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Abstract

Runoff generation in cold regions is characterized by snowmelt contributions to runoff during the periods 
of thawing and changing runoff patterns due to frozen ground. This thesis project aimed at addressing 
these challenges by advancing the procedures for winter urban runoff computations and the assessment of 
control measures during the winter/spring period, when the snowmelt and frozen soils dominantly impact 
runoff generation in the current and future climates. In such considerations, contributions of 
green/pervious areas to runoff and stormwater drainage systems were found particularly important and 
were addressed in one of the study components by conducting sensitivity analysis of the runoff modelling 
tool used, the MIKE SHE model. For this purpose, four runoff generation scenarios were defined, 
including the baseline reference scenario, a future climate scenario with up-scaled precipitation, and two 
scenarios with widely different infiltration rates. The results showed that the variations of infiltration 
capacity and the precipitation magnitude largely influenced runoff generation and impacted on the 
drainage system. Such impacts were measured by the number of flooded nodes and surcharged pipes, 
which greatly increased with decreasing infiltration capacity (described by Ks=1×10-10 m/s, which 
corresponds to the bedrock) and somewhat increased for increasing future precipitation (+20%). 
Projection of future climatological parameters to 2100 (i.e. temperature, precipitation and maximum 
hourly precipitation) were obtained for investigating seasonal changes in the town of Kalmar (southern 
Sweden). The results indicated that the seasonal precipitation patterns would become more similar in all 
the seasons, and the winter period would experience more changes in runoff generation, which would 
require more attention in stormwater management with respect to both snowmelt simulation and 
considerations of frozen grounds.  

To advance the understanding of urban snowmelt modelling, a literature review of selected snowmelt 
models was undertaken to identify which of them could be readily used, or easily modified, for improving 
the current snow modelling practice. For this purpose an urban snow cover classification (13 classes) was 
developed on the basis of the following considerations: human activities affecting snowmelt, land use, 
and the origin of deposited snow. Various snow covers in urban areas were then assessed and general 
recommendations were made for selecting the most appropriate model for specific studies, considering 
the study goals, constraints on the collection of field data, budget/time restriction, and the required 
accuracy.  

Urban runoff controls by green infrastructures, during the cold season, were studied for green roofs and 
infiltration facilities. Green roofs were found to be effective in warm weather, when they could 
counterbalance almost all the extra rainfall imposed by climate change, in a mixed land use catchment in 
Luleå, retrofitted with green roofs covering 30% of the catchment area. On the other hand, green roofs 
produced no benefits in the cold season with sub-zero temperatures and snow removal. Infiltration of 
runoff into two frozen engineered (sandy) soils, with slightly varying gradation, was studied in the 
laboratory for two values of the initial gravimetric water content (5 and 10%). Soil thawing process and 
restoration of infiltration capacity was slowed down by increasing water content and the content of fines 
in the soil. Thus, the soil with higher water content and finer gradation required more time for attaining 
full infiltration capacity after soil thawing. Practical implications of study results for bioretention facilities 
include the recommended use of coarser engineered soils, conservative estimation of infiltration rates, 
provision for bypassing of high flows, and fitting the facility with a valve-controlled under-drain 
facilitating bioretention drainage before the onset of freezing weather. 
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Abstract in Swedish 

Avrinning i regioner med kallt klimat kännetecknas av stora volymer vatten från snösmältning som bidrar 
under perioder av upptining och förändrade avrinningsmönster på grund av frusen mark. Denna 
avhandling syftar till att undersöka dessa skeenden genom att utveckla förfaranden för 
dagvattenberäkningar vintertid och utvärdera kontrollåtgärder under nuvarande och framtida vinter-
vårsäsonger när snösmältningen och frusna jordar påverkar avrinning i betydande grad. Inom ramen för 
detta undersöktes alternativa lösningar såsom gröna- och permeabla ytor för avrinning av dagvatten i ett 
dräneringssystem som befunnits särskilt viktiga. De alternativa lösningarna behandlades i en av 
studiedelarna genom att utföra en känslighetsanalys för en avrinningsmodell, MIKE SHE. För detta 
ändamål har fyra avrinnings scenarier definierats, inklusive ett referensscenario (s-k. baseline), ett 
framtida klimatscenario med ett ökat nederbörd, samt två scenarion med starkt åtskiljda 
infiltrationshastigheter. Resultaten visade att variationerna i infiltrationskapacitetens och nederbördens 
magnitud i hög grad påverkade avrinningen samt dräneringssystemet. Sådana effekter uppmättes med 
antalet översvämmade brunnar och överbelastade ledningar som kraftigt ökat med sjunkande 
infiltrationskapacitet (beskriven av Ks = 1 × 10-10 m/s, vilket motsvarar berggrunden) och utökades något 
för framtida nederbörd (+20 %). Framtida klimatologiska parametrar (dvs. temperatur, nederbörd och 
maximal timnederbörd) erhölls fram till år 2100 för att undersöka säsongsmässiga förändringar i staden 
Kalmar (Södra sverige). Resultaten visade att under vinterhalvåret kan förändringar i avrinningen ske, 
som skulle kräva mer uppmärksamhet i dagvattenhantering med avseende på både 
snösmältningssimulering och möjligheten av frysta jordar. 

För att utveckla förståelsen av urban snösmältningsmodellering gjordes en litteraturstudie av utvalda 
modeller för att identifiera vilka av dem som med störst enkelhet, eller med mindre modifieringar, 
kan användas för att förbättra nuvarande snömodelleringsmetoder. För ändamålet utvecklades en 
klassificering av olika urbana snötäcken (13 klasser) baserat på följande: mänsklig aktivitet som påverkar 
snösmältningen, markanvändning, och uppkomsten av deponerad snö. Olika snötyper i urban miljö 
utvärderades sedan och allmänna rekommendationer utarbetades för att välja den lämpligaste modellen 
för specifika studier med hänsyn till följande: studiemålen, begränsningar för insamling av fältdata, 
budget/tidsbegränsning, och den noggrannhet som krävs.  

Grön infrastruktur, som gröna tak och infiltrationsanläggningar studerades under den kalla årstiden. 
Gröna tak har visat sig vara effektiva i varmt väder, då de har kunnat uppväga nästan all ytterligare 
nederbörd på grund av klimatförändringarna. Detta var fallet för ett avrinningsområde i Luleå med 
blandad markanvändning efter att ha infört gröna tak som täckte 30% av avrinningsområdet. Å andra 
sidan ger gröna tak inga fördelar under årstidermed minusgrader och snöröjning. Infiltration i två 
konstruerade frysta sandjordar, med något varierande gradering, studerades i laborativ studie. Effekten av 
två initialt olika gravimetriska vattenhalter (5 och 10%) undersöktes. Markupptiningen och återgång 
till opåverkad infiltrationskapaciteten förlängdes med en ökad vattenhalt och halten av jordarter i marken. 
Således krävde jorden med högre vattenhalt och finare struktur mer tid för att uppnå fullständig 
infiltrationskapacitet efter markens upptining. Praktiska konsekvenser av studieresultat för biofilter 
inkluderar den rekommenderade användningen av grova tillverkade jordar, konservativ uppskattning av 
infiltrationshastigheter, utrymme för förbikoppling av höga flöden, och att utrusta anläggningen med 
dräneringen undertill vilket skulle underlätta avvattning av biofiltret före uppkomsten av temperaturer 
som kan leda till frysning. 
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1 INTRODUCTION

Natural hydrological cycle, particularly its surface runoff component, is vastly disturbed 
by urbanization (Marsalek et al., 2008). Stormwater management measures are used to 
mitigate the undesirable consequence of such disruptions in water balance of urban 
catchments and strengthen the functioning of urban drainage systems which are 
designed and constructed to serve the urban inhabitants by reducing the risk of flooding, 
diminishing water pollution threats and improving the urban aesthetics.  

Design of urban drainage systems (UDSs) requires computation of runoff from urban 
catchments. Runoff generation by its nature differs seasonally between warm and cold 
seasons. Rainfall is the major contributor to runoff, while in the winter snowmelt and 
modifications of some runoff features (infiltration capacity of pervious areas) play an 
important role in generation of runoff and eventually in urban water management. 
Traditionally, and due to the fact that more temperate climate regions dominate, most of 
UDS related studies and system design concepts primarily focused on warm 
temperature seasons and not enough attention was given to colder seasons (i.e. winter 
and early spring).  

On the other hand, a major UDS determinant design component (i.e. climatic 
conditions) is likely to change in the future due to the effects of global warming, which 
affects some older design concepts. The future climate is expected to have higher air 
temperatures and, consequently, changes in precipitation (Stocker et al., 2013) and, 
eventually, in runoff patterns. It has been already stated by the earlier researchers that 
the conventional UDS designs would fail under the major future uncertainties, i.e., 
climate change (e.g. Mark et al., 2008). Modern and sustainable urban drainage 
concepts developed the idea of integrating green infrastructure into stormwater 
management with respect to both quality and quantity to protect urban catchments 
against floods and pollution (e.g. Marsalek et al., 2008).  

The importance of studying “catchment runoff computation procedures for specific 
conditions”, in which extremes of rainfall and runoff might occur, highlights this study 
of runoff generation with seasonal and climate change perspectives. This means that the 
extreme events which impose additional loads on UDSs in late winter-early spring (i.e., 
rain on snow and impaired infiltration capacity of frozen soils in pervious areas) require 
more attention in the context of runoff control, because these issues are less well 
understood than those in warmer seasons. The sources of uncertainties and knowledge 
gaps can be listed as: (i) snowmelt simulation, which needs to be improved specifically 
for dealing with quality management in urban areas and also for flood control, and (ii) 
understanding and dealing with frozen soils with impaired infiltration capacities. This 
issue is particularly important in the case of green infrastructure, which is increasingly 
being used in stormwater management. 

Since there are knowledge gaps with respect to winter runoff, and knowing that 
seasonal changes in future climates will produce even more uncertainties in predicting 



 

2 

runoff, this thesis project was dedicated to studying runoff in cold weather conditions, 
which can be characterized by rain-on-snow events and freezing/thawing of soils. Such 
studies should improve the runoff computations and, in general, urban water 
management.  

 

1.1 Objective

The overall objective of this scientific inquiry is to improve procedures for runoff 
computations and the assessment of mitigation measures performance during the 
winter/spring period, when snowmelt and frozen soils impact dominantly on runoff 
generation, in the current and future climates. The focus of studies is on runoff 
generation caused by snowmelt and other related processes (i.e. infiltration). Generation 
of runoff due to snowmelt is specifically targeted to identify the ways of improving the 
snowmelt computations, with the aim of suggesting a conceptual procedure for better 
simulation accuracy with respect to the required modelling accuracy as well as the 
constraints on the available data, time and resources. Green roofs and infiltration 
facilities are investigated aiming at the assessment of mitigation measures. Thus, the 
efficiency of green roofs in dealing with future seasonal precipitation is studied. Two 
engineered (sandy) soils, recommended for bioretention, with slightly different 
gradation were selected to investigate the thawing process of different soils and their 
application in infiltration facilities for sub-zero temperatures and frozen soil 
phenomena. This study will eventually provide a better understanding of practical 
aspects of stormwater management in cold seasons. 

 

1.2 Thesis structure  

The thesis starts with a brief introduction of the field studied in Chapter 1, highlighting 
the importance of the research undertaken, and this is followed up by thesis objectives. 
Chapter 2, Background, reviews the literature on the topics studied and provides 
linkages for the main research topics investigated in individual papers.  The main 
findings of the appended papers are summed up in the Results section (Chapter 3), 
which is followed up by results discussion in Chapter 4. Chapter 5 summarizes the 
conclusions of the thesis project. A list of references is presented in the following 
chapter and, finally, four thesis papers are appended at the end. They comprise two 
conference contributions and two manuscripts intended for peer review journals; one of 
these has been accepted and the other one has been submitted to a journal.   
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2 BACKGROUND

Progressing urbanization exerts significant impacts on the urban hydrological cycle and 
particularly its surface runoff components (Marsalek et al., 2008). Urban runoff is 
generated by rainfall and/or snowmelt and is characterized by higher volumes and peak 
flows, as well as shorter times of concentration, in comparison to runoff from rural 
areas (Butler and Davies, 2004). This increases flood risks and creates a number of 
water quality related problems, which can be mitigated by stormwater management 
measures. Yet, 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 Seasonal and climate change impacts 

The mean temperature has increased globally by 0.7° C (±2.0 ° C) during the past 100 
years and this trend will likely continue in the future (IPCC, 2007). More active 
hydrological circulation results from more energy induced by global warming into the 
hydrological system (Trenberth, 1999), the consequences of which include changes in 
runoff generation patterns caused by more severe precipitation events. Nie et al., (2009) 
reported that such problems have already been encountered in urban areas and include 
e.g., surface flooding, surcharging of sewers, combined sewer overflows and basement 
flooding. The continuation of the trend of growing severity of precipitation events will 
cause even more of such problems. This has been illustrated by a number of studies, 
which investigated the likely impacts of climate change on urban drainage systems, all 
showing failures of the conventional systems (Watt et al., 2003; Mark et al., 2008; 
Olsson et al., 2009).  

Seasonal changes in the context of urban runoff management refer in this thesis to 
variation in the sources of runoff and the associated parameters. The significant change 
in the form of runoff (i.e., without or with snowmelt) is caused by temperature change 
shifting from sub-zero to above-zero temperatures. Distinctive changes in runoff 
generation occur in winter conditions, compared to the other seasons. Recent review 
studies (Elliott and Trowsdale, 2007; Gironás et al., 2009; Fletcher et al., 2013) indicate 
that the effort has primarily focused on temperate or warm climates (focus on rainfall as 
a source of stormwater), but relatively little has been done for urban regions in cooler or 
Alpine climates with significant snowfall and snowmelt (Maksimovic, 2001).  

Yet, generation of runoff in the presence of snow and frozen soils plays an important 
role in the management of the urban hydrological cycle, and some new concerns, related 
to urban drainage, resulted from the introduction of stormwater management into urban 
drainage design (Marsalek, 2013), and are further exacerbated by the recent emphasis 
on stormwater quality management and green infrastructure. Examples of reasons for 
the importance of these topics include: (i) accumulation of water, chemicals and other 
materials in urban snow and their sudden release during snowmelt, with the resulting 
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risk of flooding (Butler and Davies, 2004) and pollution effects (Oberts et al., 2000); 
and, (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 due to impaired infiltration capacity (Fach et 
al., 2011). Thus, there is a strong need to advance snowmelt and winter runoff 
management in cold regions.  

 

2.2 Snowmelt simulation 

During the past 30 years, there have been numerous attempts to improve the 
understanding of snowmelt processes in detail and develop methods for simulating 
snowmelt generation at different scales and for different purposes. A fair number of 
studies of snowmelt modelling focused on rural areas (e.g., Gray and Prowse, 1993; 
Williams and Tarboton, 1999; Bengtsson and Singh, 2000; Mahat and Tarboton, 2012), 
yet rather limited efforts were done for urban catchments (e.g., Westerström, 1984; 
Bengtsson and Westerström, 1992; Semádeni-Davies, 2000; Ho and Valeo, 2005).  

Major part of conceptual and practical development of snowmelt simulation was a 
product of studies and investigation of natural snow (i.e., snow undisturbed by 
anthropogenic activities). All the literature 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 algorithms of several operational snowmelt models by assessing their 
strengths and limitations and suggested additional development of such algorithms for 
applications in water resources management.   

