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Abstract 

Sustainable urban drainage systems (SUDS) are increasingly implemented to mitigate flood 

risk and augment environmental quality and wellbeing in cities. Vegetated swales are one of 

the most common SUDS components, yet they are among the least studied in cold climates. 

The goal of this research was to assess the performance of a grass swale in a cold maritime 

climate characterized by frequent freezing and thawing, rain-on-snow events, and repeated 

midwinter snowmelt. Synthetic runoff experiments, single-ring infiltration measurements, and 

continuous monitoring of soil and meteorological conditions were undertaken over two years 

in the BREEAM-certified neighborhood of Urriðaholt, Iceland. The grass swale infiltrated 

water during all seasons but at a lower rate in winter. Sparsely vegetated and barren areas were 

more susceptible to concrete frost formation and heave than well vegetated areas during 

repeated freeze-thaw. The dense vegetation in the grass swales and the intertwined root system 

aided the hydrological performance of the grass swale by enhancing the near-surface soil 

porosity while providing soil binding that resists structural deformation. Soil frost modeling 

indicated that while soil frost has decreased in the last 70 years, the freezing season shifted 

towards midwinter to coincide with the largest rain-on-snow events. This, combined with 

increasing rain-on-snow volume, suggests that the risk of urban flooding during winter may 

increase in the next decades with climate warming. Greenifying urban areas is essential to 

improve resilience and mitigate the adverse impacts of climate change.  



  



 

Útdráttur 

Blágrænar ofanvatnslausnir (BGO) eru í auknum mæli innleiddar til þess að draga úr 

flóðahættu, auka umhverfisgæði og vellíðan í borg. Gróðurrásir eru algeng útfærsla á BGO, 

en minnst kannaðar í köldu loftlagi. Markmið þessarar rannsóknar var að meta virkni 

gróðurrásar í köldu sjávarloftslagi, sem einkennist af tíðum umhleypingum frost og þíðu, 

regn-á snjó atburðum og snjóbráð á miðjum vetri. Framkvæmdar voru afrennslistilraunir, 

ísigsmælingar, og samfelldar mælingar á jarðvegi og veðurfari yfir tveggja ára tímabil í 

umhverfisvottaða hverfinu Urriðaholti, í Garðabæ. Gróðurrásin miðlaði vatni í jarðveg á 

öllum árstíðum, en þó með lægri skilvirkni vegna frostmyndunar að vetri. Strjál og 

gróðurlaus svæði voru næmari fyrir hýfingu og myndun steypufrosts í kjölfar endurtekinna 

frost-þíðu kafla en gras. Þétt blöð og samofið rótarkerfi grass hjálpuðu að viðhalda 

vatnafræðilegri virkni, með því að auka gleypni yfirborðs og binda jarðveg svo hann aflagist 

ekki. Hermanir á jarðvegshita gáfu til kynna að dregið hafi úr frosti á síðustu 70 árum, að 

frosttímabilið hafi styst í átt að mánuðum þar sem mesta rigning mælist á snjó. Þessi þróun 

samhliða meiri úrkomu á snjó gefur vísbendingu um að hætta á ofanflóðum í þéttbýli geti 

aukist á næstu áratugum með hlýnandi loftslagi. Að viðhalda grænum svæðum í borg er 

nauðsyneg til að auka viðnámsþol og draga úr neikvæðum áhrifum hnattrænar hlýnunar.  
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1 Introduction 

1.1 Motivation 

Climate change and the rapid increase in urbanization have led to more frequent and 

damaging urban floods (Ashley et al., 2007; Huong & Pathirana, 2013). These floods have 

motivated a shift in urban drainage policy from a single-purpose approach of reducing runoff 

to a multi-functional approach that provides social, economic, and health benefits (Fletcher 

et al., 2015; Wong & Brown, 2009). Decentralized, infiltration-based stormwater 

management using Sustainable Urban Drainage Systems (SUDS) has gained increased 

popularity in recent decades (Barrett, 2008; Maksimovic et al., 2000). However, concerns 

still exist about their hydrological performance that may be negatively affected by winter 

conditions (Caraco & Claytor, 1997; Oberts, 2003). Yet, the most detailed cold climate 

studies focused on the performance of bioretention cells, which ranged from complete 

capture of runoff volumes to impeded infiltration in the presence of surface frost (e.g., 

Blecken et al., 2010; Khan et al., 2012; LeFevre et al., 2009; Muthanna et al., 2008; Paus et 

al., 2016; Roseen et al., 2009).  

SUDS hydrological performance and effectiveness in reducing and treating surface runoff 

rely heavily on their filter media’s capacity to infiltrate water (Davis et al., 2012; García-

Serrana et al., 2017; Rujner et al., 2018). Soil infiltration capacity is mainly dependent on 

soil physical properties, type of soil, soil hydraulic conductivity, initial moisture content, 

and the type of vegetation on the surface. The hydrologic efficiency is also linked to the 

magnitude and intensity of runoff events (Davis et al., 2012). Bed slopes and surface 

roughness provided by vegetation also affect flow retardation and infiltration (Monrabal-

Martinez et al., 2018). The conflicting reports on winter SUDS performance are, thus, 

partially linked to the complex interactions between the soil, vegetation cover, and climatic 

conditions. For example, even highly conductive soils, such as sandy loam (Paus et al., 

2016), can form ice lenses that significantly impair infiltration. Frost type, largely governed 

by the pre-freezing soil water content, can play a more important role than frost depth 

(Muthanna et al., 2008). Concrete frost formation that fully blocks infiltration develops in 

saturated soils while granular and porous frost favoring infiltration forms in unsaturated or 

dry soils (Kane & Stein, 1983; Orradottir et al., 2008). A good drainage capacity is 

paramount to avoid high water content in the soil, which has been shown to enhance volume 

reduction and prevent frost formation (LeFevre et al., 2009; Muthanna et al., 2008). 

In cold coastal regions, frequent rain-on-snow and freeze-thaw cycles are the key cause of 

urban flooding (Andradóttir et al., 2021). The repeated wetting of the soil by cold liquid 

water from melting snow and the lack of thermal insulation that can be provided by a 

continuous, seasonal snow cover render the soils susceptible to frequent freezing and 

thawing (Flerchinger et al., 2013; Moghadas et al., 2018; Muthanna et al., 2008). Frequent 

freeze-thaw cycles (FTCs) negatively affect ecosystem diversity and productivity because 

they cause changes in soil physical properties, lead to soil deformation, and affect water 

movement in the landscape (Fouli et al., 2013). The constant shift between liquid and solid 
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phases significantly alters the soil’s hydraulic and thermal properties (Lundin, 1990) and is 

often difficult to quantify. Nevertheless, little is still known about urban runoff generation 

in cold maritime climates as most studies on rain-on-snow-induced floods have been in rural 

or mountainous regions (e.g., Freudiger et al., 2014; Garvelmann et al., 2015; Li et al., 2019).  

With warmer temperatures in winter, more frequent midwinter snowmelt and rain-on-snow 

(RoS) events are expected, which generate voluminous runoff that can lead to extreme 

flooding (Dong & Menzel, 2020; Garvelmann et al., 2015; Hamlet et al., 2005). The 

hydrological processes during winter i.e., RoS, snowmelt, frost formation, and infiltration in 

frozen ground, are highly interlinked and less understood than the processes in temperate 

climates (Granger et al., 2011; Gray et al., 2001; Kane & Stein, 1983). As crucial as soil 

frost is to urban runoff generation, it is rarely considered when planning urban drainage 

systems (Maksimovic et al., 2000). A better understanding of SUDS in cold climates is 

essential to successfully transition cities into climate resilient areas in the northern 

hemisphere. To date, the hydrological performance of SUDS in cold climates, especially 

undergoing frequent freezing and thawing, is lacking. Therefore, to alleviate the 

uncertainties regarding SUDS efficiency in winter and enable more wide adoption of SUDS, 

a comprehensive, long-term assessment of SUDS in cold maritime climates is needed.  

1.2 Objectives and research approach 

The overarching goal of this research was to assess the hydrological performance of grass 

swales undergoing frequent soil freezing and thawing, rain-on-snow events, and intermittent 

midwinter snowmelt. A particular focus of this work is dedicated to understanding the 

complex interactions between the different winter hydrological processes, i.e., snow, frost, 

and RoS, and their relation to runoff generation and flood risks.  

The research was organized into three scientific journal papers primarily based on field 

experiments, as well as modeling techniques and statistical analysis (Figure 1.1), to achieve 

the following specific goals: 

• Assess the hydrologic performance of grass swales during different surface and 

weather conditions (Paper I), 

• identify the drivers and the most important factors that affect the performance of 

grass swales in cold maritime climates (Paper I), 

• investigate the spatiotemporal variations in infiltration in an urban area (Paper II), 

• evaluate the role of vegetation and manufactured underlying soils on the infiltration 

capacity in urban areas (Paper II),  

• investigate the trends in soil temperature and frost due to climate change (Paper III), 

• understand the implications of climate change on winter flood risks (Paper III). 

This work improved the understanding of the hydrological performance of grass swales 

undergoing cyclical freezing and thawing and emphasized the importance of soil infiltration 

and drainage capacity by conducting synthetic runoff experiments in a segment of a grass 

swale (Paper I; Figure 1.1). Additionally, it added to the knowledge of infiltration into 

frozen soils by using single-ring infiltration measurements in different terrains in an urban 

area, especially highlighting the benefits of using dense vegetation covers and carefully 

chosen coarse filter media material for SUDS in cold climates (Paper II). This research also 
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utilized the knowledge and data from the field program to numerically model soil 

temperature and frost to assess the long-term changes due to climate warming and their 

relation to urban flood risk, especially with the increase in rain-on-snow and frost-induced 

urban floods (Paper III). Therefore, this work contributes to the overall knowledge of urban 

drainage and climate resiliency to face current and future challenges.  

