rainwater runoff, changes of flow length for snowmelt runoff are 
likely to occur due to the non-uniform snow cover distribution over the melting season. Later in 
the season, it is likely that snow close to the roads and gully-pot has already melted (because of 
shorter runoff flow lengths) and the snow remaining at the end of the season is located farther 
from inlets and surface runoff flows have to overcome longer distances to reach the drainage 
system inlets. As the model assumes a uniform distribution of snow on each subarea, the sub-
catchment width can be varied to account for this discrepancy with respect to the actual snow 
distribution. 

The sensitivity analysis also indicated that the snow cover on impervious areas does not 
significantly affect the simulation results. This reflects the fact that only 21% of land use is 
impervious, and from those areas 50% of snow was estimated to be relocated by ploughing to 
green areas (Table 1); furthermore 50% of surface runoff is routed to pervious surroundings; this 
also explains the reason why the model is sensitive to infiltration rate of pervious areas. Thus the 
focus of the calibration was on properties of snow on pervious areas. The other parameters were 
generally insensitive and therefore not varied in the calibration processes. 

The melt induced runoff results from a combination of various factors, which determine the 
amount and intensity of snowmelt and runoff for each event. The examples of such factors 
considered in this study are: (1) the numbers of hours that the temperature is higher than the base 
temperature (referred to as “high” temperature hereinafter in the text), (2) the number of 
sunny/cloudy hours during each day, and (3) the soil infiltration rate. Such conditions vary 
continually and as a result, the melt conditions of individual events differ. Longer term 
simulation of snowmelt runoff with models such as SWMM, which neglect the dynamics of these 
parameters, would add to uncertainty in the results. The poor performance of SWMM for long 
term simulation of snowmelt was documented in few studies (e.g. Valeo and Ho, 2004). 

The results of the snowmelt runoff simulation for the two sub-periods are illustrated in Figure 3 
and Figure 4. They show the time series of simulated and measured catchment outflows together 
with the related temperature and sunshine hours per day. Base temperature was adjusted to the 
values shown in Table 2 to simulate the measured flows, which occurred during the days with 
minus temperatures (i.e. Events 7 and 8). The infiltration rate was adapted to account for 
variations caused by frozen soils. It was expected that soil infiltration capacity is restored during 
the thawing of frozen soils and is partially restored over two weeks of the melting period (Table 
2).  The delay of simulation runoff with respect to the measurements can partly be explained by 



 

 

the impact of sunshine duration (Figure 3 and 4): melt does not start in the model until the 
temperature increases and reaches the base temperature. In reality though, the melt could start as 
soon as snow packs are exposed to the sunlight, while it might take few hours for the solar 
radiation to increase the temperature up to the base temperature. Another explanation could be 
due to the microclimatic effect of temperature measurements.  The measured temperature in the 
city centre is likely few centigrades warmer than that in the study catchment, which is 
approximately 2 km away from the centre, and contains many trees (Figure 1).  

Figure 3 Time series of measured and simulated snowmelt runoff, air temperature and sunshine duration in min/h (25–29 
March). 

Figure 4 Time series of measured and simulated snowmelt runoff, air temperature and sunshine duration in min/h (5–11 
April). 

The deviations of simulated from the measured snowmelt volumes for all snowmelt events (days) 
are summarized in Table 4. The simulation for the first sub-period (March 25-29th) resulted in 
about ±35% deviation from the measured total volume. A similar trend can also be seen during 
the second sub-period (April 5-11th). The calibrated model can produce the total runoff within a 
similar spread interval with the exception of E6, for which simulation overestimated the 
measured volume by 108%. E6 in fact represents unusual conditions in this sub-period. In spite of 
a “high” temperature during the day of E6, snowpacks were exposed to very few sunshine hours 
(on average 12 min/hour during the day, while the average sunshine hours for the other days were 



 

 

around 40 min/hour). This can explain the discrepancy of the model results for E6 from the other 
events. 

It should be also noted that the calibrated model cannot describe the varying melt and runoff 
conditions of all the events and always would differ from the actual conditions requiring the 
setting of each individual melt and runoff event.  

Table 4 Total flow volume for measured and simulated snowmelt events  
Total volume [m3] Error 

Melt event Meas. Sim. [%]
Study period in March 

E1 43 28 -35% 
E2 53 33 -38% 
E3 56 72 29% 
E4 14 19 36% 

Study period in April 
E5 55 45 -18% 
E6 39 81 108% 
E7 10 8 -20% 
E8 7.3 6.7 -8% 
E9 19 26 37% 
E10 35 46 31% 

The calibrated snowmelt model was used to generate a time series of runoff for each of the 
periods.  These time series served as inputs for the calculation of TSS loads using Eq. 1. The 
results of the calibrated model for TSS are shown in Table 5. The results of runoff calibration 
(Table 4) and EMCs (Event Mean Concentration)(Table 5) show a similar tendency in the 
relevant prediction error. In other words, underestimation of runoff for E1 and E2 in March by 35 
and 38% resulted in underestimation of TSS by 85 and 55%; and overestimation of runoff in E9 
and E10 in April by 37 and 31% resulted in overestimation of TSS by 154 and 54%. The results 
show that the TSS load prediction for longer periods is not possible with the applied model. An 
improvement in prediction was achieved by using separate parameters for the two study periods. 
The results had an approximate error of ±50% when calibrated only for events E1 and E2, and 
±25% error for TSS calibration for events E9 and E10. 