Rather limited studies focused on urban snowmelt and its modelling. Sundin (1998) and 
Semadeni-Davies (1999) 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 commonly 
used for urban runoff/snowmelt simulations. The most recent contributions were done 
by Ho (2002), Matheussen (2004) and Ho and Valeo (2005). They reviewed, briefly 
described and discussed few commonly used urban snowmelt models and their 
snowmelt subroutines, in the context of urban conditions. 

Accumulation and storage of snow in urban areas forms various classes with respect to 
the snow deposit geometry, physical properties, positioning in relation to drainage 
conveyance elements, exposure to natural and anthropogenic factors, and processing 
during snow clearance and removal operations (Oberts et al., 2000). Considering the 
importance of these parameters in the melting process, relatively few studies considered 
such conditions and tried to identify and classify different urban snow covers. 

Oberts et al. (2000) discussed urban activities and their effects on urban snow properties 
by summarizing a number of studies. It was emphasized that the most influential 
activity affecting the melt processes is snow redistribution. This practice changes the 
general snow cover pattern in the catchment as well as snow properties. Semadeni-
Davies (1999) observed diverse snow covers and associated characteristics in the 
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northern Swedish city of Luleå, in the parts of the city with different population and 
traffic density. Matheussen (2004)  classified urban snow 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. A study done by Ho and Valeo (2005) 
investigated urban snow properties in Calgary, Canada and classified snow deposits 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. Sundin 
et al. (1999) developed a research snowmelt model for snow deposit piles, which 
represent one of the more common snow covers in urban areas. For this purpose, the 
properties of the piled up snow from streets in downtown Luleå (Sweden) were 
measured. 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 on/in: roofs, front yards, 
sidewalks, roads, alleys and backyards.  

 

2.3 Green infrastructure and applications of mitigation measures 

Urban areas comprise both impervious and pervious surfaces, which contribute in 
different ways to the total surface runoff. Such runoff may impact on urban areas (e.g., 
by flooding) because of limited capacities of urban drainage systems. In connection 
with stormwater management, green infrastructure is known under various terms found 
in the literature (Fletcher et al., 2014), and strives to employ techniques and methods 
imitating natural catchment features for reproducing the predevelopment hydrology. 
Green infrastructures along the pathways of precipitation (rain or snow) are considered 
as control measures serving to compensate for impervious land (e.g. roads and 
buildings) rapid runoff and high runoff volumes and peak flows (Berggren, 2014). 
Along the path of precipitation, building roofs can serve as the first level of control by 
storing and dissipating rainwater or snow. Under the term green roofs, the vegetated 
roofs reduce roof runoff, lower the risk of urban flooding and contribute to preserving 
the local water balance (Mentens et al., 2006; Berndtsson, 2010). The next level of 
control takes place on the ground and this is where urban green areas offer great 
potential for runoff control and adaptation of the drainage system for future climatic 
conditions (Digman et al., 2014). Stormwater infiltration facilities such as bioretention, 
swales, and permeable pavements are implemented for more efficient handling of 
stormwater as well as reducing the runoff loads during extreme conditions. Ahiablame 
et al. (2012) reviewed literatures addressing low impact development (LID) and 
discussed and illustrated the evidence for beneficial use of LID practices, such as 
bioretention/rain gardens, green roofs, and permeable pavement and swale systems. In 
another study Al-Rubaei et al. (2013) studied long-term hydraulic performance of two 
measures, i.e. a swale and permeable pavement, and showed their long term efficiency. 
In this respect, studies have shown the importance of green areas (Gill et al., 2007; 
Berggren, 2014) and infiltration facilities (e.g. Stovin et al., 2012) for runoff control. 
Under climate change, extreme events including rain on snow and the presence of 
frozen soils (causing impaired infiltration) during the winter/spring season can impact 
the function of green infrastructure and this issue requires more study.  
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Furthermore, the performance of green infrastructures exposed to freezing is not well 
known (Nordberg and Thorolfsson, 2004) and may be impaired by some problems, 
particularly during the winter-spring transition (Khan et al., 2012). Such problems (e.g. 
pipe freezing, reduced biological activity, reduced infiltration, frost heave, and high 
runoff volume during spring melt) associated with urban runoff were discussed in a 
number of references (Marsalek, 1991; Caraco and Claytor, 1997; Semadeni-Davies, 
2004). Among these problems, the impact of freezing on soil infiltration capacity has 
been identified as a critical issue which 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). 

Number of studies focused on the infiltration of snowmelt into seasonally frozen soils in 
natural catchments. Gray and Prowse (1993) reviewed such studies and listed the factors 
affecting the frozen soil infiltration as the thermal and hydrophysical properties of soils, 
the soil temperature, moisture regimes, snowmelt inflow rate and volume, and the depth 
of soil frost. Iwata et al. (2011) emphasized the reduction of infiltration capacities due 
soil freezing / thawing, which affects the catchment water cycle and produces 
consequences carried over into the subsequent seasons. 

Relatively few studies targeted the process of infiltration into frozen soils McCauley et 
al., 2002; Fourie et al., 2007; (Al-Houri et al., 2009). Using frozen soils as a 
contamination barrier preventing accidental fuel penetration into ground water was 
considered by McCauley et al. (2002). Fourie et al. (2007) studied the effect of soil 
gradation (i.e. gravel with sand, pea gravel, and large gravel) on infiltration into frozen 
soils for frost depths limited to 0.40 m. The period antecedent to soil freezing was 
indicated as the determining condition for infiltration rate of fine-graded soils (loam and 
sandy loam) by Al-Houri et al. (2009), showing different impacts on coarser soils due to 
different soil water redistribution.  

Hydrological performance of infiltration facilities, with focus on bioretention, during 
late winter-early spring was addressed in a number of studies (Roseen et al., 2009; Fach 
et al., 2011; Nordberg and Thorolfsson, 2004; Khan et al., 2012; Caraco and Claytor, 
1997; Davidson et al., 2008; Muthanna et al., 2008; Denich et al., 2013). With the 
exception of Roseen et al. (2009), all these studies concluded that freezing of soils 
adversely impacted on the performance of infiltration/bioretention facilities, and more 
research was needed. Roseen et al. (2009) did not quantify the infiltration facility 
performance in cold weather, or the depth of forst penetration, but just observed that it 
remained functional.  

Caraco and Claytor (1997) cautioned about the potentially greater runoff/snowmelt 
volume inflows into stormwater management facilities and the need for allowing the 
bypassing of high flows. Khan et al., (2012) observed winter bioretention performance 
in Calgary (Canada). The facility studied had relatively fine-graded soils, which were 
frozen during the winter, and this impaired the infiltration into such soils. Fach et al. 
(2011) demonstrated the reduced infiltration of a grassed swale with frozen soils in an 
Alpine region, producing a decreased level of runoff control.  
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On the other hand, Davidson et al. (2008) argued that green infrastructure practices, 
including bioretention and grass swales, were generally helpful in reducing runoff in 
cold climate, even during the winter period. However, to achieve these benefits, they 
recommended a number of measures, including designing the bioretention facility with 
an under-drain and draining the facility before the onset of freezing weather.   

Other studies suggested the need for further research on infiltration capacity of 
bioretention facilities exposed to freezing weather. Nordberg and Thorolfsson (2004) 
noted that extensive research on bioretention was conducted largely in the temperate 
climate, and recommended more research on sustaining the green infrastructure 
performance in cold climate, in view of the remaining knowledge gaps. Similarly, Roy-
Poirier et al. (2010) in their recent review of bioretention systems noted that 
implementation of bioretention in cold climate still does not have enough certainty and 
more research on its adaptation to winter conditions is needed.    

The reviewed literature on frozen soils in the context of stormwater management and 
particularly bioretention suggested that the future research needs should focus on 
recommendations for enhancing the performance of bioretention in cold climates, 
building up on previous studies of infiltration into frozen soils.  
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3 METHODS

Research investigations of urban snowmelt and runoff in the current and future climates 
was conducted at three spatial scales: (a) a point-scale investigation of infiltration 
processes [section 3.1], (b) the plot-scale of runoff from green roofs [section 3.2], and 
(c) a small urban catchment scale at two locations, in Lulea and Kalmar, Sweden 
[section 3.3]. The point-scale research was done in the form of an experimental 
laboratory study of infiltration into frozen soils, and the larger scale studies were done 
by computer modelling, supported by: a literature review providing directions for 
selecting models, sensitivity analysis of runoff generation for selected model parameters 
(infiltration), processing of downscaled climate change data (temperature and 
precipitation) for comparing runoff scenarios for the current and future projected cases, 
and designing a data acquisition program for collecting field data in support of 
modelling urban snowmelt and winter runoff (for future research considerations). 

 

3.1 Experimental laboratory study 

3.1.1 Soil and apparatus preparation 

Two recommended recipes, described as coarse and fine soils, were adopted from 
previous studies of biofilters in cold climate (Blecken et al., 2010; Søberg et al., 2014) 
for the coarse recipe (S1) and from guidelines provided by the Facility for Advancing 
Water Biofiltration (FWAB, 2008) and the Washington State University (Hinman, 
2009) for the fine recipe (S2). After preparing the engineered soils, their gradation was 
verified by sieving and their compatibility was assessed by the Proctor compaction test. 
Soil characteristics are shown in Figure 1 and listed in Table 1.  

 

 
Figure 1. Particle size distribution determined by sieving 
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Table 1. Engineered soil properties 
Fraction sizes Soil sample 

(mm) S1 1 S2 2

< 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 content 15% 10% 

Max dry density (g/cm3) 1.81 1.71 

Optimum moisture 15.6 13 
1 The coarse soil; 2 The fine soil; 3 Organic content – soil with high organic content, sold commercially and 
well suited for supporting vegetation; 4  Optimum moisture content indicates the percentage of moisture with 
which soil can compacted to its highest dry density. 

 

  
Figure 2. Schematics and photo of the experimental set-up 

 

The soil columns were designed and built for running infiltration experiments (Figure 
2). 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 
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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) and log the measurements 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 of 
45 mm thickness (  ~ 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. 

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 
(Table 1), 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.  

 

3.2 Green roofs 

Green roof performance depends on the air temperature, precipitation regime, the 
thickness and type of vegetation used, and the substrate (growing media) depth. A 
number of studies tested green roofs efficiencies in northern Europe and are briefly 
summarized below. In particular, the studies of green roofs in northern Germany and 
Sweden were of interest, and included extensive green roofs with substrate thickness of 
50-150 mm, as commonly used in this region. Figure 3 shows an example of such green 
roofs. Based on the information from the studies by Mentens et al. (2006), Berndtsson 
(2010) and Bengtsson et al.(2005), the efficiency of green roofs in annual runoff 
reduction was characterized for four climatic zones found in Northern Europe, i.e., very 
cold, cold, mild warm and very warm. The climatic zones were categorized based on the 
location and period (i.e., with respect to seasons) of the actual field study. 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.  
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Figure 3. Green roofs studied in Luleå, Sweden 
 
The earlier studies had been conducted for plot scales and the annual runoff reduction 
coefficients were reported for unit areas. The total percentage reduction of roof runoff 
by green roofs was established for selected scenarios representing various catchment 
coverages by green roofs. For example, in the Porsön catchment in Luleå (Sweden), the 
runoff percentage reduction was calculated for a 30% coverage of the catchment area by 
green roofs, which would require converting all the roofs in the catchment to green 
roofs. With this assumption and the projected future precipitation, the efficiency of 
green roofs in reducing runoff in Luleå was assessed for additional precipitation 
volumes imposed by climate change.   

 

3.3 Study catchments 

Two catchments were used in the studies in this thesis, i.e., small suburb in Kalmar area 
(with about 3,000 inhabitants) in the south of Sweden (Figure 4a) and Porsön (Luleå) in 
the north of Sweden (Figure 4b). The Suburb Kalmar study area represents a residential 
catchment with a contributing drainage area of 2.23 km2, of which 12% is impervious, 
and the annual precipitation is 484 mm, for the climate normal of 1961-1991. The study 
area in Luleå is located in the Porsön section of the city, and has a drainage area of 10 
ha comprising various land uses, including a residential area, institutional area 
(university campus), main and secondary roads, and sidewalks. About 30% of the 
catchment area is covered by roofs, other impervious areas represent 35%, and the 
remaining 35% are green (pervious) areas. The urban drainage systems in both 
catchments are separate. These catchment were chosen for studies because of their 
following features: (a) being representative of urban areas in two different regions of 
Sweden; (b) the availability of the rainfall/runoff model set-up for the suburb Kalmar 
catchment; (c) the representation of various land uses in Porsön, which is a determining 
factor in formation of urban snow covers; and, (d) climate conditions in Luleå providing 
a permanent snow cover during the winter. 
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Figure 4. (a) small suburb catchment (Kalmar) [Left ]; (b) Porsön catchment (Luleå) [Right] 
 

3.4 Snowmelt and winter runoff modelling  

3.4.1 Model selection 

The focus of the literature review conducted in this study was to identify snowmelt 
simulation models, which could be readily used, or easily modified, for urban snowmelt 
simulation. The aim was to provide a basis for seeking an optimum modelling 
strategy/procedure for snowmelt in urban areas, considering the urban complexity and 
accuracy requirements in sustainable urban water management. The chosen procedure 
could be stand-alone tools, or separate routines of a comprehensive model, or an 
adequately documented snowmelt algorithm. Based on their potential use in urban 
snowmelt modelling and the development of new procedures, a number of the existing 
snow model tools (SMTs) were selected for further scrutiny. These models were studied 
in detail with respect to the snowmelt modelling capability and were assessed based on 
the snowmelt and runoff generation related attributes, including:  
(a) snow and snowmelt subroutine methods, (b) required input data, (c) parameters 
defining snow properties; (d) the spatial extent of snowmelt in the catchment, and (e) 
temporal resolution.  

Generation of snowmelt depends on snow properties and the ways energy may be 
transferred into the snowpack. Considering the great heterogeneity of urban land use 
and the associated snow covers, there is a need for using a snow cover classification, 
accounting for snowmelt generation related characteristics. Runoff generation due to 
snowmelt (happening mostly in green areas because of the absence of snow removal) 
depends on the parameters affecting capacity of such areas to reduce the surface runoff 
by infiltration. Hence, these two important factors in snowmelt generation and runoff 
simulation are addressed in the rest of the study.  
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3.4.2 Model set-up  

Coupled hydraulic and surface runoff models, Mouse and MIKE SHE (DHI 2008), were 
built for the small suburb catchment in Kalmar (Sweden) for simulating the catchment 
drainage by the separate urban drainage system. 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 area of 2.23 km2 was divided into 5×5 m grid cells and 
runoff was simulated by MIKE SHE model for a simple 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 
“Base Line scenario” (BL) which represents well the conditions in the Kalmar area in 
August (Eriksson 1981). 

The water balance computations then consider the input precipitation, hydrological 
abstractions by infiltration and evapotranspiration, changes in overland flow by storage 
(flooding/ponding), and the runoff flow entering the stormwater system from the 
impervious areas considered in Mouse plus the additional flow from the MIKE SHE 
model into the Mouse. After flow routing these runoff inputs through the sewer system, 
the outflow from the drainage system is established.  

In the main runoff contributing area of 0.54 km2 (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 in 2004 
and are further described in Håkan Strandner (DHI Water and Environment, personal 
communication, October 2010). The MIKE SHE part of the model was included as a 
supplement in 2008. The interface between the two models (i.e., Mouse and MIKE 
SHE) occurs in the gully pots, where surface runoff from the MIKE SHE model is 
considered as input to the Mouse network model. When 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 MIKE SHE) and 
can later re-enter the sewer network at the same node or one of the adjacent nodes.  