 

Figure 1.1 Schematic diagram of the thesis structure and key research contributions. 

1.3 Thesis structure 

The thesis starts with a general overview of the background, methods used, and main results. 

The focus of the background section is to introduce the key terms and give some more details 

on the challenges in urban drainage approaches, a brief introduction to cold climate 

processes, SUDS role, and implementation in Iceland. Then, the methods are briefly 

summarized, highlighting the range of methods used and the interconnection between the 

three papers. Following that, a summary of the main findings is presented. Lastly, the 

highlights of the findings in the three papers are discussed interconnectedly and in relation 

to the implications on SUDS design and operation and urban flood risk assessment. 

Appended at the end of the thesis are the three scientific papers. Paper I evaluates the 

hydrologic performance of grass swales in a cold climate during different winter soil, 

surface, and meteorological conditions. Specifically, the impacts of soil frost, snow cover, 

cold temperatures, and the degree of soil saturation on runoff peak and volume reduction, 

time lag, and drainage capacity of the swale. Paper II assesses the infiltration capacity of 

the grass swale in comparison with different natural (undisturbed) terrains in an urban area 

in cold maritime conditions undergoing frequent freeze-thaw and snow cycles. The work 

also focused on the benefits of vegetation and manufactured soils in mitigating the impacts 

of soil freezing and thawing, namely concrete frost formation and structural deformation, 

which were pronounced in non or less vegetated areas. Paper III predicts frost depth and 
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timing in an urban area in the last 70 years using numerical modeling to overcome the lack 

of soil observations. The paper focused on the co-occurrence of rain-on-snow, snowmelt, 

and rainfall in the presence of frost to assess winter urban flood risks and the implications 

of climate change on frost formation and its coincidence with extreme events. 
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2 Background 

2.1 Modern urban drainage challenges 

Safe drinking water, flood protection measures, stormwater drainage, and wastewater 

disposal are essential for societies and have been used since the dawn of civilization as early 

as 5000 years ago in Mesopotamia (Marsalek, 2014). Urban drainage systems are facilities 

that deal with stormwater and water from domestic, industrial, and commercial sanitary flow 

“wastewater” (Chocat et al., 2007). In modern times, the goals of flood protection and public 

health have, to a great extent, been accomplished (Chocat et al., 2007), but less emphasis has 

been placed on environmental protection. But many problems still exist concerning the 

efficiency of urban drainage systems, and more issues continue to arise.  

By 2030, more than 60% of the world’s population is expected to live in urban areas (UN, 

2019). Urbanization and the increase in impervious surfaces lead to higher runoff volumes 

and peaks due to poor infiltration, consequently leading to more frequent urban flooding 

accompanied by an increase in property damages and loss of life (Chocat et al., 2007; Huong 

& Pathirana, 2013; Marsalek, 2014). The impacts of urbanization also extend to water 

quality, as stormwater draining from urban areas is one of the primary sources of pollutants, 

including pathogens, trace organics, heavy metals, and nutrients. The rapid changes in the 

inflows from the combined sewer systems (wastewater and stormwater) and the introduction 

of new types of emerging pollutants like pharmaceuticals and microplastics (Geissen et al., 

2015) result in an impairment in the performance of wastewater treatment plants and a 

deterioration in the quality of receiving waters. Moreover, urbanization affects the local 

microclimate creating what has been termed the “urban heat island,” where urban areas tend 

to have higher temperatures than the surrounding areas (Huong & Pathirana, 2013). In the 

mid-20th century, those challenges urged planners to separate stormwater from wastewater 

to lower the amount of water being conveyed to treatment plants (Talebi & Pitt, 2019). In 

the past couple of decades, the adoption of sustainable urban drainage systems (SUDS) has 

been on the rise to compliment the use of direct channeling of surface water through 

networks of pipes and sewers to face the current and future needs and challenges. 

A second concern is the change in climate that has occurred both globally and regionally 

since industrialization. The consensus is that global warming, at least in the past 50 years, is 

attributable to human activities (IPCC, 2022), which have changed the atmospheric and 

meteorological processes that define climate (Arisz & Burrell, 2006). This, in turn, has 

altered the weather patterns and is expected to increase weather extremes (Konisky et al., 

2016), affecting the hydrological cycle and its processes. The quantification of the impacts 

of climate change on the hydrological cycle is primarily based on the predictions provided 

by the General Circulation Models (GCMs) that take into account the future changes in the 

production of greenhouse gases and their deposition into the atmosphere (Arisz & Burrell, 

2006). Various climate scenarios have predicted that an increase in precipitation and air 

temperature will likely occur during this century, both on global and regional/local scales. 

In the Nordic and Baltic regions, the increase in temperature will be more variable and most 
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pronounced in winter (up to 4°C) by 2050 with respect to the 1961–1990 baseline 

(Thorsteinsson & Björnsson, 2012). In the northern hemisphere, the combined effect of 

increased precipitation intensity, the number of precipitation events, and the total 

precipitation volume might provide conditions that are expected to result in flooding 

(Thorsteinsson & Björnsson, 2012). In Iceland and Norway, which are partially ice-covered, 

runoff is predicted to increase by 3–40%. In Sweden, results based on 16 regional climate 

scenarios show that 100-year floods are expected to decrease in magnitude due to the 

reduction in snowmelt volumes in spring. Still, the rain-on-snow-related flooding is likely 

to increase (Thorsteinsson & Björnsson, 2012). 

2.2 Climate resilience and Sustainable Urban 

Drainage Systems (SUDS) 

The frequently asked question of how to best adapt urban areas to the newly posed challenges 

driven by urbanization and climate change is still persistent. In recent years, risk-based 

assessment approaches have been widely adopted (Zhou et al., 2012). Flood risk can be 

assessed by considering the exposure to hazards, which describes the probability and extent 

of flooding, and the vulnerability of areas, here urban, to the adverse effects of said hazards 

(Apel et al., 2009; Barroca et al., 2006). The focus of engineers and planners has shifted 

towards developing suitable adaptation strategies (Zhou et al., 2012) that include exposure 

and vulnerability assessment. That said, comprehensive, cost-effective, and sustainable 

urban flood mitigation measures are still lacking (Ashley et al., 2007), especially in large 

cities. Awareness of cities being complex interdependent systems is growing, but stormwater 

management strategies are still fragmented and largely controlled by the private sector 

(Ashley et al., 2010). Additionally, for centuries, stormwater management policies focused 

on structural engineering solutions rather than natural, non-structural ones (Ashley et al., 

2007). To deal with those challenges and the increased uncertainty and complexity, efforts 

have been made to improve the resilience of urban areas before, during, and after flooding 

events (Sörensen et al., 2016). Resilience implies drainage systems’ ability to adapt, self-

organize, and increase the capacity to learn for future events (Ashley et al., 2007). Increasing 

the resilience of cities has become, however, an important and often talked about issue. Many 

progressive municipalities implemented laws that restrict developers to maintain the pre-

development runoff peaks. Several countries around the world, especially in Europe and 

North America, encourage implementing, wherever possible, sustainable urban drainage 

systems (SUDS in the UK) or low impact development (LID in the US), as well as 

incorporating integrated urban water resources management (IUWRM) as part of the 

framework to increase resilience. There exist a plethora of terminologies that are in use today 

such as low impact development (LID), sustainable urban drainage systems (SUDS) or 

sustainable drainage systems (SuDS), water sensitive urban design (WSUD), best 

management practices (BMPs), and integrated urban water management (IUWM) (Fletcher 

et al., 2015). In this work, the term SUDS is used as it is seen to be more descriptive and 

follows the most authoritative guide to this kind of measures, The SuDS Manual (Woods 

Ballard et al., 2015).  

SUDS constitute an approach through which urban stormwater is dealt with close to where 

it falls in a decentralized way (Sörensen, 2018). SUDS are a diverse set of installations that 

serve several functions and are meant to maintain the pre-development hydrological cycle 
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(Woods Ballard et al., 2015) by limiting imperviousness, reducing runoff peaks and 

volumes, promoting infiltration and evapotranspiration, and enhancing water quality by 

removing pollutants from stormwater runoff (Figure 2.1). Several design configurations of 

SUDS exist, including infiltration-based systems such as swales, filter strips, infiltration 

trenches, infiltration basins, and green roofs, bioretention systems such as rain gardens and 

bioretention cells, and retention-based systems such as wetlands and detention ponds, which 

can accommodate large storm events, as well as stormwater harvesting techniques (Fletcher 

et al., 2013, 2015; Wong & Brown, 2009; Woods Ballard et al., 2015). SUDS can also 

improve the quality of life in urban spaces by making them pleasant, vibrant, and resilient to 

changes (Wong & Brown, 2009), by improving air quality, regulating the microclimate, 

reducing noise, and providing recreational benefits (Woods Ballard et al., 2015). In this 

work, however, the focus is on the hydrological benefits of SUDS.  

 

Figure 2.1 Schematic diagram of the hydrological benefits of sustainable urban drainage 

systems (SUDS). 