Table 5 TSS modelling results 
Total TSS load1

 (kg) 
Simulated TSS load [kg] and the  Error [%] 

Sampling date Early stage  Late stage Whole period 
S1: 25.03.2015 34.37 16.9 -50.9% 5.0 -85.4% 
S2: 26.03.2015 13.43 20.5 52.4% 6.1 -54.8% 
S3: 09.04.2015 1.46 1.8 25.5% 3.7 153.8% 
S4: 10.04.2015 3.97 3.0 -24.0% 6.1 53.7% 
Simulated EMC2 [mg/L] 600 88 178 



 

 

The results indicate that in spite of calibrating TSS for shorter periods, part of the errors in TSS 
prediction is due to inaccurate runoff simulation. The other part of error can be explained by the 
simplified method of TSS estimation in the model, which is basically used for TSS transport 
during rainfall events without snow. The rate of runoff for snowmelt events is much lower, and 
the accumulation of the particulates in snowpacks and their release during different stages of melt 
is simply ignored in the simplified methods like the one described by Equation 1 and, therefore, 
using such methods (as done e.g. in SWMM) adds up to the prediction uncertainty of TSS in 
snowmelt runoff.  

Iincreasing the accuracy of runoff predictions could be achieved by including different melt 
conditions in the modelling process as described previously. This requires a detail assessment of 
daily temperatures and sun radiation trends as well as more investigation on the infiltration 
capacity of frozen soils in the field (for highly pervious catchments like the one studied) to 
categorize periods with similar melt and runoff conditions.  Based on the presented results and in 
agreement with similar previous studies (e.g. Westerlund et al., 2008), as expected, inaccurately 
simulated runoff results in high errors in TSS prediction and even the small runoff simulation 
improvements based on altering simulation strategies, still could not compensate for the 
simplicity of the TSS prediction method in the model and shortage of collection data. 
Theoretically though the results of TSS prediction might be improved by considering more 
samples and calibrating the model for shorter time periods, which may be impractical or 
infeasible most of the time. 

SUMMARY AND CONCLUSION 
The lack of models for simulation and prediction of snowmelt induced runoff and pollutant 
transport was the main concern of this study attempting to advance the modelling of snowmelt 
quantity and quality in stormwater drainage systems in cold climates with seasonal snowpacks. 
Toward this end, the snowmelt runoff was measured and sampled for TSS in a test catchment in 
suburbs of the city of Östersund, where. The modelling tool used was the USEPA SWMM 
model, which is widely used worldwide, but rarely for modelling urban snowmelt.  The basic 
snowmelt option in the SWMM (and other comparable models) simplifies the dynamics of 
snowmelt generation, but this shortcoming was partly overcome by dividing the snowmelt period 
into sub-periods with similar melt conditions, and calibrating the model for these temporal 
segments. The melt conditions were characterized by the following features: (1) infiltration 
conditions changing during the melting season from impaired at the beginning of the season to 
attaining full capacity at the end of the season; and, (2) daily changes in temperatures, which 
affect the number of hours above the threshold temperature during the day. Furthermore, 
sensitivity analysis identified the threshold temperature and the catchment related parameters, i.e. 
the sub-catchment width, slope and Manning number as important factors strongly influencing 
the snowmelt. The physiographic parameters of the catchment are different when snow is present 



 

 

and also depend on the spatial distribution of the snow cover in the catchment. It was noted that 
solar radiation data was helpful for interpreting the simulated snowmelt results and such data was 
derived in this study by using the number of hours of direct irradiance (sunny hours) during the 
day and was used to interpret the calibration results. Average percent error for the two periods 
selected for calibration was in the range of ±35%, except one event, which exhibited greater 
errors. Those were explained by the microclimate effects, which caused differences between the 
temperatures measured in the city centre and applied in the model from the actual temperatures in 
the catchment (2 km away), and also due to the lowest direct irradiance during this event (having 
just 12 min/hour of sunshine compared to 40 min/hour for the other melt events). The simulated 
snowmelt flows and the TSS concentrations sampled in field were used to calibrate a simple 
model for prediction of the total flux of TSS for each melt event. Relatively inaccurate 
predictions of the total TSS flux, with the error range of -85 to +153%, could be improved to 
some extent by calibrating for short snowmelt periods, instead of the whole season, and thereby 
reducing the error to ±25% and ±50%, during the first and second sub-periods. These errors 
follow from uncertainties in runoff simulations and the simplicity of the TSS estimation method 
used in the model, which is identical to that used for rainfall runoff events.  

Finally, this methodological study suggests that further improvements in snowmelt runoff 
prediction could be achieved by considering various “melt conditions” in model parameterization 
and calibration, and TSS predictions could be improved by collecting more TSS samples and 
adjusting mean TSS concentrations over short time periods to account for differences in solids 
releases during various stages of melt.  
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