 

3.4.3 Sensitivity analysis 

To provide guidance for selection of model input data, a sensitivity analysis of 
snowmelt/runoff simulations to various input parameters was assessed. Such analysis 
was done as a one-way sensitivity analysis, in which one parameter would be changed 
at a time (i.e., precipitation rates and the infiltration capacities using soil characteristics 
for an overall description in the Baseline scenario). The high precipitation scenario (PH) 
imposes extra precipitation load on the catchment compared to the baseline scenario 
(BL). In high and low infiltration scenarios (IH and IL, respectively), higher and lower 
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infiltration capacities were considered, and compared to BL. Details of scenarios are 
explained in following section and the input data for individual runs are summarized in 
Table 2.  

Table 2. Scenarios considered in the Sensitivity analysis and the parameters varied 

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” 5×10-6 0.4 0.3 0.05 
2 Prec High (PH) 10+20% 83.6 3 “moraine” 5×10-6 0.4 0.3 0.05 
3 Infiltr High (IH) 10 69.6 3 “sand” 5×10-4 0.4 0.1 0.02 
4 Infiltr Low (IL) 10 69.6 3 “bedrock” 1×10-10 0.3 0.1 0.05 

TRP – Rainfall return period; Pmax – Max Rainfall intensity, ET – Evapotranspiration; Ks – Saturated hydraulic 
conductivity; s – water content at saturation, fc – water content at field capacity, w – water content at wilting point.  

 

3.4.4 Model climatological inputs 

Rainfall input. Chicago-type design storm (CDS, defined by Kiefer and Chu (1957)) 
was used as the most common design rainfall in Sweden. Rainfall with a 10-year return 
period was used in the Baseline scenario, with a maximum 5-minute intensity of 69.6 
mm/h, duration of 60 min and with skenewness of 0.37. Such data were derived from 
rainfall statistics for Kalmar, as presented in the national guidelines (SWWA 2004). 

Snow cover/deposits. For modelling snowmelt, the precipitation storage in the 
catchment, in the form of snow covers of various characteristics, is of major interest. 
Hence, an important step in developing a new modelling strategy for urban snowmelt 
lies in breaking down the complexity of snow storage in urban catchment in deposits of 
greatly varying characteristics. This was proposed by characterizing different urban 
snow covers, producing different runoff patterns, on the basis of three major 
characteristics: (i) snow origin, indicating where snow accumulated, (ii) land use, where 
snow may be stored; and (iii) the shape of snow deposits. These characteristics were 
identified in the literature review, and further described using the reported properties of 
urban snow, and served to propose a general classification of urban snow covers. Thus, 
the references, which had examined the snow properties relevant to this research 
direction, were selected for further study. Finally, major urban snow covers, which form 
in urban areas, were identified and introduced as different snow cover classes. The snow 
properties reported in the previous studies were then assessed and matched with the new 
classification system. 

The targeted snow properties included 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. A 
summary of the important reviewed papers and the related study topics are listed in 
Table 3. 
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Table 3. Literature review: Summary of important references 

Topic of study   Study specification Reference* 
impact of buildings 1, 4, 20 
impact of urban activities  Summary of other studies 12 
impact of road pollution on albedo  Shape: snow banks 8 
impact of de-icing agents 2, 9, 14 
impact of long-wave radiation 1, 4, 16 
impact of short-wave radiation 5,16 
impact of wind   2, 5 

snow cover classification  
Location: Luleå, Sweden 13 
Location: Calgary, Canada 6 
Reflecting population density 10 

snow properties  

Shape: snow pile 15 
Catchment type: suburban  5 
Origin: roof snow 1, 4, 17 
Catchment type: Different urban zones 1, 4, 17 
Land use: road sides, sidewalks, roads, 

alleys 11, 7 

Origin: pervious areas, roofs, front- and 
backyards 11, 9 

land use: transportation (road shoulder) 3, 13 
Investigated parameters: albedo and 
density 7 

* References: 1: Adams, 1976; 2: Arnfield, 2003; 3: Bartošová and Novotny, 1999; 4: Bengtsson, 1981; 5: Buttle and Xu, 
1988; 6: Ho and Valeo, 2005; 7: Lemonsu et al., 2010; 8: Maksimovic, 2001; 9: Marsalek, 2003;  10: Matheussen, 2004; 
11: Oberts, 1994; 12: Oberts et al., 2000; 13: Semadeni-Davies, 1999b; 14: Stone and Marsalek, 2011; 15: Sundin et al., 
1999; 16: Todhunter et al., 1992; 17: Westerström, 1981

 

The study of future climates focused on Sweden, for which the regional atmospheric 
model (RCA3) developed by the Rossby Centre, SMHI (Kjellström et al., 2005), was 
used. The studies related to snowmelt and frozen ground refer herein to the climatic 
condition of Norrbotten and a part of Lapland, located in the most northern part of 
Sweden (Figure 1a). In this region, the cold season is long (almost 6 months of sub-zero 
temperatures) and the average temperatures in winter (Dec/Jan/Feb) and spring 
(Mar/Apr/May) are just -10.7 and -1.8 C°, respectively. The soils in this region freeze 
during the cold period to the depths of up to 2.5 m (Svensk byggnorm, 1980), 
depending on air temperatures and soil properties varying at different location. 

Climatic data, i.e., total precipitation, maximum hourly precipitation, temperature, 
fractional snow coverage and Snow Water Equivalent (SWE) were obtained from the 
SMHI open database (Kjellström et al., 2011). The obtained data were produced with 
the regional atmospheric climate model RCA3, developed by the Rossby Centre, SMHI 
(Kjellström et al., 2005) by downscaling the data from a global climatic model 
ECHAM4 (Roeckner et al., 1996). The spatial and temporal resolution of such data is 
50x50 km and monthly periods, respectively, and the data apply to northern Europe. In 
this study the year was divided into seasons defined as spring (Mar/Apr/May), summer 
(Jun/Jul/Aug), autumn (Sep/Oct/Nov) and winter (Dec/Jan/Feb). For estimation of 
future trends, the period from 1961 to 2100 was divided into decades, and for each 
decade, the mean values of climatic parameters were produced. The first average value 
from 1961 to 1971 was chosen as the baseline value and the departures from this value 
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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 for each 
season and presented.  

Climate change impacts on design rainfalls (CDS: 10-year return period and a 5-minute 
intensity of 69.6 mm/h) were calculated by applying an upscaling factor of 1.2, as 
recommended for Sweden by SWWA (SWWA 2011), thus producing the maximum 5-
minute intensity of 83.6 mm/h for scenario 2 (PH) in Table 2. 

 

3.4.5 Results assessment

The evaluation of the simulation results 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 
different threshold levels) and the actual water levels 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 each of the three threshold levels: (a) ground 
level (GL), (b) the second critical level (CL2 = - 0.5 m), and (c) the first critical level 
(CL1 = -1.0 m, below the ground). Pair comparisons of each parameter, between the 
scenarios, using the mean and standard deviation of differences and a t-test at the 95% 
significance level, were done to assess the results. In the t test, the t0 value was for t 
0.025, and (N-1) = 439, 1.960 (Montgomery 2001). Whenever the pipe flow ratio 
exceeded 1, i.e., Q/Qfull  1, the sewer was surcharged. Hence, this ratio was used for 
assessing the pipe flow capacity in various scenarios. 
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4 RESULTS 

The chapter on results discusses snowmelt in, and winter runoff from, urban areas, 
starting with elucidation of processes and simulation tools used in snowmelt/runoff 
computations in the current climate (sub-section 4.1.1). A literature review on this topic 
(Paper II) revealed that one aspect showing a great promise for improving urban 
snowmelt simulation is the consideration of the effect of snow cover geometry on 
snowmelt processes and this is discussed in sub-section 4.1.2. Then the attention turns 
to future changes in the driving parameters for snowmelt and winter runoff, temperature 
and precipitation, as projected by climate change models. Projections of seasonal 
precipitation and temperature will affect snowmelt and winter runoff regimens, with 
respect to both the magnitude and timing (Section 4.2). Such changes will have 
implications for managing urban drainage systems, with increasing importance of runoff 
from green areas and runoff control by the green infrastructure. As the green 
infrastructure controls runoff largely by infiltration, in cold climate, it is of interest to 
evaluate the performance of the widely promoted measures, bioretention facilities, in 
freezing weather, when the facility capacity to accept and store runoff may be impaired 
by frozen soils (Section 4.3)  

 

4.1 Snowmelt and winter runoff 

4.1.1 Snowmelt generation and runoff simulation 

Snowmelt generation depends on urban snow properties, climatic parameters and local 
physiographic conditions; the more precise snowmelt simulation, the more input data 
need to be incorporated. Most of the available snowmelt modelling tools (SMTs) were 
developed specifically for rural areas; therefore, adapting them to urban conditions 
needs to be done so that accurate prediction can be expected, otherwise the required 
accuracy cannot be achieved. The accuracy of runoff simulation during the winter-
spring period can be improved by using the SMTs selected with respect to the required 
simulation accuracy, available climatic data and the variety of snow covers in individual 
sub-catchments. Therefore, 14 SMTs with their snow accumulation and melt processes 
were studied regarding their performance in urban conditions (Paper II). Such 
information can be used for identifying and optimizing an appropriate SMT depending 
on the required simulation accuracy and available input data. The information listed in 
Table 4 shows the assessment of SMTs with respect to simulation of urban snowmelt 
and runoff and indicates, which models offer the best choices for achieving the 
individual simulation goals. 

A determinant characteristic of winter-spring runoff simulation is the snowmelt 
computational method, which determines what types of climatic input data are required. 
Table 4 shows the subroutines and the required input data for snow accumulation and 
melt computations for the chosen 14 SMTs. Four different computational methods are 
used in these models: (1) energy budget, (2) temperature index, (3) simple energy 
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balance, and (4) hybrid methods combining the preceding approaches. The energy 
budget (a physically based method), offers the most comprehensive approach, but also 
is the most demanding in terms of climatic input data and snow properties values. The 
temperature index methods require the least input data and produce an output in the 
form of daily melt values.   

The spatial and temporal resolutions of the models are also presented in Table 4. Spatial 
resolution is defined by the snow spatial extent considered in the model and ranges from 
the point scale to the whole catchment scale in some SMTs. Point-scale calculation is 
typically done for a unit of area. The lumped method provides average calculation over 
the whole catchment, while in the semi-distributed method, the catchment is discretized 
into individual sub-catchments, for which the average sub-catchment values are 
calculated. Temporal resolution varies from one day in the temperature index method 
(i.e., daily melt coefficients) to resolutions as high as 15 min in the energy budget 
methods.  

Table 4. Snow accumulation/melt related characteristics of the snowmelt models reviewed
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SNOW-17    t t  cv * 24 

EPA SWMM t t C cv C 24 

MU (MOUSE 
RDII)    t t  cv  

24 

MIKE SHE t t cv C 24 

HSPF t t t t t * t * * 1 

SSARR-T t t cv C 24 

SSARR-E t t t t t t C 1 

PRMS t t t * * * 24 

HBV / HBV-
light    t t  C C  

24 

SNTHERM t t t t t,* t,* t * * ¼ 
SHAW t t t t t * * * 1 

USM t t t t t t t 1 

GUHM t t t t t * C,* C 1 

UEB t t t t t,* t,* * ½ 
SDM t t t t t t 1 

(t) A user specified parameter is either in a time-varying form  or (C)as constant values; (*)a parameter which is 
calculated in the subroutine as time progresses; (cv) a parameter which is defined by the  user as a constant and the 
subroutine calculates the changes as time progresses; ( )an attribute which is considered in the model. 
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The least frequently applied, but the most accurate method, is used in the distributed 
models, in which the catchment is divided into grid cells, snow accumulation and melt 
is calculated within individual cells, and finally the cell outputs are synthetized. 
Temporal resolution determines the time intervals for each computation and, therefore, 
this determines the required time resolution for the measured data. The smaller the time 
steps, the better the computational accuracy, which also requires smaller time intervals 
in measured data. Thus, the aim of the study, data collection limitation, budget and time 
restrictions, along with the required accuracy, determine which model is best applicable. 
Considering all the characteristics discussed above, all the models in Table 4 can be 
potentially used to represent urban snowmelt generation and, therefore, simulate the 
resulting runoff at different levels.  

4.1.2 Runoff from different snow cover classes 

Snowmelt runoff in urban areas is much different and its simulation more challenging 
compared to that in rural conditions. This is caused by land use and cover heterogeneity, 
including roads, buildings, parking lots, etc., which impacts the generation of snowmelt. 
The urban snow heterogeneity needs to be characterized by a number of snow cover 
classes, for which the melting pattern of snow differs because of their physiographic 
properties.  

Table 5 presents the results of an extensive study of literature references with respect to 
the snow cover classification, which was further analysed to propose a classification 
system. Thirteen major snow cover classes were proposed, along with their snow 
accumulation/melt related properties (Paper II). The snowmelt simulation accuracy in 
urban catchments can be improved by simulating each snow cover class separately, 
taking into account its associated properties (Table 5), and synthesizing their melt 
outputs in a modelling procedure. Such calculation based on individual snow cover 
classes should produce better estimates of the total catchment runoff, with less 
approximation and, therefore, a better accuracy. This approach is further discussed in 
detail in the discussion chapter.  
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Table 5. Snow cover properties and classes, according to snow origin, land use and snow 
cover shape 
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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; Ground heat: [D: depends, N: negligible] 
depending on the structures’ effects which may amplify the ground heat; Longwave (Normal: the natural longwave 
radiation; affected: structure impacted longwave radiation). 

Each snow cover class is defined on the basis of three characteristics, i.e. (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 5). 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 
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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. It should be noted that the first two characteristics (i and ii) address snow 
properties, while the third one (iii) deals with impacts of snow exposure to radiation, 
wind, evaporation, and ground heat. 

Snow density is a dynamic property changing in time. The lowest density is associated 
with undisturbed snow, e.g., on roofs or in green areas. The displaced snow dumped as 
a snow pile has the highest snow density. For all snow covers, the snow density 
increases in time due to freezing and refreezing, and also by the compaction effects 
exerted by the weight of top layers. This can be observed in Table 5. Wind speed is 
typically measured in open areas with no obstructions and disturbances. Wind 
exposures of different snow classes vary according to land use, where snow was 
deposited, and were divided into four groups: (a) normal (typical for locations of 
common wind measurements), (b) disturbed, (c) highly disturbed and (d) vegetation 
dependent (Table 5). In the last category, the exposure depends on the vegetation type 
and density.  

 

4.2 Future climatological changes and their impact on snowmelt and runoff 
generation 

Climate change represents a major future uncertainty and challenge for stormwater 
management. Adapting UDSs to the projected future conditions requires estimation of 
runoff that will be produced by the projected altered precipitation and snowmelt. The 
results of a climate change study focusing on seasonal changes are presented in this 
section (Paper I).  