SUDS provide various hydrological benefits such as reducing and delaying runoff peaks, 

infiltration, volume storage, flow attenuation, and replenishing the groundwater table (Davis 

et al., 2012). SUDS also contribute to pollutant removal mechanisms such as filtration, 

particle entrapment, and settling (Luell et al., 2021; Monrabal-Martinez et al., 2018). Several 

factors can influence the efficiency of SUDS, such as soil characteristics (Deletic & Fletcher, 

2006; García-Serrana et al., 2017), surface area and slope (Monrabal-Martinez et al., 2018), 

surface roughness and vegetation height (Bäckström, 2002; Davis et al., 2012; García-

Serrana et al., 2017), and the initial degree of saturation (Rujner et al., 2018). Designing and 

planning SUDS is subject to local expertise and specific site and weather conditions (Rujner 

et al., 2018). Despite their increasingly wide adoption, limited information still exists on the 

factors affecting their hydrological performance (Fardel et al., 2020). The ambiguity in those 
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parameters resulted in a wide range of reported hydrologic benefits of such stormwater 

control measures (Ekka et al., 2021). While the soil’s physical properties, i.e., textural class, 

bulk density, porosity, can be relatively easily measured, soil hydraulic characteristics such 

as the saturated hydraulic conductivity, Ksat, field capacity and wilting point, and water 

retention curves, are more difficult to determine (Kanso et al., 2018). Such difficulties can 

be overcome by using pedo-transfer functions (PTF) to estimate the hydraulic properties of 

soils from routinely measured physical properties (Castellini & Iovino, 2019; Saxton & 

Rawls, 2006). Nonetheless, soils are extremely heterogeneous and infiltration capacity can 

differ greatly from one point to another within the same SUDS element (Ahmed et al., 2015), 

which can lead to an inaccurate prediction of the system performance. It is essential, 

therefore, to study the local conditions at the site including soils, vegetation, and local 

weather patterns to insure successful implementation of SUDS. 

2.3 Grass swales 

Vegetated or grass swales are one of the most common and oldest stormwater control 

measures, which are simple open channels that convey stormwater runoff from roads or 

parking lots (Luell et al., 2021). Grass swales are typically designed to convey runoff 

longitudinally from impervious areas to the next stormwater control measure or to the sewer 

system (Davis et al., 2012). Additionally, they contribute to total volume reduction via 

infiltration and temporary storage, runoff attenuation and peak reduction, and outflow delay 

allowing for more infiltration (Davis et al., 2012; Deletic, 2001; Rujner et al., 2018). Swales 

are used as a replacement to the traditional underground piping system and can include 

different configurations that vary according to local conditions and means of use. Swales 

can be in the form of bioswales, infiltration swales, grassed swales, and wet and dry swales 

(Woods Ballard et al., 2015). High flow and volume reduction can be obtained by grass 

swales as high as 100% (Davis et al., 2012; García-Serrana et al., 2017; Monrabal-Martinez 

et al., 2018). Grass swales can also achieve high pollutant removal efficiencies of up to 99% 

of total suspended solids (TSS), total phosphorus (TP), and total nitrogen (TN) (Bäckström, 

2002). Yousef et al. (1987) reported values ranging between 25% to 35% for TP removal 

and between 7% and 56% for TN removal (Deletic & Fletcher, 2006; Yousef et al., 1987).  

Storm events characteristics such as intensity and duration, together with the catchment 

characteristics, i.e., the total drainage area, landcover, and topography, determine the volume 

and flow characteristics being drained into swales (Davis et al., 2012; Gavrić et al., 2019). 

Therefore, the hydrological efficiency of grass swales is highly dependent on the timing and 

magnitude of such inflows (Rujner et al., 2018). More importantly, the performance of grass 

swales is governed by their soil’s hydraulic properties, antecedent moisture content, surface 

roughness, vegetation characteristics (e.g., height, density, and stiffness), and slope 

(Bäckström, 2002; Davis et al., 2012; Ekka et al., 2021; Gavrić et al., 2019; Morbidelli et 

al., 2016; Rujner et al., 2018). Gravel or coarse sand materials are not preferred as filter 

media in swales as they are unsuitable for supporting vegetation (U.S. EPA, 1999). However, 

sufficiently coarse soils such as sand (minimum infiltration capacity of 21 cm/h), loamy sand 

(6.1 cm/h), or sandy loam with infiltration rates of 2.6 cm/h are recommended. Shafique et 

al. (2018) studied a grass swale adjacent to a parking lot with a media consisting of sandy 

loam soil that achieved volume reductions in the range of 40–75% depending on rainfall 

intensity with higher efficiencies achieved during small events. However, high volume 

reduction (88%) was also observed by Deletic & Fletcher (2006), who studied a swale with 
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silty clay materials that had a saturated hydraulic conductivity of 3.6 cm/h. This might be 

attributed to the presence of macropores that promote infiltration regardless of the soil type. 

In a study by Purvis et al. (2019) the hydrological performance of a bioswale that had a high-

flow, sand-based media was investigated and the swale was able to infiltrate 37 out of 39 

events without generating substantial overflow or underdrain volume, including a 86.1 mm 

storm event. 

2.4 Cold climate concerns 

The implementation of SUDS still faces several hurdles, particularly in cold climates 

(Caraco & Claytor, 1997). The reduction in infiltration capacity and pollutant removal 

efficacy during winter raises concerns about the hydrological benefits of SUDS in cold 

climatic regions (Bäckström & Viklander, 2000). The urban hydrological cycle in winter is 

more complex than in summer (Thorolfsson, 2012). A large portion of precipitation falls as 

snow and accumulates in snowpacks, air temperature and evapotranspiration are low, frost 

develops in the soil, and the runoff processes are altered (Bäckström & Viklander, 2000; 

Maksimovic et al., 2000). Consequently, complications, including clogging of inlets, 

freezing of pipes, and frost heave can arise (Bengtsson & Westerström, 1992). Snowfall 

captures pollutants during its passage through the air due to its large surface area compared 

to rainfall. It continues to accumulate pollutants on the ground, which can be later released 

into receiving waters during melt (Westerlund & Viklander, 2006). In a study by Sillanpää 

& Koivusalo (2013), it was found that the snowpack can store up to 50% of the total 

suspended solids in the catchment. Additionally, the accumulated sediments and particles 

within the snowpack can accelerate the clogging of the topsoil in infiltration-based practices 

(Monrabal-Martinez et al., 2019). The runoff resulting from snowmelt is also more 

voluminous than rainfall, and the contributing area is greater in winter due to frozen and/or 

saturated soils, which otherwise are permeable (Westerström, 1984). As such, pervious areas 

can initially infiltrate meltwater but start to encounter a progressive reduction in infiltration 

capacity as the soil moisture storage begins to fill up or refreeze (Buttle, 1990; Buttle & Xu, 

1988).  

Frozen soil is a continuum of particles: large air‐filled pores, intermediate ice‐filled pores, 

small liquid water‐filled pores, and liquid water films around particles (Lundin, 1990). Three 

conditions are normally present in a frozen soil: unfrozen water in the finest pores, frozen 

water in the intermediate pores, and air in the largest pores (Stähli et al., 1999). This happens 

because complete saturation of the soil does not usually occur, and the largest pores are still 

air-filled at the onset of freezing (Stahli et al., 1996). Water movement in frozen soils 

becomes more complicated when the soil is not completely saturated. Then, water movement 

in the large air-filled pores plays a significant role. The air-filled pores permit water 

movement via vapor diffusion or rapid liquid water flow during transient conditions 

(Flerchinger et al., 2013). Therefore, water movement into frozen soils cannot only be 

explained by the liquid water domain, which is in contact with the solid particles, but also 

by the rapid water flow within the largest pores filled with air at the onset of infiltration. The 

macropores’ size governs the flow of water in frozen soils. For soils with no cracks, 

infiltration capacity is significantly lowered by large amounts of ice in the soil (Thunholm 

et al., 1989). High ice content in the soil is caused by high pre-freezing water content in the 

soil or by refreezing infiltrated meltwater during winter (Andersland & Ladanyi, 1994). 

Infiltration rates in frozen soils range from 0.24 mm/h to 300 mm/h, and the high rates are 
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dominant in dry soils (Kane & Stein, 1983). In addition to water content, the actual 

distribution of ice and ice lenses in the soil profile governs the infiltration process. Upon 

freezing water is expelled from the aggregates to some of the macropores/cracks in the soil 

profile, and the remaining space within the cracks can still allow significant infiltration into 

the soil which can be maintained throughout the winter (Thunholm et al., 1989). When 

freeze-thaw cycles occur, ice in the soil can thaw and move to the cracks or if snowmelt 

water infiltrates into the soil, the infiltrated water may refreeze in the macropores and form 

ice blocks, thereby reducing infiltration capacity. Soil permeability is affected by various 

factors including the presence and depth of frost, and ice content in the soil which is related 

to heat and water transfer at the soil surface and in the soil profile. Soil freezing and thawing 

can change soil properties and structure. Changes in soil aggregate stability due to freezing 

alters soil structure and pore continuity which can alter infiltration capacity even after the 

soil has thawed (Flerchinger et al., 2013). 

Several studies assessed the hydrologic performance of SUDS in a cold climate (e.g., Khan 

et al., 2012; LeFevre et al., 2009; Muthanna et al., 2008; Paus et al., 2016; Paus & BrasKerud, 

2014; Roseen et al., 2009). The hydrologic efficiency of SUDS can be assessed using 

different metrics, e.g., peak flow reduction, lag time, and stormwater volume reduction, 

which can all be quite variable based on the design and event intensity (Davis et al., 2012; 

Kratky et al., 2017). A wide range of peak flow reduction values has been reported for 

bioretention cells in cold climates, from complete capture of runoff to almost no capture 

(Kratky et al., 2017). In a study by Roseen et al. (2009), six SUDS elements were tested, 

including bioretention cells, swales, and retention ponds; frost penetration was observed in 

all tested practices but did not affect the performance significantly. As such, the peak flow 

reduction achieved by surface and subsurface SUDS elements were similar. However, a 

slower percolation rate was observed and attributed to the presence of frost. Swales were the 

most affected by seasonal variations and it was recommended to oversize them. Another 

study by Géhéniau et al. (2015) assessed the hydrologic performance of bioretention cells in 

Quebec, Canada, and found that the system retained 35% of the total runoff during winter 

and 60% during summer. They also concluded that the hydraulic retention efficiency is 

highly reliant on the initial moisture content and the length of the dry period. Similar 

conclusions were reported by Muthanna et al. (2008) in Trondheim, Norway, where 

bioretention performance was assessed during winter. Muthanna et al. (2008) found that the 

peak flow reduction was reduced from 42% for the entire study period to 27% in winter. 