The climate data used in this study were obtained from the SMHI open data source and 
were generated by the regional atmospheric climate model (RCA3), which was 
developed by the Rossby Centre, SMHI (Kjellström et al., 2005). This regional model 
had been used to downscale the output of the global climate model ECHAM4 
(Roeckner et al., 1996). Table 6 shows 10-year mean values (1961 to 1971) of different 
climatic parameters for Norrbotten (northern Sweden), which was used in this study as a 
reference location. Other future values were then assessed with respect to their 
deviations from the reference values. It can be seen that, for the reference climate, the 
summer season contains the highest seasonal precipitation and the most intensive 
rainfall, and the existing UDSs would have been designed for these conditions.  
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Table 6. Ten-year mean values for the period 1961-1971, used as reference data ( Norrbotten, Sweden) 

  Winter Spring Summer Autumn 
Temperature (C°) -10.7 -1.88 11.26 0.75 

Max Hour 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 

Fraction Snow Coverage (%) 0.93 0.68 0.01 0.31 
 

The long-term trend for temperature and precipitation (both in total and maximum 
hourly precipitation) is constantly increasing, while the fractional snow coverage and 
snow water equivalent (SWE) are decreasing. These trends, however, are not consistent 
during the year and their seasonal variations can be noted. Deviations of the 10-year 
mean values from the reference value (1961-1971) for individual parameters and 
seasons are presented in Table 7 for years 2050 and 2100.    

Table 7. 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 
Deviation from the reference values in (1961-1971) are represented as (+) for increases and (-) 
for decreases; N/A: Not applicable (no snow accumulation in summer)  

The greatest temperature increase occurs during the winter, by 7º C in 2100. Increasing 
today’s mean winter temperature from -10.7º C to -3.7º C in 2100 will bring about 
higher probability of, or more periods with, temperatures close to or above zero, with 
precipitation occurring as rain instead of snow. This can also be seen in the decreasing 
SWE (53%) meaning that the future precipitation (in 2100) in the form of snow will be 
reduced to one third of its share of the reference precipitation, which then results in 
snow coverage reduction by 16% (Table 7). The consequences of these trends include 
significant changes in runoff patterns in colder season(s), with: less snow to melt (less 
runoff from a slow process), more rain on snow events, and more rain on frozen 
grounds (increasing the volume and intensity of runoff).  

Both total precipitation and maximum hourly precipitation are expected to increase. The 
highest increases in total precipitation will occur during the winter (1.18 × 10-5 mm/s) 
and autumn (0.95 × 10-5 mm/s), and the least increases will occur during the summer 
(0.15 × 10-5 mm/s). Similar changes apply to the maximum hourly precipitation, with 
autumn increases by 2.24 × 10-8 mm/s and winter increases by 2.08 × 10-8 mm/s, 
representing the highest rates, but the summer increases of 0.61 × 10-8 mm/s represent 
the lowest rate. Considering the conditions in 2100, the seasonal precipitation patterns 
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become more evenly distributed in terms of total precipitation and maximum hourly 
precipitation, as shown in Table 8. The higher depths of precipitation will also increase 
the soil moisture of green areas, which will eventually result in higher runoff. 

 

Table 8. Total precipitation and max hourly precipitation by year 2100 

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) 4.1E-05 3.9E-05 3.85E-05 4.35E-05 

 

 

4.3 Runoff from elements of green infrastructure and its effect on the urban 
drainage system 

4.3.1 Runoff from green areas 

Runoff from green areas is affected by such phenomena as the precipitation regime, 
infiltration capacities, available storage and water ponding. Changes in any of these 
phenomena directly affect how much water enters the UDS. In Table 9 runoffs from 
green and impervious areas are shown for four scenarios applied to the small suburb 
catchment (Kalmar area) together with the total volume of water entering the catchment 
UDS (Paper III). For three out of four scenarios, the runoff simulated by the MIKE SHE 
model for pervious areas enters the sewer pipe system, in addition to that simulated by 
the MOUSE model for impervious areas. Hence, the total volume of runoff conveyed by 
the UDS is greater.  

In the first scenario for the reference climate (BL=BaseLine), a 10-year rain event, 
produces a total catchment runoff volume, of which 17% originated from 
green/pervious areas.   

The PH (Higher Precipitation) scenario represents the future climatic condition with 
higher precipitation (by 20%), which, in spite of higher infiltration and storage volumes 
in green areas, results in an increased runoff contribution from green areas (23%) to the 
UDSs, compared to the Baseline scenario. When considering the whole catchment, a 
rainfall depth increase by 20% produced a runoff volume increase by 31%, because of 
activation of runoff from green areas.      

The last two scenarios, IH and IL, addressed the effect of soil infiltration rates on runoff 
from green areas. In the low infiltration scenario (IL), 70% of the water volume 
conveyed by the UDS was runoff from green areas. Finally, for high infiltration rates of 
catchment soils (HI), green areas did not contribute any runoff and in fact, offered a 
limited opportunity (-58 m3) to accept and dissipate some runoff from impervious areas. 
Thus, for an increased infiltration capacity of green areas (e.g., by incorporating 
infiltration/bioretention facilities), these areas not only do not produce any runoff, but 
can accept and dissipate runoff from other (impervious) parts of the catchment. 
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Table 9. Volume of water from impervious and pervious areas entering 
 the urban drainage system  

Scenario 

MIKE SHE to 
MOUSE [m3] MOUSE [m3] MOUSE [m3] 

Green/pervious 
areas (MIKE SHE) 

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 response of the UDS to the four scenarios is shown in Table 10, using two UDS 
performance 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 1). In the BL scenario, there are 22 flooded nodes and 115 surcharged 
pipes. Increased precipitation in the PH scenario results an additional hydraulic load 
onto the system (increased by 31%), which increased the percentage of flooded nodes 
and surcharged pipes by 82 and 32%, respectively. The worst case is the scenario IL 
(low infiltration capacity), with a 174% increase in runoff, and 160% and 53% more of 
flooded nodes and surcharged pipes, respectively. Decreasing the load on the system in 
the IH Scenario (high infiltration capacity) reduced the number of flooded nodes and 
surcharged pipes by 32% and 15%, respectively, compared to the reference conditions. 

Table 10. Maximum water levels in nodes and pipe flow ratio, from the Mouse 
model results 

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

Run Nodes Nodes Q/Qfull 1 
WL  GL WL  -0.5m [-] 

1: BL 22 80 115 
2: PH 40 137 152 
3: IH 15 72 98 
4: IL 57 168 176 

 

Parts of the catchment, with greater increases in runoff, are generally identified as areas 
with higher risks of flooding. Identification of such parts can be done by defining a 
safety margin (i.e. WL>-0.5 m, water level less than 0.5 m below the ground level) 
(Table 10). The results show 71 and 110% increase in number of the nodes with higher 
level than the defined safety margin for PH and IL, respectively. This indicates that the 
system is sensitive to a higher hydraulic load, where the level of water is already near 
the ground level (i.e. WL>-0.5 m) and there is a higher risk of flooding by directing 
more water into the UDS. Changing parameters in the three scenarios and comparing 
them with the BL scenario showed that precipitation and infiltration are highly 
influential factors which affect the USDs performance.  
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4.3.2 Infiltration into frozen soils 

Sensitivity of the UDSs to variations in soil infiltration capacity was highlighted in the 
previous section. In this section, results of a study of one of the causes of variation in 
the soil infiltration capacity, soil freezing, are presented (Paper IV). Infiltration facilities 
are used to partly compensate for increased imperviousness of urban areas and the 
concomitant increased runoff generation by serving as sinks for some of the generated 
runoff. However the efficiency of such facilities can be affected during the winter-
spring period because of soil freezing and the associated changes in the soil structure 
reducing the infiltration capacity. For that reason, two frozen engineered, sandy soils 
were investigated under thawing conditions and their infiltration properties were 
assessed. Both soils were mostly sand, with some addition of topsoil. Soil S1 was 
slightly coarser than soil S2.  

In total, 18 experimental runs were executed using laboratory soil columns, as outlined 
in Table 11. First reference runs with three samples of each soil type were executed with 
unfrozen soils (at room temperature 20° C) to establish reference infiltration values. The 
time required for water to infiltrate into, and percolate through, the whole soil column 
and reach a steady flow state was designated tSPR. Such a condition is of interest for 
design of stormwater bioretention and infiltration facilities. Analogous tests were then 
done with frozen soils and the time of water break-through the initially frozen soil 
column (tWBT) and the time of attainment of steady soil percolation (tSPR) were recorded. 
All the pertinent data are listed in Table 11. 

 

Table 11. Experimental results and initial conditions for the soil samples 
Run 
No. 

Soil 
type Comp.1 Water 

content 
Soil  

temp. 
Effec. Water 
 feed temp.2 tWBT 3 tSPR 4 

    [%] [%] [°C] [°C] [min] [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) 
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Figure 5. 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) 

 

 

The results show that the reference soil columns required about half an hour to be 
saturated and reach a steady percolation rate, but in frozen soils, this process was 
considerably slower. Figure 5 illustrates the difference in the attainment of steady 
percolation rates for frozen and unfrozen (reference) samples.  

In frozen soil columns, tSPR varied on average from 1.4 to 13.8 hours, depending on the 
soil type and the initial conditions. This means that the attainment of steady percolation 
in the coarser soil S1 with a low initial water content (~5%) took about 8 times longer 
than in the reference conditions, and 29 times longer for the high water content. For the 
finer soil S2, the extensions were 15 and 27.6 times, respectively. This shows that soil 
freezing considerably reduces its infiltration capacity and, therefore, soil freezing may 
increase runoff from green areas and impair the performance of infiltration and 
bioretentin facilities. All these consequences then lead to a greater inflow to UDSs, 
especially during extreme and rain-on-snow events.  

Comparison of two engineered soils S1 and S2 further demonstrated that the thawing 
time increased in the soil with a finer gradation (S2). Hence, in cold regions, it is 
important to use coarse sandy soils in infiltration and bioretention facilities.  

The differences between the duration of thawing processes in coarse (S1) and fine (S2) 
soils 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% initial water content, infiltration started 
as soon as water was supplied at the top of the column, but the percolation through the 
frozen soil was slowed down compared to the unfrozen soil.  On the other hand, there 
was a complete blockage of infiltration into the frozen soil columns with higher initial 
water content (10%), which caused water to pond on the top of the soil column without 
infiltrating for some hours. 

Warm water percolation through the soil provides the energy for thawing the frozen 
soils. Calculation of the required energy and the corresponding amount of water gives 
an estimation of how much water is needed for the columns to reach the steady 
percolation rate. Shorter tSPRs require less water to be supplied. Thus, soils with shorter 
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tSPRs are preferred for applications in the field facilities (infiltration or bioretention), 
because their reduced infiltration capacity lasts shorter times and the stormwater 
systems would be affected by frozen soils for shorter periods. The required volume of 
water to percolate through the frozen soil and provide energy to thaw the entire column 
was estimated by energy balance, fully described in Paper IV.   
 

4.3.3 Green roofs capacity to reduce runoff and mitigate the effects of climate 
change

The feasibility of using green roofs as an adaptation method mitigating climate change 
impacts of seasonal runoff in Norrbotten (Sweden) was studied in Paper I. For this 
purpose, the literature data were used to derive potential reductions of roof runoff by 
green roofs for five climatic conditions: very cold, cold, mild, warm and very warm. 
Such reductions are listed in Table 12 for green roofs covering different percentages of 
the catchment area. These reduction estimates were calculated on the basis of: (1) 
percent runoff volume reduction by green roofs described in the literature for different 
climatic condition; and (2) different future scenarios, in which various percentages of 
the catchment coverage by green roof were assumed.   

 

Table 12. Total 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 condition 
Cold 2:  cold condition during winter and 
autumn; 
 Mild: mild condition during spring & 
autumn 
Warm1 : warm conditions during spring and 
summer;  
Warm 2 : very warm summer condition 
*Total precipitation reduction from an 
experimental green roof unit (%);  
** Implemented green roofs area as % of 
the catchment area 

G
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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 
 

In this example, the City of Luleå, located in the Norrbotten region (northern Sweden), 
was considered, but the same reasoning and methodology could be applied in any other 
location in western and northern Europe, with defined climatic conditions. Referring to 
Table 12, for Luleå, individual seasons are defined as follows: summer as mild; spring 
and autumn as very cold1 and the winter as freezing (which is not included in the table, 
because under such conditions, green roofs cannot reduce runoff). The runoff reduction 
for the Luleå Technical University (LTU) campus with the existing 30% roof coverage 
was estimated. Referring to reductions of runoff volumes for individual seasons and the 
associated climatic conditions in Table 12, the reduction for the summer season (mild 
climatic condition) is 15% and for the autumn and spring (cold climatic condition) the 
reduction is 9% of total runoff. The maximum potential reduction of additional precipi-
tation caused by climate change on the LTU campus is presented in Table 13 together 
with precipitation values for the reference and future climates. Assuming that 30% of the 
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catchment is covered by green roofs, 41% of additional precipitation (due to climate 
change) in spring and autumn would be controlled. 100% of the additional precipitation 
would be managed by the green roofs in summer, when the climate change increase in 
precipitation is low and the roof runoff is reduced by 15%. The winter is assumed to have 
freezing temperatures and, therefore, the green roofs are ineffective in runoff reduction. 
Also, because of roof snow removals during the winter, the corresponding precipitation 
volume cannot be considered in these calculations, because some part of it (in the form of 
snow) is relocated. Therefore no reduction is assigned for winter season in Table 13.  
 

Table 13. Maximum potential reduction of additional precipitation in volume for year 
2100, Porsön, Luleå with 30% of roof coverage over the catchment 

Winter Spring Summer Autumn 
Climatic condition (from Table 12)  Cold 2 Mild Cold2 
Reduction (%) (from table 12) (-) 9 15 9 
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 (%) (-) 41.5 100 41.1 

 



 

31 

5 DISCUSSION 

The results presented in the preceding chapter are discussed herein in the context of 
runoff generation in urban catchments, with respect to seasonal and climate changes. 
The discussion starts with impacts of seasonal and climate changes on runoff generation 
and UDSs, in Section 1. The next topic addressed is urban runoff control by green roofs 
and in green areas in Section 2, which mostly focuses on implementation of green roofs 
and bioretention in urban catchments. Finally, Section 3 focuses on urban snowmelt and 
winter runoff simulation, with respect to their contributions to urban runoff and search 
for conceptual improvements in predicting the generation winter runoff. 

 

5.1 Impact of seasonal/climate changes on UDSs 

5.1.1 Impact of climate change 

A numbers of studies has already shown that, as a result of climate change, temperature 
and annual precipitation will increase in Europe, as stated e.g. in the IPCC report 
(Stocker et al., 2013). The climate change data available from SMHI and used in this 
thesis are in agreement with the IPCC findings (IPCC, 2007) projecting more 
precipitation (in terms of depth and intensity) in northern and western Europe, including 
Sweden. The impact of such changes on generation of runoff has been 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), and such findings were also 
confirmed in this study, in which a future scenario with upscaled precipitation (by 20%) 
was used (Paper III). The increased runoff was shown to result from increased 
contributions of both, impervious and pervious (green) areas.  

In spite of the fact that green areas may contribute to runoff from urban catchments, 
though with less volume and as much slower process than on impervious areas 
(Marsalek et al., 2008), their potential capacity for runoff control must be integrated into 
the design of stormwater systems, particularly when dealing with impacts of climate 
change. For runoff generation from green areas, their characteristics are rather 
important, as shown e.g. by Berggren (2014) by runoff simulations from a plot size 
green area. In this case, runoff generation was strongly influenced by the soil type and 
the initial water content, which reflects the antecedent soil moisture. High antecedent 
moisture exhausts the storage capacity (at least in the top 30 cm soil layer) and leads to 
higher surface runoff. Furthermore, as shown in this study (Paper IV), the high water 
content before freezing is a critical factor for runoff generation in late winter-spring 
during the thawing period. Frozen soils exhibit low (or zero) infiltration capacity and 
thawing of soils with high water content requires longer times. Considering climate 
change, this factor may become even more important in higher latitude (62° – 63° N) 
regions in the future, because the soil moisture in these regions is expected to increase, 
as suggested by Kellomäki et al.(2010). 
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Regardless of the runoff generation processes, it is expected that the future climate will 
considerably influence the components of the hydrological cycle and cause operational 
problems in the existing UDSs (Berggren et al., 2011). The modelling results in this 
thesis (Paper III) showed the response of the UDS in a small suburb of Kalmar 
(southern Sweden) due to increased precipitation (+20%), which resulted in runoff 
contribution to the UDS increase by 31%. The consequences of these increases included 
increases in the number of flooded nodes and surcharged pipes by 80% and 32%, 
respectively, and generally agreed with results of other studies for different conditions. 
For example, Waters et al. (2003) reported that by increasing the design storm intensity 
for the Malvern subdivision with 34% imperviousness in Burlington (Canada) by 15%, 
the increased runoff resulted in the surcharging of 24% of the storm 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 will likely 
result in flooding within in at least two of the catchments. The findings of this thesis 
highlight the vulnerability of the drainage system to increased precipitation, with 
respect to the total depth and intensity. This was emphasized in the results chapter by 
observing that the number of UDS nodes at risk of flooding (i.e., WL>-0.5m) will 
increase by 70% for future precipitation in suburban Kalmar (Paper III).   

 

5.1.2 Winter runoff generation and impact on UDSs 

Climate changes will impact the various seasons differently. As mentioned in the 
Background chapter and also discussed later in this section, the winter in the northern 
part of Sweden will undergo the greatest changes in terms of climate and the factor 
related to runoff generation. This will further increase uncertainties in future winter 
runoff generation processes and simulation of runoff (i.e., when snowmelt is the main 
source of runoff). 

Winter stormwater management needs approaches different from those applied in warm 
weather, because of the variations in the sources of runoff and the associated processes 
and their parameters (Marsalek, 1991). The significant changes occur because of the 
temperature shift between the sub-zero and above-zero ranges. Temperature distinctly 
alters the form of precipitation (rain or snow) and other parameters affecting runoff 
generation (e.g. infiltration into frozen soil) during late winter and early spring (i.e., 
snow and ice accumulation and melt periods). 

Simulation study of runoff from the suburban catchment in the Kalmar area showed the 
sensitivity of inflows into the UDS to changes in soil infiltration capacity (Paper III).  
A low infiltration scenario resulted in a hydraulic load on the UDS 175% higher, and 
this caused the flooding of 160% more nodes. A number of studies indicated that 
freezing temperatures and a frozen soil structure generally reduce the soil infiltration 
capacity; depending on specific conditions, infiltration may cease completely for a 
period of time (e.g. Gray and Prowse, 1993; Iwata et al., 2011; Khan et al., 2012; 
Marsalek, 2013). In accord with previous studies, the frozen soil column investigations 
(Paper IV) showed seriously impeded infiltration into sandy soils with a high water 
content (~10%) and reduced infiltration into the soils with a low water content (~5%). 
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Also, the time of attaining the steady infiltration rates after the onset of thawing was 
greatly extended compared to the conditions with soil temperatures above zero. This 
period of thawing and infiltration capacity restoration was significantly longer for soils 
with a higher initial water content and finer gradation. Thus, consistent with previous 
findings, the laboratory study of infiltration into frozen engineered soil indicated that 
the seasonal change can impact infiltration capacity of soils and that the antecedent 
moisture also can play an important role, which needs to be taken into account.  

Iwata et al., (2011) concluded from their study that a thin (<0.14 m) frozen layer of soil 
(clay loam, silt loam, sand clay loam) did not impede the infiltration of snowmelt, while 
thick layers (>0.37) can stop completely snowmelt infiltration. Davidson et al. (2008) in 
a study of bioretention facilities presented a range of infiltration rates over different 
seasons and noted the reduction in infiltration rates (in the range of 0.6 – 54 cm/h) when 
the soil became colder and eventually froze. Since climate change significantly 
influences the generation of runoff in winter, as mentioned earlier, the impacts of 
climate change on the USDs are estimated here to be considerable. 

Analysis of the climatological data for Norrbotten in the year of 2100 (Paper I) shows 
seasonal variation in the precipitation pattern, with the autumn season, in comparison to 
other seasons, having more precipitation (Table 8). The runoff generation in winter will 
be even more critical considering the autumn (0.75° C) and winter (-10.7° C) tempera-
tures and the fact that the soil moisture will increase at this northern latitude, according 
to Kellomäki et al. (2010). 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%) delayed infiltration into frozen soils by a number of hours, 
before a steady infiltration rate was attained. In fact, this process of soil thawing could 
takes up to several days in actual condition, because of diurnal thawing/freezing cycles 
(Paper IV). Also, because of close-to-zero temperatures in spring (-1.88), there will be a 
higher probability of occurrences of more freezing and thawing events, which may 
increase the water content of the soil and ice formation, and eventually impair soil 
perviousness. Taking all these trends into account, and the fact that precipitation (total 
depth and intensity) will increase and that more rain-on-snow events will occur (due to 
higher temperatures), one can foresee rapid and greater runoff as the consequence. Such 
extreme conditions imposed by climate change will affect the UDSs more than the 
current conditions, for which the associated problems and occasional failures have 
already been pointed out e.g. by Iwata et al. (2011). Iwata’s study showed that 
temperatures of about -3 to -8ºC (the same range as in the laboratory frozen columns 
presented in this thesis) with a frozen soil layer of depth > 40 cm seriously impeded 
infiltration. Therefore, any additional precipitation (snow or rain) would contribute to 
surface runoff increases and higher hydraulic loads on drainage systems.  

 

5.2 Green infrastructure and climate change impact mitigation practices 

The impacts of climate change and amplified runoff during winter/spring seasons, as 
already mentioned, can be reduced by implementing green infrastructure as an 
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alternative complement or substitute to the conventional in-pipe or end-of-pipe 
measures. By following the path of precipitation (i.e. the source of stormwater), roofs 
are the first point along the way, which can be turned into a runoff control measure 
(green roofs). Green roofs (30 to 150 mm thickness) provide water storage capacity and 
return part of stored water back into 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 green roofs. 
However, for these examples, high intensity rainfalls can easily fill up the green roof 
water storage and make them less effective. The next level to controlling the 
precipitation (along its pathway) is on the ground. The runoff contributing green areas 
are crucial for runoff reduction in the hydrological cycle. The contributing runoff can 
increase due to: (i) impaired storage capacity of green areas due to earlier precipitation 
or continuous snowmelt, or (ii) frozen ground conditions. Two of the alternative green 
infrastructures (1) green roofs and (2) infiltration facilities (bioretention) were addressed 
in this study and discussed in the following section.   

Green roofs: Green roofs can be used as an alternative method in runoff reduction and 
adaptation of an urban catchment to the future climate. The analysis showed that the 
green roofs are most effective in summer (in Norrbotten), when they have a potential to 
contain and dissipate almost all the additional precipitation, due to climate change by 
2100, for a city with 30% coverage by green roofs and other conditions similar to those 
like in the Luleå catchment (Paper I). Carter and Jackson (2007) modelled the effect of a 
green roof on an urban catchment for different spatial scales, suggesting significant 
reduction of peak runoff for small storm by extensive implementation of green roofs in 
the catchment. The efficacy of green roofs, on the other hand, in colder season was 
shown to be reduced 1.8 times (15% reduction of precipitation) for a mild season and 6 
times (4.5% reduction of precipitation) in the cold winter, for a catchment with 30% GR 
coverage (Paper I). 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 is imposed by the total rainfall depth.  

Thus, even though the GRs performance is event dependent, the estimation of potential 
seasonal runoff reduction shows that the GR efficiency might be improved due to 
temperature (and potential evaporation) increase in the future climate, as suggested by 
IPCC (Stocker et al., 2013). However, the negative effects of increasing rain intensity 
should be also taken into account and could lead to exhaustion of the GR storage 
capacity and increased runoff. More research is required to evaluate the efficiency of 
green roof for future climate conditions.  

 

 Infiltration facilities: 
Sensitivity analysis (by runoff simulations) and the assessment of its results highlighted 
the fact that infiltration capacity causes significant impacts on runoff generation (e.g., 
for high intensity, IH, the number of flooded nodes in the Kalmar study dropped by 
30%, for low infiltration, IL, such a number increased by +160%) (Paper III). The fact 
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that the infiltration capacity of seasonally frozen soils is reduced makes this issue of a 
critical interest in the planning, design and operation of stormwater management 
facilities, which promote runoff infiltration into soils. Caraco and Claytor (1997) 
cautioned about the potentially greater runoff/snowmelt inflows into stormwater 
management facilities due to the impact of cold weather on infiltration best management 
practices (BMPs), including bioretention, and the need for allowing high flow 
bypassing. To reduce the risk of water freezing in soils, they recommended using coarse 
materials (sand) in infiltration and bioretention facilities. The results of the laboratory 
study in this thesis (Paper IV) support the recommendation that coarser materials 
respond better to freezing/thawing and provide a quantified confirmation for previously 
published engineered soil recipes, e.g. by Blecken (2010) and Søberg et al., (2014).  

The results in this thesis further showed that sandy soils, with a minimal addition of 
organic material, can produce high infiltration capacity (Figure1 & Table 1) and lead to 
an improved performance of bioretention during the periods of freezing/thawing. The 
results also indicate that it is important to keep the water content as low as possible 
(~5% or even less). This can be achieved by using coarser materials allowing water to 
pass through the soil faster and at higher rate (Paper IV). 

A field study conducted by Khan et al. (2012) also showed that the performance of 
bioretention cells in cold weather in Calgary (Canada) decreased, because of lower 
infiltration, compared with warmer conditions. However, the degree of change in the 
performance was not reported. In regions with freezing temperatures, the operation and 
performance of bioretention 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. Iwata et al., 2011; Bayard et al., 2005), with most 
attention paid to bioretention (Davidson et al., 2008; Denich et al., 2013). In these cases, 
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. Finer soils bind water more tightly and increase the time it takes 
for the soil to reach steady percolation during thawing. Under such circumstances, the 
risk of undesirable runoff during extreme conditions is increased (Al-Houri et al., 2009). 
Unless the native soils are sandy, with high permeability, it is recommended to build 
bioretention with engineered soils (essentially sand with a small addition of compost) to 
ensure good performance in cold weather. Such soils can keep soil moisture low better, 
particularly if the bioretention cell is equipped with an under-drain. In general, coarser 
soils have higher porosity and provide more storage volume for dealing with winter-
spring runoff entering bioretention (Caraco and Claytor, 1997).  

 

5.3 Conceptual improvement of winter runoff simulation 

Generation of snowmelt very much depends on snow properties (internal melt-related 
factors) and the location where snow accumulated, was stored and melted (external 
melt-related factors), as also reported by Oberts et al. (2000). The following discussion 
focuses on the reviewed models with respect to the generalized urban snow cover 
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classification. The aim is to identify the knowledge gaps in winter runoff simulation and 
to detect the deficiencies of the existing models in terms of urban applicability, by 
conceptually assessing their applicability to various urban snow covers. This assessment 
should be practically verified by measured field data. Eventually some suggestions for 
improving the winter runoff simulation in urban areas will be presented  
(Paper II).  

Bengtsson and Singh (2000) stated that improving the accuracy of snowmelt generation 
and runoff simulation can be achieved by using physically based models with energy 
balance method. This method, on the other hand, requires several inputs (Table 5 
illustrates a minimum of 5 input parameters for the reviewed models), which can reduce 
the uncertainty in defining the melt process in comparison to the temperature index 
method. In general though the higher sophistication and therefore more complexity of 
the model does not necessarily result in better simulation results, with respect to the 
practical constraints (e.g., limitation in data availability); this was reported by 
Bergström (1991) that finding an optimal level of complexity for the modelling 
procedure requires understanding the physical system as well as related conditions such 
as data availability, time and funding. This means that the temperature index method 
can be preferably used in practical applications due to its highly operational nature and 
the available input data, which was also noted by Walter et al. (2005). Considering this 
fact, it is more practical to adopt and modify the relevant conventional snowmelt 
simulation approaches (by using common tools including the reviewed models) to 
improve modelling results, particularly by broadening the model applicability to various 
snow cover classes.  

 

5.3.1 Conceptual applicability of the existing snowmelt models to urban snow 
covers 

Snow cover properties values can be obtained from generalization of the reviewed 
studies and associated measurements (Table 4). The resulting classification presents 13 
types of snow covers, including all the melt related properties; in the earlier similar 
studies, only fewer classes were investigated. Ho and Valeo (2005) introduced 4 and 
Matheussen (2004) 5 classes for urban snow covers. The assumption was that the 
individual snow covers are subject to similar evolutions process (e.g., albedo change, 
density variation, radiation exposure). Therefore these values can be used for similar 
snow covers in any urban catchment. This assumption is also reflected in the studies 
done by e.g. Bartošová and Novotny (1999) and Semadeni-Davies (2000) indicating 
that the properties of different snow covers do not vary significantly from year to year at 
a particular place.  Each catchment though is defined by its unique extent of different 
land uses such as main roads, side roads, buildings, green areas (represented by 
associated snow cover classes), which affect the choice of modelling procedures. 
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, considering 
“the best” model to simulate the dominant snow urban cover class (which influences the 
most runoff simulation) is highly important. The recommended approach is discussed 
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below by illustrating some typical urban snowmelt condition and choosing the best 
applicable model(s) (Paper II). 

 

5.3.2 Approach to selecting a suitable model 

Example of snow pack shapes: Snow handling, which is commonly used in urban snow 
management changes the snow pack shape from a typical natural (cubic) shape to a 
pyramidal form; the most recent relevant studies considering the shape of melting snow 
deposits were done by Sundin et al., (1999) and Valeo and Ho (2004), and introduced 
SDM and USM models, respectively. These SMTs are available only as algorithms and 
not as ready-to-use computer programs; thus, neither open source or proprietary codes 
are available. Therefore, they are suited only for research purposes and not for practical 
applications. The algorithm assessment done by Sundin et al. (1999) indicated an 
acceptable match between the measured and simulated runoff from the snow deposit, 
but no comparison with snowmelt simulation with another model (without including the 
snowpack shape) was presented. Since none of the remaining reviewed models are 
designed for addressing snow deposit shapes, one needs to adopt snowmelt simulations 
based on the temperature index method (e.g., SWMM, MOUSE RDII, SSARR-T and 
HBV), and account for snow deposit shapes by calibration and adjustment of melt 
factors for different shapes. On the other hand natural snowpacks, i.e. snow on roofs, 
green areas, and any location which remains undisturbed (e.g. around building), can be 
simulated by almost all the models, but with different accuracy levels; SWMM for 
instance would be the best choice for roofs since the wind can be included and UEB, 
MIKE SHE and SSARR-T would be the best for green areas with trees, since canopy 
effects can be included in those models.  