Also, in Trondheim, Norway, both the peak flow reduction and the total volume reduction 

achieved by a bioretention cell were significantly lower in April (13%) compared to August 

(26%) (Muthanna, Viklander, Gjesdahl, et al., 2007). In an Alpine region, Fach et al. (2011) 

investigated the performance of grass swales and found that the swale fulfilled its function 

properly despite the top layer being frozen for some time and the storage capacity of the 

swale was sufficient to store the precipitation until the conditions improved. They also found 

that when the temperature was below 0 °C, the hydraulic conductivity was reduced when the 

initial moisture content was high. The system’s flow attenuation or volume reduction 

capacity is, however, dependent on the incoming flow rate. For instance, Khan et al. (2012) 

found that bioretention cells in Calgary, Canada, captured 100% of events less than 32 mm 

during winter, while 91% for larger events.  

Despite the reported reduction in hydrologic efficiency of the different SUDS elements in 

cold climates, the consensus is that they remain functional during the freezing season. 

However, the planning, design, and operation of SUDS require several considerations for 
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optimal performance. It is pivotal to use soils with sufficient permeability to drain the system 

prior to freezing. Many studies in cold climates recommended the use of coarse soils with a 

sand content of > 90% and low fines content (silt and clay) of < 10% for the filter media 

(Blecken et al., 2010; Denich et al., 2013; Géhéniau et al., 2015; LeFevre et al., 2009; 

Muthanna, Viklander, Gjesdahl, et al., 2007; Muthanna et al., 2008) to avoid frost formation 

and prevent the high total suspended solids in snowmelt from blocking pore spaces. In a 

biofilter column study, Blecken et al. (2010) used a filter media consisting of an upper sand 

layer with 5% silt and 14% fine gravel and a lower layer with medium to fine sand, which 

they recommended over the typical sandy loam soils. Moghadas et al. (2016) tested two 

frozen soils in the laboratory, coarse soil and the other fine-textured, and arrived at the same 

conclusions. It is often recommended to use an efficient, gravel-based drainage layer and 

underdrains for SUDS in cold climates to enhance their performance and reduce the risk of 

freezing (LeFevre et al., 2009; Muthanna et al., 2008; Roseen et al., 2009). The choice of 

coarse material for filtering media in SUDS might help mitigate frost formation and maintain 

permeability during winter, but that might come at the expense of water quality by reducing 

the contaminant removal efficiency (Kratky et al., 2017). Another factor that might 

compromise the water quality performance of SUDS in cold climates is freeze-thaw cycles. 

Despite the perceived benefits of macropores and preferential flow paths to enhance 

infiltration capacity, excessive soil deformation, large cracks, and changes in structure due 

to frequent freeze-thaw cycles, a characteristic of cold maritime regions, might lead to 

bypass flows and lower pollutant removal performance. Plants and mulch layer play an 

important role in improving both the hydrological and water treatment benefits of SUDS 

(Muthanna et al., 2007). Vegetation also increases the near-surface soil porosity, strengthens 

the soil via the root system, reduces freeze-thaw impacts, and constitutes a tool to add foliage 

to the urban environment (Prince George’s County, 1999). 

2.5 SUDS in Iceland 

In the past two decades, the awareness of SUDS has gradually increased in Iceland. A pivotal 

moment was when the municipality of Garðabær, in the Capital Region of Iceland, planned 

a new neighborhood integrated with SUDS to protect the water level and quality in the 

shallow 13-ha lake at the bottom of the catchment. Planning documents stipulate local 

landowners to infiltrate water on-site. Only excess surface runoff infiltrates into the green 

surfaces and then is separately conveyed via underdrains discharging into a network of grass 

swales that leads towards the lake. Urriðaholt became the first Building Research 

Establishment’s Environmental Assessment (BREEAM) certified neighborhood in Iceland. 

Besides the large conveyance grass swales, a diverse set of SUDS components were 

implemented in Urriðaholt (Figure 2.2): roadside grass swales, permeable pavements, rain 

gardens, and green roofs to deal with stormwater runoff locally. Sited on a hill (88 m a.s.l), 

special precautions had to be made to slow down runoff velocity. For example, the 

conveyance grass swales were undulating with steps to reduce flow speed.  
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Figure 2.2 Examples of the different SUDS components in Urriðaholt (Johanna Sörensen, 

2019). Rain garden (top left), permeable pavement (top right), grass swale (bottom left), and 

green roof (bottom right).  

Several research studies on SUDS performance in Iceland have been conducted in the past 

decade. Vollertsen (2010) investigated the performance of wet ponds in improving water 

quality and heavy metals removal. Ágústsson (2015) studied the water retention potential of 

green roofs in relation to climatic conditions in Reykjavík. The tested green roofs achieved 

good water retention on an average of 17–56%, with grass turf showing much higher water 

retention capabilities than the sedum-moss turf. Similar findings were reported by 

Einarsdóttir (2018), assessing the seasonal variations in green roofs’ hydrological 

performance but found that the overall runoff retention achieved by the green roofs was 

slightly higher, 47–61%.  

The successful implementation of SUDS requires a regulatory and policy framework, 

including incorporating SUDS throughout the municipal planning process, clearly 

identifying collaborators’ roles, and assigning responsibilities from planning and design to 

construction, operation, and maintenance stages (Pétursdóttir, 2016). But most importantly, 

a detailed description of the site needs to be available at the onset of any SUDS project, 

including the specific meteorological, hydrological, and geological data. The specific 

climatic conditions in Iceland, i.e., frequent freeze-thaw cycles and shallow, intermittent 

snow cover during winter, add more complexity to the design and sizing of SUDS. 

Especially, that Iceland is the largest volcanic area in Europe which contributes to the 

domination of volcanic ash on Icelandic soils (Andosols and Vitrisols), which are 

characterized by having high water holding capacity, prone to organic matter accumulation, 

and having high field capacity and wilting point, which means that soils are excessively wet 
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for extended periods making them susceptible to frost formation (Arnalds, 2015). 

Furthermore, the textural class of Andosols tends to contain high fine material as brown 

Andosols are usually dominated by silt loam and loam textures, while Vitrisols are often of 

sandy loam or loamy sand textures (Arnalds, 2004). Thus, special considerations and care 

must be taken when implementing SUDS in Iceland, adding to the need for more 

comprehensive studies on their functionality. In 2018, the University of Iceland collectively 

launched a SUDS research center in Urriðaholt in collaboration with the municipality of 

Garðabær, Urriðaholt ehf., and the Icelandic Meteorological Office (IMO) (University of 

Iceland, 2018). The goal of the center was to learn from the early implementation of SUDS 

in Iceland in order to aid future adoption. 
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3 Study area 

Iceland is located in the North Atlantic between the latitudes 63°23´N and 66°32´N and 

longitudes 13°30´W and 24°32´W. Because of its proximity to the arctic circle, the solar 

altitude is small, resulting in a substantial difference between summer and winter day length 

(Figure 3.1; inset map). Several factors influence the weather of Iceland, and because of its 

latitude, it receives considerably low total radiation, and heat transfer is carried out from 

oceanic and atmospheric circulations (Einarsson, 1984). Cyclones often intensify in winter 

and pass over the island causing rapid pressure variations bringing precipitation and strong 

winds. The maritime city of Reykjavík is the capital of Iceland, located by the coastline in 

the southwestern corner of Iceland (Figure 3.1). The local climate undergoes large decadal 

variations associated with the location of storm tracks across the North Atlantic Ocean, the 

position of the sea ice margin to the north of the country, and the phase of the North Atlantic 

Oscillation (Andradóttir et al., 2021). The weather is characterized by cool summers and 

mild winters, frequent changes in meteorological conditions and relatively high 

precipitation, and shallow intermittent snow cover, resulting in a high frequency of freeze-

thaw cycles, rain-on-snow events, and midwinter snowmelt. Table 3.1 summarizes the 

annual maximum, minimum, and average weather conditions in Reykjavík. 

 

Figure 3.1 Greater capital area of Reykjavík, Iceland. The two study sites are marked as 

squares, and water bodies are in light blue. 
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To study the hydrologic performance of sustainable drainage systems (SUDS) in a cold 

maritime climate, the residential neighborhood Urriðaholt in Garðabær, Iceland, on the 

outskirts of Reykjavík (64°4’18.46” N, 21°54’37.11” W) was chosen as a study site (Paper 

I, II, and III). Downstream of the built environment, open pervious areas surround the 

grassed swales system, which has different vegetation covers, e.g., Nootka lupine (Lupinus 

nootkatensis), dwarf shrub heath, as well as barren lands. For soil dynamics modeling, the 

long-term assessment of soil frost formation, changes and trends in soil temperature, and 

winter urban flood risks, the city of Reykjavík was chosen as a study site, where the longest 

record of meteorological observations exists (Paper III). The weather station No. 1 is 

situated in an open grassed area (50 m a.s.l) next to the Icelandic Meteorological Office 

(IMO) headquarters in Bústaðavegur 7, Reykjavík (64°07’39.1” N, 21°54’08.5” W). The 

weather station is located 2.5 km from the ocean and approximately 3 km from Reykjavík 

city center. The city of Reykjavík has an area of 273 km2, is densely populated (approx. 

135,000 inhabitants), and the drainage system is dominated by combined sewers. 

Table 3.1 Summary of the annual meteorological observations in Reykjavík (1949–2018). 

Meteorological variable Unit Max. Min. Avg. Std. 

Dev. 