Example of albedo: Albedo is another determinant factor in melt generation, through 
controlling the amount of solar energy absorbed in the snowpack. However, it is not 
included in a similar way in the models reviewed. An albedo effect is inherent in the 
temperature index models coefficient, though there is no distinction from other involved 
factors (e.g., snow density). SWMM appears to be the most suitable models in this 
category, because of its time-varying snowmelt coefficient by introducing minimum and 
maximum melt coefficients to estimate melt variation over the melting period. 
Alternatively, the models based on the energy budget might be a better choice since 
time-varying albedo is estimated by the snow age and density, though the algorithm 
designs are to simulate albedo change in rural areas for which only aging of the snow 
would change the albedo to the lower level of ~ 40% in melting season. Yet the use of 
other models (i.e. SSARR-E, USM and SDM), which use time series of snow albedo as 
an input, can improve the melt simulation, provided that albedo measurements are 
available, or can be done. Albedo measurements done by Sundin (1998) illustrated that 
the average albedo of the first half of the measurement period (albedo =30%) is greater 
than in the other half (albedo =10%); this shows that snow absorbs more energy and 
therefore it melts faster in the second half of the measurement period. Such reasoning 
and approach should be used to minimize the uncertainty of ignoring different snow 
cover classes in modelling snowmelt in urban areas. This fact is supported by the study 
done by Valeo and Ho (2004), in which runoff simulations with USM produced better 
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runoff results those produced with SWMM. In this thesis, four snow cover classes were 
taken into account using USM (Paper II).  

5.3.3 Gaps in knowledge and improvement requirements

Sensitivity analysis of time-varying parameters in snowmelt modelling is an issue which 
needs to be addressed. Nash and Sutcliffe (1970) suggested that identifying the most 
influential model parameter(s) using sensitivity analysis is an important step in model 
modification. The review of existing snowmelt models demonstrated that besides the 
parameter studies done for rural snowmelt modelling (e.g. Martinec and Rango, 1986; 
Hundecha and Bárdossy, 2004; Martinec et al., 2008), there is still a need for such analysis 
for urban conditions. 

As the importance of individual (time-varying) parameters is identified and prioritized, 
the current knowledge gaps, i.e., generalized properties of such parameters for each of 
the snow cover types, should be addressed; until now only one such attempt is available 
in the literature (Table 4). This would advance the modelling with the SMTs, which can 
employ time-varying parameters (Table 5), but they cannot differentiate among the 
individual snow covers. Therefore, measurements of these parameters and their changes 
over time need to be generalized in addition to the previous measurements done  
by the earlier researchers (Ho and Valeo, 2005; e.g. Semadeni-Davies, 1999), who 
however did not take into account variations of these parameters. This generalization 
seems important since the measurements of such parameters are not always feasible or 
practical for new locations.  

Another type of measured data needed is the snowmelt coefficient for individual snow 
covers, which would be applied in the temperature index method (as the recommended 
method for modification and procedure development), and empirical equations should 
be developed to generalize and represent the changes in snow properties occurring over 
the melting period. Moreover, temporal resolution can be improved by conducting the 
measurements in shorter time intervals than daily, e.g., by including distinct day and 
night coefficients, the effects of thawing and refreezing can also be included.  

A general pattern of procedure development indicates that to deal with the general 
limitations of snowmelt modelling, one needs to identify and discretize the catchment 
and classify the stored snow into distinct snow cover classes. Eventually the most 
suitable model can be chosen on the basis of the required accuracy, practical limitation 
and dominance of land use and its associate snow cover classes.  
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6 CONCLUSIONS 

The conclusions of the thesis are summarized based on the findings of individual parts 
of the study as: 

Snow cover classification was indicated as a key step in improving the urban snowmelt 
modelling procedures and for that, three major factors were identified as the foundation 
for interpreting urban snow covers/deposits and classifying them. These factors are: (i) 
human activities, (ii) land use and (iii) origin of the accumulated snow; using these 
factors, urban snow covers were classified into 13 different classes (Paper II). 

A procedure was introduced for identifying an affordable model for the heterogeneous 
urban condition considering the required accuracy of results, available (or required) 
input data, and available time and resources. Each of the reviewed SMTs offers a 
possibility to represent urban snowmelt generation, but the level of suitability of 
individual SMTs is determined by the following factors: the aim of study, data 
collection limitation, budget and time restriction, and required accuracy.  

Snowmelt and runoff simulation accuracy can be improved by modelling each 
individual snow cover class separately and by employing its associated properties, and 
combining the resulting class snowmelt and runoff to produce total catchment snowmelt 
and the resulting runoff; the measurements of time-varying parameters were shown to 
be important for advancing the characterization of urban snow as well as snowmelt 
simulation.  

The laboratory study showed that infiltration into frozen soils was impeded or prevented 
until warm water (T > 0° C) transferred enough energy to melt the ice which blocked 
the soil pores. The thawing process for the frozen soil columns may take 1.4 to 13.8 h, 
depending on the soil initial water content, soil gradation and compaction, and effective 
temperature of infiltrating water.  The time for attainment of steady percolation rate 
(tSPR) through frozen coarse and fine sandy soils (both for high water content, ~10%) 
took 28 and 29 times longer than through the reference (unfrozen) samples. These 
values were 8 (coarse soil) and 15 (fine soil) times longer for a lower water content 
(~5%). This confirmed that the water content is a highly influential factor for infiltration 
capacity of frozen soils (e.g., ininfiltration facilities) and, consequently, for generation 
of runoff. 

Amount of antecedent soil moisture proved to be the critical feature affecting runoff 
from frozen soil; high water content (~10%) impeded infiltration for both coarse and 
fine sandy soil types, while low water content (~5%) reduced the soil infiltration 
capacity, but allowed some low amount of water to percolate through the soil column. 
Also, in frozen soils with higher water content the thawing process was prolonged, and 
the risk of water ponding and flooding increased.  

Calculation of energy balance for the system containing infiltrating water (T=1.5° C), 
soil ice and frozen soil indicated that the attainment of steady percolation rate (tSPR) 
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through the soil column could take 1-2.5 days (depending on the initial water content, 
and soil gradation and compaction), indicating that any inflow of stormwater into a 
frozen bioretention would have to be either bypassed or stored on the soil surface. 

The future runoff patterns and intensity would be affected significantly in colder 
season(s) because of less of melting snow (which is a slow process) and by more rain-
on-snow events (which are fast processes) in addition to a higher soil moisture and 
frozen ground with impaired infiltration.  

Consideration of precipitation increase by 20%, as a recommended future climate 
scenario, for the suburban catchment in Kalmar resulted in runoff volume increase by 
31%, and such runoff needs to be conveyed by the existing drainage system. This 
greater runoff increased the number of flooded nodes and surcharged pipes in the 
catchment UDS by 82 and 32%, respectively. A scenario with a decreased infiltration 
capacity (IL: Paper III) resulted in 174% more runoff entering the drainage system and 
causing 160% more flooded nodes and 53% more surcharged pipes. It was shown that 
precipitation and infiltration are influential factors in runoff generation and their 
changes would impact the total water balance of the urban catchment, which then 
affects the general management of stormwater.  

Additional precipitation, due to climate change, in a Luleå catchment (a catchment in 
Porsön with 30% of the catchment area covered by roofs) could be managed with 
varying effectiveness during various seasons. The precipitation increment could be fully 
managed in the summer by green roofs, in spring and autumn, it would be reduced by 
41%, and no benefits can be expected in the winter. However, converting all the roofs in 
the catchment into green roofs would be impractical and other methods would need to 
be considered for effective runoff management. 

 



 

41 

7 REFERENCES 

Ahiablame, L.M., Engel, B.A., Chaubey, I., 2012. Effectiveness of low impact development 
practices: literature review and suggestions for future research. Water, Air, & Soil Pollution 
223, 4253-4273.  

Al-Houri, Z.M., Barber, M.E., Yonge, D.R., Ullman, J.L., Beutel, M.W., 2009. Impacts of 
frozen soils on the performance of infiltration treatment facilities. Cold Reg. Sci. Technol. 59, 
51-57.  

Al-Rubaei, A.M., Engström, M., Viklander, M., Tobias-Blecken, G., 2013. Long-term hydraulic 
performance of stormwater infiltration systems–a field survey. 8th International Conference on 
Planning & Technologies for Sustainable Urban Water Management,NOVATECH 2013 , Lyon, 
France, 23-26 June 2013 

Ashley, R., Balmforth, D., Saul, A., Blanskby, J., 2005. Flooding in the future predicting 
climate change, risks and responses in urban areas. Water Sci & Technol 52, 265-273.  

Bartošová, A., Novotny, V., 1999. Model of spring runoff quantity and quality for urban 
watersheds. Water Sci Technol 39, 249-256.  

Bayard, D., Stähli, M., Parriaux, A., Flühler, H., 2005. The influence of seasonally frozen soil 
on the snowmelt runoff at two Alpine sites in southern Switzerland. J. Hydrol. 309, 66-84.  

Bengtsson, L., Singh, V.P., 2000. Model sophistication in relation to scales in snowmelt runoff 
modeling. 12th Northern Research Basins Symposium/Workshop, Reykjavik, Iceland, 23-27 
August 1999., 267-286.  

Bengtsson, L., Westerström, G., 1992. Urban snowmelt and runoff in northern Sweden. 
Hydrolog.Sci.J 37, 263-275.  

Bengtsson, L., Grahn, L., Olsson, J., 2005. Hydrological function of a thin extensive green roof 
in southern Sweden. Nordic Hydrol. 36, 259-268.  

Berggren, K., 2014. Urban stormwater systems in future climates: assessment and management 
of hydraulic overloading. Luleå tekniska universitet. (Doctoral thesis / Luleå University of 
Technology). .  

Berggren, K., Olofsson, M., Viklander, M., Svensson, G., Gustafsson, A., 2011. Hydraulic 
impacts on urban drainage systems due to changes in rainfall caused by climatic change. J. 
Hydrol. Eng. 17, 92-98.  

Bergström, S., 1991. Principles and confidence in hydrological modelling. Nord.Hydrol. 22, 
123-136.  

Berndtsson, J., 2010. Green roof performance towards management of runoff water quantity and 
quality: A review. Ecol. Eng. 36, 351-360.  



 

42 

Blair, A., Lovelace, S., Sanger, D., Holland, A., Vandiver, L., White, S., 2014. Exploring 
impacts of development and climate change on stormwater runoff. Hydrol. Process. 28, 2844-
2854.  

Blecken, G., Zinger, Y., Deleti , A., Fletcher, T.D., Hedström, A., Viklander, M., 2010. 
Laboratory study on stormwater biofiltration: Nutrient and sediment removal in cold 
temperatures. J. Hydrol. 394, 507-514.  

Borris, M., Viklander, M., Gustafsson, A., Marsalek, J., 2013. Modelling the effects of changes 
in rainfall event characteristics on TSS loads in urban runoff. Hydrol.Process. .  

Bronstert, A., Bürger, G., Heidenreich, M., Katzenmaier, D., Köhler, B., 1999. Effects of 
climate change influencing storm runoff generation: Basic considerations and a pilot study in 
Germany. In P. Balabanis, A. Bronstert, R. Casale, & P. Samuels, P. (Eds.), The impact of 
climate change on flooding and sustainable river management. Proceedings of the final 
RIBAMOD workshop, Wallingford (pp. 325–340). Luxembourg: Office for Official 
Publications of the European Communities. 

Butler, D., Davies, J.W., 2004. Urban Drainage. Taylor & Francis.  

Buttle, J.M., Xu, F., 1988. Snowmelt runoff in suburban environments, (Ontario, Canada) 
Nordic Hydrol, 19 (1) , 19-40. 

Caraco, D., Claytor, R.A., 1997. Stormwater BMP Design: Supplement for Cold Climates. US 
Environmental Protection Agency.  

Carter, T., Jackson, C.R., 2007. Vegetated roofs for stormwater management at multiple spatial 
scales. Landscape Urban Plann. 80, 84-94.  

Davidson, J., LeFevre, N., Oberts, G., 2008. Hydrologic bioretention performance and design 
criteria for cold climates. Water Environment Research Foundation (WERF) Project .  

Denich, C., Bradford, A., Drake, J., 2013. Bioretention: Assessing effects of winter salt and 
aggregate application on plant health, media clogging and effluent quality. Water Qual. Res. J. 
Can. 48, 387-399.  

Digman, C., Ashley, R., Hargreaves, P., Gill, E., Hunter, J., Grose, K., Shaffer, P., Simmons, S., 
2014. Exceedance flows – the missing link, Conference paper for the 13th International 
Conference on Urban Drainage (ICUD), Sarawak, Malaysia, 7-12 September, 2014.  

Elliott, A., Trowsdale, S., 2007. A review of models for low impact urban stormwater drainage. 
Environ Model & Softw 22, 394-405.  

Fach, S., Engelhard, C., Wittke, N., Rauch, W., 2011. Performance of infiltration swales with 
regard to operation in winter times in an Alpine region. Water Sci. Technol. 63, 2658-2665.  

Fletcher, T., Andrieu, H., Hamel, P., 2013. Understanding, management and modelling of urban 
hydrology and its consequences for receiving waters; a state of the art. Adv. Water Resour. 51, 
261-279.  

Fletcher, T.D., Shuster, W., Hunt, W.F., Ashley, R., Butler, D., Arthur, S., Trowsdale, S., 
Barraud, S., Semadeni-Davies, A., Bertrand-Krajewski, J., 2014. SUDS, LID, BMPs, WSUD 



 

43 

and more–The evolution and application of terminology surrounding urban drainage. Urban 
Water J. , 1-18.  

Fourie, W.J., Barnes, D.L., Shur, Y., 2007. The formation of ice from the infiltration of water 
into a frozen coarse grained soil. Cold Reg. Sci. Technol. 48, 118-128.  

Gill, S., Handley, J., Ennos, A., Pauleit, S., 2007. Adapting cities for climate change: the role of 
the green infrastructure. Built Environ (1978-) , 115-133.  

Gironás, J., Niemann, J.D., Roesner, L.A., Rodriguez, F., Andrieu, H., 2009. Evaluation of 
methods for representing urban terrain in storm-water modeling. J. Hydrol. Eng. 15, 1-14.  

Gray, D.M., Prowse, T.D., 1993. Snow and Floating Ice. Chapter 7, in: D.R. Maidment, Editor, 
Handbook of Hydrology, McGraw-Hill, Inc., New York, NY, 7.1-7.58. . McGraw-Hill: New 
York.  

Hinman, C., 2009. Bioretention soil mix review and recommendations for western Washington, 
a Technical Memorandum, for Puget Sound Partnership.  

Ho, C.L.I., 2002. Urban snow hydrology and modelling. Master Thesis. Department of 
Geomatics Engineering. University of Calgary. Canada.  

Ho, C., Valeo, C., 2005. Observations of urban snow properties in Calgary, Canada. Hydrol. 
Process. 19, 459-473.  

Hundecha, Y., Bárdossy, A., 2004. Modeling of the effect of land use changes on the runoff 
generation of a river basin through parameter regionalization of a watershed model. J Hydrol 
292, 281-295.  

IPCC, 2007. Intergovernmental Panel On Climate Change: the physical science basis. 
Cambridge, UK: Cambridge University Press. Agenda.  

Iwata, Y., Nemoto, M., Hasegawa, S., Yanai, Y., Kuwao, K., Hirota, T., 2011. Influence of rain, 
air temperature, and snow cover on subsequent spring-snowmelt infiltration into thin frozen soil 
layer in northern Japan. J. Hydrol 401, 165-176.  

Kellomäki, S., Maajärvi, M., Strandman, H., Kilpeläinen, A., Peltola, H., 2010. Model 
computations on the climate change effects on snow cover, soil moisture and soil frost in the 
boreal conditions over Finland. Silva Fenn. 44, 213-233.  

Khan, U., Valeo, C., Chu, A., van Duin, B., 2012. Bioretention cell efficacy in cold climates: 
Part 1—hydrologic performance. Can. J. Civil Eng. 39, 1210-1221.  

Lemonsu, A., Bélair, S., Mailhot, J., Leroyer, S., 2010. Evaluation of the town energy balance 
model in cold and snowy conditions during the Montreal urban snow experiment 2005. 
J.Appl.Meteorol.Climatol 49, 346-362.  

Mahat, V., Tarboton, D.G., 2012. Canopy radiation transmission for an energy balance 
snowmelt model. Water Resour. Res. 48, W01534.  

Maksimovic, C. (2001): General overview of urban drainage principles and practice. In: 
Maksimovic, C. [Ed.] Urban drainage in specific climates. International Hydrological 
Programme -V, Technical Documents in Hydrology No 40 Vol 1, UNESCO, Paris.  



 

44 

Mark, O., Svensson, G., König, A., Linde, J., 2008. Analyses and Adaptation of Climate 
Change Impacts on Urban Drainage Systems. 11th International Conference on Urban Drainage. 
Edinburg, Scotland. .  

Marsalek, J., 1991. Urban drainage in cold climates: problems, solutions and research needs 
(invited paper).  In:  Maksimovic, C., (ed), New technologies in urban drainage UDT ’91, 
Conference proceedings, Dubrovnik, Yugoslavia, June 17-21, 1991, Elsevier Applied Science, 
London and New York. , 299-308.  

Marsalek, J., 2013. Fifty years of innovation in urban stormwater management: Past 
achievements and current challenges. gwf Wasser-Abwasser International, 154 (S1), 20-31. 8th 
International Conference on Planning & Technologies for Sustainable Urban Water 
Management,NOVATECH 2013 , Lyon, France, 23-26 June 2013 

Marsalek, J., Cisneros, B.J., Karamouz, M., Malmquist, P., Goldenfum, J.A., Chocat, B., 2008. 
Urban Water Cycle Processes and Interactions: Urban Water Series-UNESCO-IHP. Taylor & 
Francis, Paris and Leiden. ISBN1749-0790.  

Martinec, J., Rango, A., 1986. Parameter values for snowmelt runoff modelling. J Hydrol 84, 
197-219.  

Martinec, J., Rango, A., Roberts, R., 2008. Snowmelt runoff model (SRM) user’s manual. New 
Mexico State University, Las Cruces, New Mexico 175.  

Matheussen, B.V., 2004. Effects of anthropogenic activities on snow distribution, and melt in an 
urban environment. PhD Thesis . Department of Hydraulic & Environmental Engineering. 
NTNU. Trondheim, Norway. ISBN 82-471-6347-0.  

McCauley, C.A., White, D.M., Lilly, M.R., Nyman, D.M., 2002. A comparison of hydraulic 
conductivities, permeabilities and infiltration rates in frozen and unfrozen soils. Cold Reg. Sci. 
Technol. 34, 117-125.  

Melloh, R.A., 1999. A synopsis and comparison of selected snowmelt algorithms. A synopsis 
and comparison of selected snowmelt algorithms CRREL Report 99-8.  

Mentens, J., Raes, D., Hermy, M., 2006. Green roofs as a tool for solving the rainwater runoff 
problem in the urbanized 21st century? Landscape Urban Plann. 77, 217-226.  

Muthanna, T., Viklander, M., Thorolfsson, S., 2008. Seasonal climatic effects on the hydrology 
of a rain garden. Hydrol. Process. 22, 1640-1649.  

Nash, J., Sutcliffe, J., 1970. River flow forecasting through conceptual models part I—A 
discussion of principles. J.Hydrol 10, 282-290.  

Nie, L., Lindholm, O., Lindholm, G., Syversen, E., 2009. Impacts of climate change on urban 
drainage systems–a case study in Fredrikstad, Norway. Urban Water J 6, 323-332.  

Nordberg, T., Thorolfsson, S., 2004. Low impact development and bioretention areas in cold 
climates. In Critical Transitions in Water and Environmental Resources Management, 
Proceedings of the World Water and Environmental Resources Congress, Salt Lake City, UT, 
USA, 27 June–1 July 2004; pp. 3409–3418. , 3409-3418.  



 

45 

Oberts, G., Marsalek, J., Viklander, M., 2000. Review of water quality of winter operation of 
urban drainage. Water Qual. Res. J. Can. 35, 781-808.  

Olsson, J., Berggren, K., Olofsson, M., Viklander, M., 2009. Applying climate model 
precipitation scenarios for urban hydrological assessment: A case study in Kalmar City, 
Sweden. Atmos. Res. 92, 364-375.  

Roseen, R.M., Ballestero, T.P., Houle, J.J., Avellaneda, P., Briggs, J., Fowler, G., Wildey, R., 
2009. Seasonal performance variations for storm-water management systems in cold climate 
conditions. J. Environ. Eng. 135, 128-137.  

Roy-Poirier, A., Champagne, P., Filion, Y., 2010. Review of bioretention system research and 
design: Past, present, and future. J. Environ. Eng. 136, 878-889.  

Semadeni-Davies, A., 1999. Urban snowmelt processes: modelling and observation. Report 
No.1026. Department of Water Resources Engineering, Lund Institute of Technology, Lund 
University, Sweden.  

Semadeni-Davies, A.F., 2000. Representation of snow in urban drainage models. J. Hydrol. 
Eng. 5, 363.  

Semadeni-Davies, A., 2004. Urban water management vs. climate change: impacts on cold 
region waste water inflows. Clim. Change 64, 103-126.  

Semadeni-Davies, A.F., 1999. Snow heterogeneity in Luleå, Sweden. Urban Water 1, 39-47.  

Smoltczyk, U., 2002. Geotechnical Engineering Handbook: Procedures. Wiley-VCH.  

Søberg, L.C., Viklander, M., Blecken, G., 2014. The influence of temperature and salt on metal 
and sediment removal in stormwater biofilters. Water Sci.Technol 69, 2295-2304.  

Stocker, T., Qin, D., Plattner, G., Tignor, M., Allen, S., Boschung, J., Nauels, A., Xia, Y., Bex, 
V., Midgley, P., 2013. IPCC, 2013: Climate change 2013: The physical science basis. 
Contribution of working group I to the fourth assessment report of the intergovernmental panel 
on climate change Cambridge University Press, Cambridge, United Kingdom and New York, 
NY, USA .  

Stovin, V., Poë, S., Berretta, C., 2013. A modelling study of long term green roof retention 
performance. J. Environ. Manage. 131, 206-215.  

Stovin, V., Vesuviano, G., Kasmin, H., 2012. The hydrological performance of a green roof test 
bed under UK climatic conditions. Journal of Hydrol 414, 148-161.  

Sundin, E., 1998. Snow deposit melt and atmospheric icing: analysis and modelling by weather 
station data; PhD Thesis 1998:37, Luleå University of Technology.  

Sundin, E., Andreasson, P., Viklander, M., 1999. An energy budget approach to urban snow 
deposit melt. Nordic Hydrol. 30, 39-56.  

Teemusk, A., Mander, Ü., 2007. Rainwater runoff quantity and quality performance from a 
greenroof: The effects of short-term events. Ecol. Eng. 30, 271-277.  



 

46 

Trenberth, K.E., 1999. Conceptual framework for changes of extremes of the hydrological cycle 
with climate change, in Anonymous Weather and Climate Extremes. Springer, pp. 327-339.  

Valeo, C., Ho, C., 2004. Modelling urban snowmelt runoff. J.Hydrol 299, 237-251.  

Walter, T., Brooks, E.S., McCool, D.K., King, L.G., Molnau, M., Boll, J., 2005. Process-based 
snowmelt modeling: does it require more input data than temperature-index modeling? J Hydrol 
300, 65-75.  

Waters, D., Watt, W.E., Marsalek, J., ANDERSON, B.C., 2003. Adaptation of a storm drainage 
system to accommodate increased rainfall resulting from climate change. J. Environ. Plann. 
Manage. 46, 755-770.  

Watt, W., Waters, D., McLean, R., 2003. Climate change and urban stormwater infrastructure in 
Canada: context and case studies. Toronto-Niagara Region Study Report and Working Paper 
Series, Report 1.  

Westerström, G., 1984. Snowmelt Runoff from Porsön Residential Area, Luleå Sweden. 3rd 
International Conference on Urban storm Drainage, 315-323.  

Williams, K.S., Tarboton, D.G., 1999. The ABC's of snowmelt: a topographically factorized 
energy component snowmelt model. Hydrol. Process. 13, 1905-1920.  



PAPER I 

Regional and seasonal variation in future climate: is green roof one solution? 

S. Moghadas, K. Berggren, A-M, Gustafsson and M. Viklander (2011) 

Paper presented at the conference: 
12th International Conference on Urban Drainage, Porto Alegre/Brazil, 11-16 September 2011 

Published: in proceeding of the conference 





12th International Conference on Urban Drainage, Porto Alegre/Brazil, 11-16 September 2011 

Moghadas et al.                                            1 

Regional and Seasonal Variations in Future Climate  

Is Green Roof One Solution? 

S. Moghadas*, K. Berggren, A-M. Gustafsson and M. Viklander 

Department of Civil, Environmental and Natural Resources Engineering, Luleå University of 
Technology, 971 87 Luleå, Sweden 

Corresponding author, email shahab.moghadas@ltu.se

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

ra
tu

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-
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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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Abstract

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 and 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 and 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 and Singh, 2000; Mahat and Tarboton, 2012; Williams and Tarboton, 1999), but rather 
limited efforts focusing on urban catchments (e.g., Bengtsson and Westerström, 1992; Ho and 
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 and Novotny, 1999), water flow through a snowpack 
(Albert and Krajeski, 1998), snow energy budget (Aguado, 1985), snowmelt in various 
physiographic and climatic conditions (Leavesley, 1989), and snowmelt sensitivity to solar 
radiation (Semadeni-Davies and Bengtsson, 1998). The survey also identified several literature 
reviews on snowmelt modelling, but none of them focused on urban conditions (Leavesley, 1989; 
Bales and Harrington, 1995; Dozier, 1987; 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 limitations 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 contributions, 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 background on snowmelt algorithms and modelling 
subroutines, 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 representation 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. 

Table 1 General information on the selected snowmelt models

Model
Name Version Reference Primary  

author/Organization
Access to 
program Primary/intended use

NWSRFS 
SNOW-17 2006 (Anderson, 2006) (Anderson, 1973) Public Snowmelt simulation for river flow 

forecasting 

EPA SWMM v. 5.0 (2010) (Rossman, 2004) Unite States Environmental 
Protection Agency (EPA) Public A dynamic rainfall-runoff 

simulation model 

MU(MOUSE
RDII) MU 2012 (DHI, 2003) DHI Water Environment 

Health Proprietary Advanced hydrological model for 
continuous simulation 

MIKE SHE MIKE SHE 
2012

(Graham and 
Klide, 2002) 

the Système Hydrologique 
Européen (SHE) 

 later developed by DHI 
Proprietary 

Water resources analysis, planning 
and management including surface 
waters and groundwater 

HSPF V.11 (Bicknell et al., 
2001)

EPA and later jointly 
developed with EPA and 

USGS 
Public 

Continuous simulations of a 
comprehensive range of 
hydrological and water quality 
processes 

SSARR SSARR 
2000 (Jordan, 1991) The US Army corps of 

engineers Public 
Hydrologic simulations for systems 
analysis for the planning design and 
operation; river forecasting 

PRMS V3.0.4 (2013) (Leavesley et al., 
1983) USGS Public 

Evaluation of impacts of various 
combinations of precipitation, 
climate and land use on surface 
runoff and general basin hydrology 

HBV / HBV-
light

HBV-light v. 2 
(Seibert, 2002) SMHI Public Daily discharge simulations using 

daily input data HBV-6 

SNTHERM SNTHERM89 
SNTHERM2 (Jordan, 1991) The US Army corps of 

engineers - CRREL Public Predicting temperature profiles 
within snow and frozen soil 

SHAW SHAW 2.3 
(2004)

(Flerchinger, 
2000)

USDA, (Flerchinger and 
Saxton, 1989) Public 

Simulation of heat and water 
transfer in a one-dimensional profile 
extending downward from the top of 
a plant canopy or the snow 

USM 2002 (Valeo and Ho, 
2004) (Ho, 2002) Not available Modelling snowmelt in urban areas 

GUHM 2004 (Matheussen, 
2004) (Matheussen, 2004) Not available Modelling snowmelt in urban areas 

UEB UEB (2012) (Tarboton et al., 
1995) (Tarboton et al., 1995) Public 

Prediction of rapid snowmelt rates 
responsible for soil erosion and 
water input to a distributed water 
balance model 

Snow deposit 
model 
(SDM)

1998 (Sundin et al., 
1999) (Sundin, 1998) Not available Simulation of urban snow deposits 



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 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 conceptually 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). 



Table 2 Urban snow cover properties and classes, according to snow origin, land use and snow deposit shape 
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Traffic releases heat contributing to snowmelt and pollution that disturbs snow albedo. Also road 
maintenance 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 and 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. 

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 characteristics 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 snowpacks, 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. Bengtsson, 1981; Adams, 1976; 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 and 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 temperature 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 (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 corresponding 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 and 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 applicability 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 
comprehensive “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. 

Table 3. General model characteristics 
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SNTHERM 
SHAW 
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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. 

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 considered in 
snowmelt modelling. 

Table 4 Snow accumulation/melt related characteristics of the snowmelt models reviewed 
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NWSRFS SNOW-17  t t       cv  *   
EPA SWMM t t C cv C
MU(MOUSE RDII)    t t       cv      
MIKE SHE t t cv C
HSPF    t t t t  t * t  * *   
SSARR-T t t cv C
SSARR-E     t t t t  t    t  C   
PRMS t t t * * *
HBV / HBV-light    t t C C   
SNTHERM t t t t t,* t,* t * *
SHAW    t t t  t t *   * *   
USM t t t t t t t
GUHM    t t t  t t *   C,*  C  
UEB t t t t t,* t,* *
SDM    t t t  t t    t   
A user specified parameter is either in a time-varying form (t) or as constant values (C); a parameter which is calculated in the subroutine 

as time progresses (*); a parameter which is defined by users as a constant and the subroutine calculates the changes as time progresses 

(cv); an attribute which is considered in the model ( ) 

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 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  



Table 5. Snow model areal extent, catchment characteristics and temporal resolution
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NWSRFS SNOW-17 24 
EPA SWMM 24 
MU(MOUSE RDII) 24 
MIKE SHE  24 
HSPF 1
SSARR-T 24 
SSARR-E 1
PRMS 24 
HBV / HBV-light 24 
SNTHERM ¼
SHAW 1
USM 1
GUHM 1
UEB ½
SDM 1

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) 



(Elliottt and 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 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 information 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 modifications. 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 shortcomings. 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 U.S 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 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 management 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 integrating 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 temperature 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 (Tarboton D., 2012; 
personal communication). 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 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 understanding 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, generalization 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 applicability 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 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 synthesizing 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, s – water content at saturation, fc – water 

content at field capacity, w – 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]  [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, – 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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Abstract

Infiltration of water into frozen soils was studied in laboratory test columns 1.35 m long and 0.1 m in 
diameter. Two engineered sandy soils of different gradation, recommended for application in bioretention 
facilities (BFs) in cold climate, were studied. When filling columns with soils to the depth of 1.2 m, the 
soil moisture was adjusted to two levels, the lower level described by the gravimetric water content of 
about 5% and the higher level of 10%. The soils were then compacted to about 80-90% of the maximum 
dry density and refrigerated to temperatures ranging from -8° to -2 C. On frozen samples water with 
temperatures 8-9° C was thereafter fed on the top of columns at a constant hydraulic head and the times of 
water break-through the column, water percolation rate, and the time of reaching a steady percolation 
through flow rate were recorded. The soil water content proved to be the critical factor affecting the 
thawing process; soil moisture was converted into ice, which blocked pores and its melting required high 
amounts of energy supplied by infiltrating water. Hence, the process of thawing of soils with higher initial 
water content was much slower than that in lower moisture soils, and water breakthrough and the 
attainment of steady percolation also required much longer times in the latter case. Heat transfer between 
infiltrating water, soil ice and frozen soil was well described by the energy budget equations. Other 
parameters affecting the infiltration restoration were soil gradation and compaction. The finer grained soil 
and more compacted soil reduced porosity and extended the times required for water breakthrough and the 
attainment of steady percolation rates. Practical implications of study results for hydrological design of 
bioretention cells in cold climate include the use of coarse engineered soils, conservative estimates of 
infiltration rates, appropriate bypasses of high flows, and whenever possible, designing bioretention with 
controlled under-drains facilitating soil drainage before the onset of freezing weather.  