Air temperature  °C 6.1 2.9 4.8 0.7 

Relative humidity % 82 75 78 1.6 

Air pressure hPa 1011 1001 1006 2.3 

Wind speed m s-1 7.4 3.6 5.5 1.0 

Precipitation mm 1125 560.3 825.8 140.7 

Rainfall1 mm 891.2 378.4 615.8 111.1 

Snowfall1 mm 396 63.7 210 70 

Snow depth2 cm 51 7.0 24 9.2 

Note: 1 Rainfall and snowfall data are corrected from total daily precipitation depth. 2 Snow 

depth statistics are derived from the annual maximum snow depth in cm.
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4 Methods 

This Chapter provides an overview of the methods used. More details are available in the 

appended papers.  

4.1 Continuous monitoring 

4.1.1 Soil moisture content and temperature  

A grass swale was chosen in the study site (Urriðaholt) to be instrumented with five water 

content reflectometers (type CS650 Campbell Scientific Inc.). Each sensor has two parallel 

30-cm long rods. The sensors were placed horizontally in the swale at 10-cm intervals at 5, 

15, 25, 35, and 45 cm depths from the soil surface below the turf layer (Figure 4.1). Readings 

were logged by a multiplexer data logger (Campbell Scientific Inc.) every 1 minute. Prior to 

the field installation, a soil-specific laboratory calibration was conducted. Soil samples were 

extracted from the swale and were left to air dry for a week (Caldwell et al., 2018). Then, 

the soil was repacked in layers into PVC cylinders. The probes were inserted into the soil, 

and they were wetted gradually by adding water to the samples (Figure 4.2). The sensor’s 

permittivity output was recorded after it stabilized, and the concurrent volumetric water 

content was measured. The square root of permittivity and the measured water content were 

plotted, and a linear calibration equation was derived. 

 

Figure 4.1 Pictures of the installation of soil water content and temperature sensors in the 

swale (November 6th, 2018). 
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Figure 4.2 Calibration of water content reflectometers in the laboratory of the University of 

Iceland. 

On September 10, 2019, three water content reflectometers were installed in a lupine field 

adjacent to the study swale in Paper I (Figure 4.3). The sensors were installed at 5, 15, and 

25 cm depths from the surface to compare the swale with the dense vegetation cover with an 

undisturbed terrain with a less dense vegetation cover in terms of water movement, 

temperature changes, and frost formation. Laboratory calibration was not possible; instead, 

the probes were calibrated in the field. The probes were driven into the soil, and the 

permittivity output was recorded. A soil sample was collected from the same spot and taken 

back to the laboratory to measure the volumetric water content. Then the soil was 

deliberately wetted, and the same procedure was repeated. Finally, a calibration equation 

was derived. 

 

Figure 4.3 Water content reflectometers installed at the lupine field next to the swale. 

4.1.2 Meteorological data 

Ten-minute weather data (e.g., air temperature, precipitation, and relative humidity) were 

collected from a weather station installed in February 2019 and operated by the Icelandic 

Meteorological Office (IMO) on behalf of the Garðabær municipality (Figure 4.4). The 

station is located approx. 100 m downstream from the location of the measurements. Hourly 

temperature, snow depth, precipitation, and radiation data were also acquired from the 

Reykjavik No. 1 station located on a hilltop 6 km away from the study site. 
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Figure 4.4 A picture of the chosen study swale in Urriðaholt in the foreground and the 

weather station in Urriðaholt in the background. 

4.2 Field experiments in Urriðaholt 

4.2.1 Synthetic runoff experiments in a grass swale 

This work aimed to investigate the impact of cold climate on the hydrologic efficiency and 

ability of SUDS to infiltrate stormwater and reduce runoff peaks and volumes (Paper I). To 

that end, synthetic runoff experiments were conducted in a 5.8 m long, trapezoidal swale 

section in Urriðaholt with an average bed width of 2 m and a longitudinal slope of 3.3%. 

The side slopes ranged between 10 and 22% (Figure 4.5).  

A portable water delivery system, consisting of a 1 m3 water tank filled with water from a 

nearby fire hydrant, was designated to feed the swale with simulated runoff inflows ranging 

between 0.2 l/s to 4.2 l/s. The inflow and outflow rates were measured using V-notch weirs 

and level transducers for the duration of the experiment (20–30 minutes). Runoff peak 

reduction, total volume reduction, lag time, areal efficiency (area of the flow relative to the 

surface area of the swale), and drainage capacity (the reduction in liquid water content after 

24 hours of the simulated event) were derived from the inflow and outflow hydrographs. A 

total of 63 runoff simulations were conducted from March 2019 to August 2020 to capture 

winter, the transitional period of thawing during spring, and warm conditions. The 

assessment was based on classifying the surface conditions as frost (F), snow on frost (SoF), 
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snow (S), neutral conditions (N) of nonfrozen and no snow conditions in winter, and warm 

conditions during summer (W). An example of the experiments conducted in different 

seasons and surface conditions is shown in Figure 4.6.  

 

Figure 4.5 Schematic of the experimental setup, the swale dimensions and slopes, the 

location of the inflow and outflow measurements, water content and soil temperature 

sensors, and the water delivery system (Paper I). 

 

Figure 4.6 Synthetic runoff experiments conducted in different seasons, climatic and surface 

conditions in Urriðaholt, Iceland. 



21 

4.2.2 Single-ring infiltration measurements 

Paper II investigated the changes in infiltration capacity between summer and winter in three 

different surface covers in the Urriðaholt study site, including a grass swale subject to the 

same hydro-climatological conditions. The approach taken in Paper II was to use single-

ring infiltrometers to assess the seasonal evolution of infiltration capacity and the spatial 

variations at the top 20 cm of soil that is prone to frost formation, frost heave, deformation, 

and frequent freeze-thaw cycles in a cold maritime climate. A total of 28 measurement 

campaigns have been conducted from 2018 to 2020 in a grass swale designed to infiltrate 

water and two adjacent undisturbed permeable terrains: an area vegetated with Nootka lupine 

(Lupinus nootkatensis) introduced for restoring deteriorated ecosystems, a barren area, and 

dwarf shrub heath. Each surface cover has a different plant density and root characteristics 

and constitutes large areas in public or undeveloped urban areas. A particular focus was on 

relating infiltration capacity to surface frost and structural deformations as well as soil 

moisture content and drainage.  

A total of 8 infiltration rings were installed at the study site in the summer of 2018. The 

infiltrometers were placed close to one another, with easy access to water supply along a 

walking path (Figure 4.7). The rings were 22.5 cm in diameter and 40 cm in height. The 

infiltrometers were gently hammered to establish good contact with the soil and minimize 

disturbances down to 15–17 cm depths perpendicular to the slope of the soil surface. Four 

infiltration rings were added in the grass swale in the summer of 2019 in order to account 

for the spatial variability. A mesh was placed within the infiltration ring to ensure that the 

water poured into the ring uniformly spread over the surface. An initial volume of water was 

added instantly at time t = 0 until the water level within the ring stabilized, and using a 

stopwatch, the recording of time was started. The water level or ponded depth was 

maintained at approximately 5 cm by adding water continuously using graduated cylinders 

with volumes of 1 and 2 L. The added volume was recorded every 5 min and timed using a 

timer. The experiment was discontinued when the added volume remained constant for three 

consecutive iterations, which occurred after approximately 45–60 min during summer and 

30–45 min during winter. The measurements were conducted once every 3–4 weeks to 

minimize the disturbance of the study site prior to each measurement. Before each 

infiltration measurement, the surface, water, and air temperatures were measured using a 

handheld thermometer. Pictures were taken of the terrain surface within the rings. The 

presence of surface frost was noted by visually observing the presence of ice lenses. Soil 

structural changes and frost heave were evaluated by measuring the distance between the 

pre-set soil surface elevation and the surface elevation on the measurement day using a hand-

held measuring tape. 



22 

 

Figure 4.7 Single-ring infiltrometers at the grass swale (top left), lupine field (top right), 

barren area (bottom left), and heath field (bottom right). 

4.2.3 Support measurements (snow, frost, and radiation) 

In winter, snow cover depth and density were measured in the field regularly and prior to 

the experimental runs. On average, three snow cores were extracted from each test site using 

a cylinder (Figure 4.8). Snow temperature at the surface and the bottom of the snowpack was 

measured using a handheld thermometer. The overall accuracy of the snow depth 

measurements was determined to be 3–16%, and for the snow density, 1–13%. The presence 

of frost was also investigated based on surface hardness by inserting a blade into the soil and 

visually noting the presence of ice crystals in the uppermost 5 cm (Orradottir et al., 2008).  

For one winter (Decemeber 2019–April 2020), a pyranometer was installed at 2 m at the 

weather station in Urriðaholt to measure the incoming and outgoing radiation at the site 

(Figure 4.9). The instrument was borrowed from the National Power Company in Iceland 

(Landsvirkjun) and operated by the IMO. The radiation measurements from the Urriðaholt 

study site were comparable to the data collected at the main station Reykjavík No.1 for in- 

and outgoing radiation (Figure 4.10). The longwave radiation in the Reykjavík station 

deviated largely from the measurements in Urriðaholt as a malfunction of the instrument was 

reported by the IMO. This comparison supports the use of the incoming solar radiation from 

the Reykjavík station for Urriðaholt for model runs (Paper III). 
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Figure 4.8 Example of the snow depth and density measurements in the study site Urriðaholt 

(13.01.2020). 

 

Figure 4.9 A picture of the pyranometer installed at the Urriðaholt weather station during 

the winter of 2019/2020.  
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Figure 4.10 Comparison between the incoming and outgoing shortwave and longwave 

radiation observations at the Urriðaholt station and Reykjavík station.  

A camera was installed at the Urriðaholt station directed upwards, viewing the open area 

downstream of the catchment, where the measurements took place. Another camera was set 

up at the top of the hill at the study site to monitor the snow cover conditions during the 

snow season (Figure 4.11). This gave an indication of the locations where melt started, which 

mostly began at the roofs of the buildings. 