Introduction
Infiltration of water into seasonally frozen soils has been researched for more than 50 years (Willis et al., 
1961), first in connection with studying 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 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 
frost was also important, with depths less than 0.15 m exerting practically 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 the urban area 
become important 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, 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 infiltration, frost heave and high runoff volume during spring melt) 
were pointed out in a number of publications (e.g., Marsalek, 1991; Caraco and Claytor, 1997; Semadeni-
Davies, 2004). Among those challenges, the impact of freezing on soil properties and specifically 
infiltration capacity was 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. Iwata et al., 2011; Al-
Houri et al., 2009).  

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 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 range from indications of reduced green 
infrastructure performance, to no effects of cold weather, or the need of deeper knowledge.  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 (LID) facilities, including bioretention, in New 
Hampshire (US), and noted that the ‘expected’ frost penetration into filter media did not substantially 
reduce infiltration rates.  However, the depth of frost penetration was not reported, and as noted by Gray 
and Prowse (1993), small frost depths (< 0.15 m) do not seem to affect frozen soil infiltration, although no 
details of the soil, water contents or air temperature were reported. On the other hand, Khan et al. (2012) 
found the hydrological performance of a BF in Calgary (Canada) impaired by the partially frozen cell 
surface layer.  It should be noted that their study design (using synthetic storms with the equivalent 
rainfall applied as irrigation of a relatively large bioretention cell area) raises the level of uncertainties in 
study findings, and also that the soils in the BF studied were relatively fine graded.  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.  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 implementation. 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.  McCauley et 
al. (2002) considered the use of frozen soils as a contamination barrier preventing accidental fuel 
penetration into groundwater.  Fourie et al. (2007) elucidated the effect of soil gradation and soil ice 
formation on infiltration into frozen soils, for a somewhat limited depth of frost of 0.40 m.  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.  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 recommendations for enhancing good BF performance in cold climates, derived from 
practical experience, and advancing process-focused research on infiltration into frozen soils.  The study 
that follows built on the existing engineering recommendations for BFs and focused on laboratory 
investigations of water infiltration into, and percolation through, frozen soils.   

The objective of the study presented in this paper was to investigate infiltration of water into two 
engineered soils, of a slightly varying gradation, frozen to a large depth (1.2 m) typical for sub-polar 
regions.  Such investigation was carried out in the laboratory, using laboratory soil columns, which were 
fed with water on the top, to mimic soil infiltration during the thawing period.  In the experimental design, 
the influential variables included soil properties (gradation and compaction), and the initial conditions 
including soil temperature, depth of frost, and soil moisture.  

Materials and methods

Engineered soil characteristics
Two engineered soil types, described as coarse and fine recipes, were adopted for 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 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 recommendations (Hinman, 2009). Engineered soil were prepared by mixing 
sand and organic soil (a commercially available organic soil enhancement product containing peat, bark 
mulch, minerals, fertilizers, micronutrient 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 1.    

 
Table 1 Engineered soils properties 

Fraction sizes Soil sample 

(mm) S1 1 S2 2

< 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 content 15% 10% 

Max dry density (g/cm3) 1.81 1.71 

Optimum moisture 15.6 13 
Figure 1 Particle size distribution determined by sieving 1 The coarse soil; 2 The fine soil; 3 Organic content – soil with 

high organic content, sold commercially and well suited for 
supporting vegetation; 4  Optimum moisture content indicates 
the percentage of moisture with which soil can compacted to 
its highest dry density 

 

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 0.10 m, and 1.35 m long, accommodating soil 
columns 1.20 m deep, with a 0.10 m freeboard above the soil surface to allow space for a constant 
hydraulic head feeding of water to the column, and the bottom 0.05 m 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 cylinders wall.  Each column was equipped with six thermo-couple wires type-T 
(copper/constantan) spaced every 0.20 m along the column wall, allowing to measure and log 
temperatures every 10 minutes (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 45 mm thickness (  ~ 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.  

  

0

20

40

60

80

100

0.001 0.01 0.1 1 10 100

Pe
rc

en
t p

as
si

ng
 (%

)

Particle Size (mm)

S1 S2

0,002 0,06 2 6



 
 

 
Figure 2. Experimental set-up for studying infiltration into frozen soils

 

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 to provide 
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°. For obtaining 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 of 
0.10 m. These elevated temperatures were caused by limitations of the experimental apparatus in 
maintaining low temperatures of feed water being continually pumped 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 0.1 m 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 
summarized in Table 2. Soil texture (gradation) and the water content (before freezing) were the 
controlled variables set at constant values. Soil compaction, initial soil temperature (before thawing) and 
temperature of the water feed somewhat varied, because of practical limitations of the laboratory 
equipment. 



 
 

All the infiltration tests were done in triplicates, to assess data spread. In individual replicate sets, there 
was some unavoidable variation in independent variables, due to 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 on in the paper, these small variations did not impacted 
unduly on experimental results, and whenever feasible, their influences were assessed.   

Results
Infiltration properties of two frozen engineered soils during thawing were investigated in laboratory soil 
columns and compared.  To establish reference infiltration values, infiltration tests were first run with 
unfrozen soils (run numbers 1-3 and 10-12) 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. Water fed 
to the coarser soil S1 column, which was compacted on average at 77% of the maximum density, required 
about 26.7 minutes to reach the steady percolation rate and this time is further referred to as tSPR. The finer 
soil S2 was compacted to a slightly greater density (85%) and the corresponding tSPR was also greater 
(31.3 min).  Similar tests were then done with frozen soils (run numbers 4-9 and 13-18) 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 
break-through the column, tWBT, was also recorded (tWBT< tSPR). Altogether, 18 experimental runs were 
executed using laboratory soil columns and the run descriptions and experimental results are listed in 
Table 2.  As an example of observed results, Run #4, is displayed in Fig. 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. 

Table 2. Experimental results 

Run 
No. 

Soil 
type Compaction1 Water 

content 
Soil 

temperature 

Effective 
water feed 

temperature2 
tWBT 3 tSPR 4 

    [%] [%] [°C] [°C] [min] [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 Percentage of maximum dry soil density; 2 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);  



 
 

 

 

The reference soil columns (T = 8° 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 almost 2 h).  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 percolates through 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 higher water content leads 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 Fig. 3 that in the coarse soil S1 with a low initial water content (5%) and 80% 
compaction, it takes about 4 minutes for the top 0.30 m of the soil column to reach 0° C, but for the whole 
column, this requires almost 40 minutes.  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 break-through path to a temperature close to zero.  Data 
analysis shows that the water break-through 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 reaches the steady infiltration/percolation capacity (compare the 
slopes of the infiltration curve in Fig. 3 for time intervals 40-90 and 90-110 minutes).   

A great amount of energy (334 kJ/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 0.30 m of the soil 
column (location B2) remains around zero degrees for 40 minutes, 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 (see Figures 3 
and 4). It can also be seen in Figure 4 that the coarse soil (S1) with the lower initial water content shows 

Figure 3. Time series of soil sample #4 temperature profiles and outflow rates (soil S1,  low water content) 
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the fastest increasing infiltration rate, since 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, 
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 and more blocked pores opened up and, therefore, more water can percolate through 
and the soil becomes saturated from the top to bottom.  

 

 
Figure 4. Percolation rate change in soils S1 and S2 ( LW & HW 
= low and high water content; s = slow process; f = fast process)

 

The column outflow rate suddenly increases in the next stage when the top 0.65 m 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 continous line with square symboles in Figure 3 indicating that 
slow infiltration (30 cm/h) occurs in the beginning of the break-through process, when the column is still 
partly frozen, and percolation through the column accelerates after 90 min as the hydraulic head and 
temperature increase and the soil ice is melted. This takes about 124 minutes for the depth of 1.10 m to be 
opened up, and the whole process in this test took about 132 minutes for the entire column depth of 1.20 
m. It should be also 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).   
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Figure 5. Threshold depth: the saturated depth at which the percolation rate 

shifts from the slow to fast stage (% of the total sample depth) 

 

The results show that, compared to the reference conditions (Tsoil = 8° C), in frozen soils, the attainment of 
steady percolation rates for the coarser soil S1 was delayed on average by 1.4 and 9 hours, 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 hours 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).  

 

Additional observations can be deduced from Table 2.  It was noted that higher soil compaction increased 
the times required for steady percolation rates for both soils, and both reference and frozen soil conditions.  
Higher compaction leaves fewer voids in the soil and slows down percolation of feed water and the 
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Figure 6. Time of water break-through (tWBT) [left] and the attainment of steady percolation rates (tSPR) [right] 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)  
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associated heat transfer.  The initial soil temperature also affected, to a lesser extent, 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.  For similar reasons, 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 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 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. 

An approximate 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 17 kg of sand with thermal capacity of 0.29 kJ/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 litre or 0.53 and 1.0 m3/m2 is needed for 5 and 10% water content soils, 
respectively, to increase the system temperature from -5 °C to +1 °C. The following equations were used 
to calculate the energy balance of the soil columns:  
 

 

 

 

 

where E1 and E2 are the total required and available energy, respectively; T 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 2 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 Vcalc vs. 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.  
 

Figure 7. Evaluation of energy balance calculations against 
measurements 

Figure 8. Average steady percolation rates for soils S1 and 
S2, and reference conditions, and low and high gravimetric 
water content 

 

Furthermore, the experimental results showed that following the freeze/thaw cycle, the maximum 
percolation rate through the soil column increased, compared to 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.  The results plotted in Fig. 8 indicate some differences in 
maximum infiltration capacities of the two soils tested, described by average values of 54 and 36 cm/h for 
the coarse and fine soil types (S1 and S2), respectively.  As suggested earlier, the differences in infiltration 
rates in repeated tests for S1 were caused by differences in the degree of compaction.  In spite of some 
similarity of the both soil types in terms of reference infiltration/percolation capacity, there are 
considerable 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 to 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 little affected by the initial water 
content. 

 

Discussion

The discussion focuses on three issues concerning infiltration into frozen soils: (a) scope and limitations of 
laboratory experiments, (b) influential processes affecting infiltration into frozen soils, and (c) engineering 
implications.  

Scope and limitations of laboratory experiments. The experimental part of the study was designed to 
expand the parameters of the earlier published experimental studies on this topic (Denich et al., 2013; 
Fourie et al., 2007). Towards this end, the study was successful in covering larger frost depths, the size of 
columns tested, and propagation of freezing temperatures in the vertical direction only, from the top 
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downward. The experimental apparatus allowed for mimicking a large depth of frost, by freezing soil 
columns 1.2 m deep. Such large depths can be expected in sub-polar regions (e.g., in Northern Sweden) 
and exceed the depth of frost of 0.4 m used by Fourie et al. (2007) in their study. The larger size of 
columns (h = 1.2 m, D = 0.1 m) was chosen here to provide a better representation of actual processes. 
Temperature of soil columns was cooled down (Table 2) 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 1.2 m. 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. 

With respect to limitations, 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° C to 8-9° C. Hence, the process of heat transfer from feed water to soils was occurring at a faster rate, 
which was assessed using eqs. (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 3 – 5 times larger, than those observed in the laboratory tests for Tfw = 8° C. The lower 
factor (3) applied to the coarser soil (S1) and the higher factor (5) to the finer soil (S2). 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.  

Multiplication of tSPR times from Table 2 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 bioretention facility could take 1-
2.5 days. However, because of diurnal temperature variations, with above zero temperatures during the 
daytime, bur freezing temperatures at night, the actual thaw times could be much longer. Under such 
circumstances, the bioretention facility may not 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. 

Figure 9 shows the average volumes of infiltrating water (in litres) required to thaw the soil columns in 
actual experimental runs (T=8° C) and the corresponding calculated volumes required to thaw the columns 
with water just 1.5° C warm.   



 
 

 

Figure 9. Average water feed volumes required to thaw soils S1 
and S2, in actual experimental runs (act, T=8° C) and the 

corresponding volumes calculated for water 1.5° C warm (1.5); 
for both low and high water contents (LWC, HWC)

 

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 to melt 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 system was not fully represented and more research needs to be done, 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 indicated by 
the earlier research (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% (see Table 2 & Figure 9). 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 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 
break-through and the time for attaining steady water percolation through the soil column. For the coarser 
soil, this extension was longer up to 5 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 enough 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 
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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.  

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, and 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 since 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 tWBT and tSPR times.   

Following the water break-through 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 (see Figure 5), for coarse and fine 
soils, respectively. 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 0.20 m) 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 10 times or more. Expansion of freezing water loosens soil compaction and 
contributes to recovery and self-maintenance of soil permeability, after thawing.  

Engineering implications  

The literature on infiltration into seasonally frozen soils (Gray and Prowse, 1993) as well as this study 
indicates that soil freezing imposes limitations on soil permeability and the rates of infiltration. Such 
issues are of critical interest in the planning, design and operation of stormwater management facilities 
promoting runoff infiltration into soils. Primary examples of such facilities are bioretention and infiltration 
measures, which receive and store 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. Iwata et 



 
 

al., 2011; Bayard et al., 2005), with most attention paid to bioretention (Davidson et al., 2008; Denich et 
al., 2013).  
 
A historical perspective of stormwater management indicates that many management measures were 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 
bioretention facilities. 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 recommendations are highly useful for engineering design and are generally supported by 
the research results reported in this study. Further discussion of key recommendations, focused on 
hydrologic performance, follows and comprises the following bioretention features: (a) cell sizing, (b) off-
line design, (c) under-drains, and (d) soils. Other practical issues, not addressed here, would include 
installation, vegetation and 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 0.3 m 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 2 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.    
 
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 demonstrated 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. Fig. 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). Also 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. 
 
In summary, the study results indicate the need to design bioretention cells in cold climate with 
conservative estimates of infiltration rates, coarse engineered soils, and wherever possible with controlled 
under-drains facilitating low water content in the facility at the onset of freezing weather. 

Conclusions
An experimental 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 1.2 m deep was observed in time, and described by 
such parameters as the time required for water break-through 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 gradation 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 breakthrough 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. 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. 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. This thawing 
process may take 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. 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 break-through, slow percolation rates were observed (about 3 cm/h for S1), but within 3-6 h 
increased to the full rate (about 195 cm/h for S1).        
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