 

Figure 4.11 Snapshots of the camera view in Urriðaholt at the weather station (left) and the 

top of the hill (right). 
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4.3 Analyses and modeling 

4.3.1 Statistical analyses 

In Paper I, the significant difference between the hydrological performance metrics (i.e., 

peak flow reduction, relative infiltrated volume, lag time, areal efficiency, and drainage 

capacity) was determined using the one-way analysis of variance (ANOVA) and the 

Student’s t-test. The assessment was based on the surface and soil conditions, i.e., the 

seasonal variations in the grass swale’s performance. The drivers for the hydrological 

performance metrics in Paper I were quantified with a two-step linear regression analysis. 

In the first step, the correlation of performance with each external driver (i.e., inflow rate, 

antecedent degree of saturation, surface and soil temperature, and snow depth) was 

considered. In the second step, a multiple linear regression analysis was conducted first with 

the primary drivers. Single and multiple linear regression analyses were performed for the 

performance metrics using indicators such as inflow rate, surface and soil temperature, 

degree of saturation, and snow depth by adding one indicator at a time to each model. For 

each performance indicator, the model with the best coefficient of determination was chosen. 

Parameters that did not enhance the model performance were eliminated from the analysis. 

Similarly, in Paper II, the statistical differences between the measurement locations, i.e., 

grass swale, lupine, and barren, were determined to assess the spatial variations in infiltration 

capacity between the test points. The differences between terrains were analyzed by 

performing multiple comparisons using the student’s t test to look for significant differences. 

Data used for analysis were transformed when required to account for the assumptions of 

normality. The normality of the data was tested using the Kolmogorov-Smirnov test (K-S) 

and Shapiro-Wilk test. The normality is accepted at a p-value > 0.05. The spatial variation 

within the swale was assessed by comparing the arithmetic mean of the infiltration rates from 

each of the six infiltrometers. 

4.3.2 Long-term indicators and trends 

In Paper II, the seasonal number of air freeze-thaw cycles and the freezing and thawing 

indices were calculated to assess the intensity of these air temperature variations using the 

degree-day method (Andersland & Ladanyi, 1994). The air freezing degree days (FDD) were 

estimated as the sum of the daily average temperatures below zero (Tavg < 0 °C) during winter 

(November to March), and the thawing degree days (TDD) were estimated as the sum of the 

daily average temperatures above freezing (Tavg > 0 °C). A soil frost cycle was derived based 

on the average daily temperature at 5 cm depth so that if the soil temperature dropped below 

zero for one day, it would be counted as a cycle. Maximum frost penetration was derived as 

the maximum soil depth at which the average daily temperature was below zero. A rain-on-

snow (RoS) event was defined as a day with precipitation concurrent with a reduction in 

snow depth. A snow cycle was defined as 24 hours with a snow depth of > 1 cm measured 

at 9 AM. 

In Paper III, to investigate the changes in frost formation behavior, frost timing, and 

coincidence with surface runoff due to climate change, trends were assessed using the Mann-

Kendall test (Kendall, 1948; Mann, 1945), and the significance of the slope using the Theil-

Sen method (Sen, 1968; Theil, 1950). These methods were chosen for their simplicity 
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because they are non-parametric, i.e., the data does not need to conform with any particular 

distribution, allows for missing data, and can be used for small datasets. 

4.3.3 Soil temperature and frost modeling 

The SHAW model is a physically-based, one-dimensional, coupled heat and water transfer 

model. To calibrate and test the model, hourly weather and soil temperature data were 

compiled from the high-resolution 10-minute data collected from the residential 

neighborhood Urriðaholt. Then, calibrated parameters of the model for Urriðaholt were used 

as a basis for simulating soil temperature and frost in Reykjavík from 2007 to 2018, and 

recalibration was done manually. Afterward, the model was run with daily timesteps using 

the long-term weather observations from 1949 to 2018 (i.e., air temperature, relative 

humidity, and wind speed) and the simulated incoming solar radiation due to the lack of 

measurements from 1949 to 2007.  

4.3.4 Bivariate frequency analysis using copulas  

The copula method was used to estimate the joint probability of two hydrological variables 

occurring simultaneously and derive the joint return periods for winter events. The annual 

maximum rainfall, snowmelt, and RoS were derived from the observed daily data in 

Reykjavík. The annual maximum frost depth was derived from the daily simulated frost 

depth using the SHAW model.  

The approach to understanding the co-action of hydrological inputs and soil frost was to 

estimate the joint probability of occurrence of two winter hydrological events. The combined 

daily precipitation and snow depth measurements at 9 A.M., annual maximum rainfall, 

snowmelt, and rain-on-snow in the presence of soil frost were calculated. Rainfall was 

distinguished from snowfall based on a temperature threshold, TRH (°C), that incorporated 

relative humidity, RH (%), following the method presented by Feiccabrino et al. (2015). 

With this definition, all precipitation within a given day was classified either as dry or wet, 

when in some instances, it can be in both forms. Snowmelt was defined based on the 

reduction of snow depth, ∆SD, converted to snow water equivalents assuming a snow 

density, ρs, of 200 kg/m3, in relation to a water density, ρw, of 1000 kg/m3. If precipitation 

was recorded together with a reduction in snow depth, it was assumed to be rainfall. The 

magnitude of RoS was taken as the sum of the rain and liquid snowmelt volume (mm) 

estimated from measured snow depth (in cm) as presented in Andradóttir et al. (2021). 

Each of the annual daily maximum datasets was fitted to a distribution using the maximum 

likelihood method. The goodness of fit was assessed using the Kolmogorov-Smirnov, 

Cramer-von Mises, and Anderson-Darling tests. Then, the distribution with the lowest 

Akaike (AIC) and Bayesian Information Criteria (BIC) was chosen. As such, maximum 

snowmelt during frost was fitted to the lognormal distribution, maximum frost during 

snowmelt to the Weibull distribution, maximum rainfall during frost to the lognormal 

distribution, maximum frost during rainfall was found to fit the Weibull distribution, 

maximum RoS during frost, and maximum frost during RoS were both fitted to the Weibull 

distribution. The return periods were then derived for each of the co-acting hydrological 

variables (Chow et al., 1988).  
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The copula method was used to estimate the joint distribution C (Fx(x), Fy(y)) = C (u1, u2) of 

two dependent variables based on their marginal distributions of the annual maximum values 

fitted to a theoretical distribution Fx(x) = u1 and Fy(y) = u2 (Chen, 2019; Lian et al., 2013; 

Zellou & Rahali, 2019). Due to their simplicity, the four Archimedean copulas most widely 

used for hydrological analyses (i.e., Clayton, Gumbel, Joe, and Frank) were tested (Nelsen, 

2007). The three pairs of winter flood-inducing hydrological variables (i.e., maximum 

snowmelt during frost, rainfall during frost, and RoS during frost) were then fitted to one of 

the bivariate Archimedean copulas using the maximum likelihood method. The bivariate 

copula family that best fits the pair was chosen based on the highest log-likelihood and 

lowest AIC and BIC (Zellou & Rahali, 2019).  
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5 Results and discussion 

This chapter briefly overviews the main findings of the papers discussed together. More is 

found in the appended publications.  

5.1 Hydrologic performance of grass swales in a 

cold climate 

The synthetic runoff experiments showed a significant reduction in the hydrologic 

performance of the grass swale during winter (Paper I). The reduction in infiltration 

capacity in the grass swale was mainly attributed to shallow frost within the top 5 cm soil 

horizon, consistent with previous findings (e.g., Khan et al., 2012; LeFevre et al., 2009; 

Muthanna et al., 2008; Paus et al., 2016; Roseen et al., 2009). Soil frost was identified as the 

key indicator for reduced hydrologic performance, as there was a drop in peak flow reduction 

and volume reduction during frost and snow on frost conditions. Similarly, it negatively 

affected the ability of the soil to drain within 24 hours after the end of an event (i.e., Drainage 

Capacity). The areal efficiency of the swale, determined by the wet area at the surface, was 

most affected by the snow cover. A large variance was noted in the experimental runs during 

snow only conditions suggesting that not only snow presence but also snow characteristics 

such as depth and density were influential factors. The effect of frost on the grass swale’s 

infiltration performance was corroborated with single-ring infiltration measurements (Paper 

II). Infiltration decreased by approximately one-third during wintertime, from an average of 

98 cm/h in summer and fall to 63 cm/h in winter. Two out of the six test locations in the 

swale were significantly higher than the rest, indicating large variations in infiltration 

capacity. The two test locations at the lupine site also differed significantly (p-value < 0.05) 

but were within the same range. The two barren test locations were not statistically different 

from each other.  

The performance fluctuated synoptically due to intermittent frost formation throughout 

winter (Paper I & II). Three different soil conditions were identified during winter; frozen 

soil, during which the peak flow reduction and volume reduction were very limited; partially 

frozen soil, allowing for moderate but significantly lower flow attenuation; and neutral soil 

conditions (non-frozen) (Paper I). Regardless of frost presence, infiltration occurred in all 

experimental runs, which was attributed to macropore flow maintained by the vegetation 

cover of the swale and the fact that the soil was relatively coarse and well-drained, 

minimizing the impacts of sub-freezing temperatures. Similar findings were reported by 

Khan et al., 2012 and Paus et al., 2016 for bioretention cells in Canada and Norway, where 

it was found that, during winter, bioretention cells achieved high peak flow reduction, i.e., 

up to 92% and between 55 and 100%, respectively. Paus et al. (2016) concluded that a soil 

with a hydraulic conductivity of at least 10 cm/h was required for the bioretention cells to 

function properly during the freezing season. The infiltration capacity in the grass swale 

during winter was considerably higher than this threshold (avg. 63 ± 53 cm/h: Paper II). In 

Paper I, it was found that the average peak flow reduction during winter was only 13%, 

which can be explained by the short residence time and high velocity in the grass swale, 
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which functions as a conveyance measure rather than a retention measure in this site. The 

hydraulic head of water ponding on the surface in retention-based systems increases the 

infiltration capacity compared with water flowing over a permeable surface (Davis et al., 

2012). This was also found in Paper II when constant head infiltration measurements were 

conducted in the grass swale, which explains the very high infiltration rate measured 

compared with findings in Paper I. This explanation was also supported by the findings 

from Roseen et al. (2009), as they found that between various SUDS configurations, grass 

swales were the most affected during winter for the same reason. The hydraulic loading used 

in the synthetic runoff experiments was relatively high for the surface area of the swale. 

While, for example, Khan et al. (2012) used inflow rates of 25 cm/h, in Paper I, hydraulic 

loadings as high as 131 cm/h were used. The vegetation type in the different contrasting 

systems might also explain the low peak flow reduction during winter in the swale compared 

to, e.g., bioretention cells in the studies mentioned above. For instance, the vegetation in the 

bioretention cell tested by Khan et al. (2012) was comprised of eight trees of various species, 

which indicates the presence of a large and interconnected root system that enhances the 

near-surface porosity, especially when water is ponding on the surface for extended periods. 

Bioretention cells often include a mulch layer and a deeper filtering media compared to grass 

swales (Barrett, 2008; Woods Ballard et al., 2015). 

In comparison, the filtering media in the studied grass swale was limited to 45 to 50 cm, 

while it was 120 cm and 75 cm for Khan et al. (2012) and Paus et al. (2016), respectively. 

Additionally, in Paper I and II, the grass swales tested did not have specific drainage layers 

or underdrains, which is considered common practice for bioretention systems (Prince 

George’s County, 1999). In cold climatic conditions in general and coastal cold regions in 

specifically, it is recommended to use well-drained soils to avoid the adverse effects of 

repeated frost formation (LeFevre et al., 2009; Muthanna et al., 2008). 

5.2 Role of vegetation and engineered soil 

The vegetation cover and the underlying engineered soil in the grass swales studied in Paper 

I and II played an important role in the hydrologic performance during winter. In Paper I, 

infiltration was observed during all measurement campaigns at the lower layers (> 5 cm) 

despite the frozen top layer of soil, which showed no changes in water content during the 

synthetic events conducted when the top layer was frozen. This was attributed to the 

macropores provided by the roots system and the good hydraulic conductivity of the soil 

(sandy loam) in the man-made grass swale. The vegetation was also highly influential to 

infiltration, especially during winter (Paper II). The grass swale had the highest infiltration 

rate in winter compared to the less vegetated and non-vegetated terrains in the urban 

environment (Paper II). The intertwined root system provided resistance to frost heave and 

helped maintain the soil porosity. Soil composition was also shown to be of high importance, 

as the soil drainage capacity was much higher in the grass swale during winter compared to 

the lupine field (14% per 24 hours vs. 4% per 24 hours), which was attributed to the fact that 

the lupine field had a considerably higher fines content (silt and clay) compared to the man-

made grass swale. The near-surface soil porosity in the swale was also significantly higher 

(52% vs. 39%), which indicates a larger voids volume available for water infiltration aided 

by the dense roots of the grass. The lowest infiltration capacity was measured in the barren 

area, which lacked vegetation. In the barren terrain, concrete frost was observed during the 
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second winter of the measurements, and large cracks were observed at the surface after the 

thaw period in spring. 

Icelandic Andosols often have a very low bulk density in the range of 0.3–0.8 g/cm3 and are 

characterized by having high hydraulic conductivity, while the Vitrisols found in Iceland can 

have a higher bulk density up to 1.2 g/cm3 (Óskarsson et al., 2004). Orradottir et al. (2008) 

found that the infiltration capacity of Andosols can reach as high as 37 cm/h during summer. 

However, coarse-grained tephra layers may exist in the soil, hindering its infiltration 

capacity (Arnalds, 2008). That said, the high water-holding capacity of Andosols and the 

often-thin fluctuating snow cover render them susceptible to frost formation (Kane & Stein, 

1983; Orradottir et al., 2008). Paper II concluded that the man-made grass swales with 

sandy loam soils were more resilient to structural changes than the undisturbed soils. The 

soil in the lupine field contained higher fines content than the grass swale, which might have 

also led to severe freezing and structural changes. Fine-textured soils are more susceptible 

to frost formation (Shanley & Chalmers, 1999). 

Such limitations must, therefore, be taken into account when planning SUDS. For soil and 

water conservation, restoration of deteriorated ecosystems, and combating deforestation, 

ecosystem engineers sometimes intentionally introduce new plant communities (Vetter et 

al., 2018). One species that was introduced to Iceland in the 1940s is the Nootka lupine 

(Lupinus nootkatensis), which turned out to become a problematic, invasive species. Lupine 

fixes atmospheric nitrogen, which changes the nitrogen cycle in the soil. Lupine builds up 

nutrients, organic matter and enhances the water storage capacity of soils, which was sought 

to offset land degradation and desertification in Iceland. This can potentially subject surfaces 

with lupine vegetation to frost formation and decreased winter infiltration, which was 

observed during the infiltration measurement campaigns in Paper II. Bare grounds within 

the built environment also tend to be more affected by human activity and increased 

compaction than vegetated terrains due to the lack of a root system that can sustain porosity 

(Barbosa et al., 2020). Leaving robust vegetated landscapes undisturbed with native plants 

might be a cost-effective solution for peak flow and volume reduction. Therefore, 

stormwater control measures that provide SUDS in cold maritime regions should aim to 

minimize non-vegetated or impermeable areas and promote the integration of green surfaces 

with native species for flood mitigation. 

5.3 Effects of frequent freeze-thaw cycles 

In Paper II, the influence of freeze-thaw cycles (FTCs) was shown to be detrimental to the 

hydrologic performance, especially during the winter with more cyclical conditions typical 

for a cold maritime climate. The two winters during which the infiltration measurements 

took place were distinctively different. The winter of 2018/2019 was dominated by a long-

standing snow cycle lasting for 32 consecutive days with a maximum snow depth of 31 cm. 

In comparison, the following winter of 2019/2020, which was representative of a typical 

winter in Iceland, had a total of 13 snow cycles, 21 freeze-thaw cycles, and a maximum snow 

depth of only 12 cm. During the first winter, the infiltration capacity was not impeded in the 

grass swale compared to summer. In fact, it slightly increased. In contrast, the less vegetated 

area with lupine and the barren field became less infiltrative during winter, with a reduction 

to almost half of that during summer. The less and non-vegetated areas were susceptible to 

severe soil deformation resulting from freeze-thaw cycles. In the second winter, frost heave 
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was observed in the lupine field after 3 FTCs, concurrently with a 58% reduction in 

infiltration capacity. The soil structure collapsed in one of the lupine test locations (L1) after 

5 FTCs, forming large cracks resulting in very rapid macropore flow that bypassed the soil 

matrix. The soil also collapsed in the other lupine test location (L2) after 7 FTCs during the 

second winter, and a similarly high bypass flow rate was measured. In a study by Eigenbrod 

(2011), similar behavior was observed with an increase in infiltration following freeze-thaw 

cycles that led to the soil becoming fissured. Eigenbrod (2011) also found that infiltration 

increases with the increase in freeze-thaw cycles. Meanwhile, the infiltration capacity in the 

barren area dropped by 34% following only one freezing cycle, developing concrete frost 

after that for the rest of winter 2019/2020. However, the grass swale was neither affected by 

structural deformation nor infiltration-inhibiting frost despite a slight reduction in infiltration 

rates. To assess the impact of freeze-thaw cycles on the infiltration capacity, a proxy, the 

number of snow cycles, was used to represent the fluctuations at both the soil surface and 

soil, and the infiltration capacity was found to be inversely related to the number of snow 

cycles. This suggests that the cyclical conditions during winter negatively affected 

infiltration. Such behavior was consistent for both studied winters and across all test 

locations.  

One of the hurdles in implementing SUDS in cold maritime climate lies in the fact that, 

unlike cold inland regions with an intact snow cover for most of the winter which insulates 

the ground until late in the season, the soil is excessively wet and subjected to repeated 

freezing. In Paper I, it was observed that the most severe freezing events occurred after 

either real or simulated storm events. This has resulted in a lower near-surface effective soil 

porosity leading to a reduction in the available subsurface storage, specifically at the top 

frozen 5 cm soil horizon. The wetting of the soil, which in some cases was combined with 

the removal of the snow cover, rendered the soil more susceptible to temperature 

fluctuations, as evidenced in the sharp reduction in soil temperature following these events. 

Results in Paper II also show that the repeated midwinter melt and RoS events, assessed by 

relating the number of snow cycles to the infiltration capacity in all tested terrains, were 

detrimental to the hydrologic efficiency. Those cyclical conditions experienced in cold 

maritime regions are also expected to increase and become more widespread due to climate 

change, making them more relevant to urban drainage and flood risk assessment (Paper III).  

Soil freezing and thawing can lead to significant volume change up to 30% (Eigenbrod, 

2011), even after one freezing cycle. In Paper II, frost heave was not quantified, but an 

observable rise of the soil surface at the lupine field was seen resulting from the expansion 

of the ice lenses occupying the pore spaces and consequently leading to structural changes 

and the formation of large cracks when the soil thaws. In the barren test area, frost heave 

was visible after only one FTC, and after 3 FTCs, the infiltration capacity plunged to only 4 

mm/h. Compared with the grass swale, the sparsely vegetated field (i.e., lupine) had a higher 

degree of saturation throughout the study period, especially during winter. Kane & Stein 

(1983) concluded that the formation of infiltration-inhibiting concrete frost was favored by 

high soil moisture content at the onset of freezing. Another effect of freeze-thaw cycles is 

the formation of cracks. While macropores might be beneficial in alleviating urban flood 

risks by increasing infiltration during winter, flow through large preferential paths reduces 

the pollutant removal efficiency associated with water movement through porous media. 

This contradicts the integral function of SUDS, which ultimately aim to preserve the 

integrity of receiving waters. This effect can be particularly dangerous in cold regions, where 

snow that accumulates more pollutants than rainfall-induced runoff is often cleared from 
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streets and deposited in roadside swales (Andradottir & Vollertsen, 2015; Gavrić et al., 

2019). Bypass flow through cracks and fissures has been observed to severely limit solute 

removal within the top 1 m of soils (Flury et al., 1994). The rapid water seepage observed 

following the severe structural deformation in the lupine and barren suggests a potential 

water quality risk. Structural changes due to freezing and thawing resulted in a semi-

permanent decrease in the infiltration capacity of 29% and 26%, in the lupine and barren, 

respectively, between summer 2019 and 2020, while the grass swale increased infiltration 

by 50%.  

5.4 Impacts of climate change on frost 

formation and urban flood risk  

Soil frost was identified as the most crucial parameter that affected the hydrological 

performance and the infiltration capacity of SUDS during wintertime (Paper I & II). The 

successful implementation of SUDS in cold maritime climates requires a better 

understanding of the frost formation processes and timing as it influences their use as a flood 

mitigation measure in urban areas. With a changing climate, soil temperature, water 

movement in the soil, and frost are predicted to be altered. Therefore, it is essential to 

quantify this change to accurately assess the long-term feasibility of SUDS and urban flood 

risk. In Paper III, the Simultaneous Heat and Water (SHAW) model was used to simulate 

soil temperature, water content, and frost at the Urriðaholt study site (where the soil was 

monitored at different depths during 2018–2022) and in Reykjavík (soil measurements 

available from 2007 to 2018). The aim was to investigate the trends in soil temperature and 

frost in the last 70 years using available meteorological records from 1949 as inputs. The 

SHAW model in Paper III predicted soil temperature with high accuracy in the Urriðaholt 

study site at all soil depths where soil physical properties are known, i.e., at 5, 15, 25, 35, 

and 45 cm (R2 = 0.97–0.99 for the calibration and validation periods). Good agreement 

between measured and simulated soil temperature was achieved during winter. However, the 

R2 values were lower in winter compared to the entire year (0.71–0.83 for winter 2018/2019, 

0.91–0.93 for winter 2019/2020, 0.66–0.88 for winter 2020/2021, and 0.83–0.88 for winter 

2021/2022). The model’s overall performance was good and agreed with the observed values 

in terms of capturing the soil temperature variations, soil freezing and thawing behavior, and 

frost timing, especially at the top three layers of the soil that are of interest as they are most 

susceptible to frost and therefore influential to urban flooding. The observations of soil 

temperature in Reykjavík from 2007 to 2018 were used to calibrate the model. The modeled 

soil temperature for the station in Reykjavík agreed well with the observations (R2 = 0.91–

0.92). Table 5.1 summarizes the performance of metrics used to assess the model simulation 

results. In order to understand the long-term impacts of climate warming on soil temperature 

and frost formation, the soil temperature in the Reykjavík station was estimated from 1949 

to 2018 at 10, 20, and 50 cm depths. 

The maximum soil frost depth for the study period was 39 cm (Table 5.2) in 1949. 

Consistently, the lowest soil temperature at the surface (-3.7 °C) and 10 cm (-2.6 °C) was 

also simulated for the winter of 1949. The maximum number of days with soil frost in any 

given calendar year was 153 days, which was in 1951. Meanwhile, the minimum number of 

frost days was 26 days in 1987 and the shortest period of continuous frost lasted only four 

days in 1987. The average number of freeze-thaw cycles in a year is 3.65; the maximum was 
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eight cycles, occurring twice in 1965 and 1971. The trend analysis showed that, between the 

years 1949 and 2018, soil frost depth decreased significantly (p-value < 0.05). A similar 

trend was also observed in the total number of days with soil frost at 5 cm depth. In the last 

70 years, soil frost has become less persistent, as the number of days with continuous soil 

frost decreased significantly (p-value < 0.05). This suggests that the instances of intermittent 

formation of soil frost have increased during winter. The increase in the frequency of 

intermittent frost and, therefore, freeze-thaw cycles can also be seen in the significant 

increase in the minimum asoil temperature at 10 cm depth in Reykjavík for the simulation 

period of 1949 to 2018. 

Table 5.1 The SHAW model performance of hourly soil temperature and water content in 

the grass swale in Urriðaholt 2018–2022 and soil temperature in Reykjavík 2007–2018 

(Paper III). 

  Calibration Validation 

Soil 

temperature 

 R2 RMSE   R2 RMSE  

Reykjavík All seasons 0.91–0.92 0.98–1.64   - - 

 Winter 0.30–0.94 0.82–2.53  - - 
Urriðaholt All seasons 0.98–0.99 0.66–0.89   0.97–0.98 0.71–0.93 

 Winter 1, 2 0.71–0.94 0.40–1.08   - - 

 Winter 3, 4 - -  0.66–0.88 0.66–0.99 

Volumetric 

water content 

      

Urriðaholt All seasons 0.10–0.43 0.02–0.06  0.2–0.44 0.01–0.06 

Notes: Winter 1, 2, 3, and 4 refer to the four winters between 2018 and 2022. 

 

Table 5.2 Summary of modeled long-term surface and subsurface winter conditions in 

Reykjavík from 1949–2018 (Paper III). 

Winter conditions Unit Max. Min. Avg.  Std. 

Dev. 

Tsoil at 10 cm °C 17.5 -2.6 6.1 5.2 

Snow depth1 cm 48.0 1.0 7.0  6.7 

Frost depth [cm] cm 39 0.1 9.9 8.1 

No. days with soil frost day 153 26 85.8 30 

No. days with continuous frost day 158 4.0 65.6 41 

No. of soil FTCs - 8.0 1.0 3.65 2.0 

Notes: 1 Observed snow depth values from the Reykjavík station No. 1. 

 

The total volume of RoS events co-occurring with soil frost was higher than rainfall or 

snowmelt alone during frost (Table 5.3). The 2 and 5-year return periods corresponding to 

20 to 30 mm of RoS coinciding with frost depths of 11 and 20 cm have a co-probability of 

occurrence of 4.7–27%, which are events that are predicted to occur once every 4 years, 
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resulting in considerable surface runoff. In contrast, a 2-year snowmelt event occurring with 

a similar frost depth has a total event depth of only 10 mm, and a 2-year rainfall during a 

frost event has a total depth of 15 mm. Furthermore, the timing of soil frost formation is 

shifting towards midwinter, however, insignificantly (p-value > 0.05) represented as a shift 

in the first day of frost in the year (1–364/5) at any soil layer. In contrast, the last day of soil 

frost during winter has decreased significantly (p-value < 0.05). The timing of the largest 

winter hydrological inputs is also coinciding with the timing of the deepest frost. The total 

number of days with soil frost each month during the simulation period indicates that most 

occurrences of soil frost were towards the peak of winter, i.e., during December, January, 

February, and March, with January and February being the highest. That coincided with the 

largest RoS events occurring in February and March with an average of 9 and 11 mm, but 

less so in January (avg. 8.5 mm). 

Table 5.3 Joint probability of occurrence during one year for the maximum RoS volume 

during the maximum frost depth for different return periods (T) during winter (Paper III). 

  Max. frost depth during RoS [cm] 

  0.7 11.2 19.5 25 29.4 35.1 39.1 

Max. RoS 

during 

frost [mm] T [yrs.] 1 2 5 10 20 50 100 

3.0 1 0.977 0.491 0.197 0.095 0.049 0.020 0.01 

20.1 2 0.492 0.266 0.111 0.054 0.028 0.011 0.006 

30.0 5 0.195 0.110 0.047 0.023 0.012 0.005  

35.4 10 0.099 0.056 0.024 0.012 0.006   

40.1 20 0.050 0.028 0.012 0.006    

45.5 50 0.020 0.011 0.005     

49.2 100 0.010 0.006      

 

The increase in air temperature, liquid precipitation, intermittent midwinter snowmelt, and 

RoS events in cold climates are all expected outcomes brought about by climate change 

(Andradóttir et al., 2021; Dong & Menzel, 2020; Garvelmann et al., 2015; Nygren et al., 

2021; Wever et al., 2014; Würzer et al., 2016). In Paper III, the SHAW model results show 

a reduction in soil frost depth and the total number of frost days over the past 70 years. 

Additionally, it was found that a shift in the timing of frost formation has occurred as the 

first and the last days of frost have been shifting towards midwinter, coinciding with the 

maximum RoS and snowmelt events in January and February rather than in early spring. Il 

Jeong & Sushama (2018) found that 80% of the annual maximum daily runoff from January 

to May was due to RoS. In Iceland, Andradóttir et al. (2021) found that the urban flooding 

events correlating with the highest number of insurance claims coincided with the same 

period resulting from RoS. There has also been a decrease in the duration of continuous frost 

during winter in Iceland, which is consistent with a more intermittent frost and an increase 

in freeze-thaw cycles. In the long term, and under a consistently warming climate, an 

increase in infiltration capacity during winter can be expected (Clilverd et al., 2011; Jyrkama 

& Sykes, 2007). Other studies even argued that frost will cease to exist and will not affect 

future infiltration and runoff processes (Ford et al., 2020). In the short run, however, such a 

shift from cold to temperate climates may increase the risk of flooding because of an increase 

in magnitude and frequency of frost and RoS-induced runoff generation. Over the 
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Conterminous United States, Li et al. (2019) found that 70% of extreme runoff events have 

some contributions from RoS. In Slovenia, Sezen et al. (2020) found that the magnitude of 

extreme RoS-induced flooding is predicted to increase between 1981 and 2100 based on the 

RCP 4.5 climate scenario. The heterogeneous nature of urban areas is also a factor that 

influences melt rates depending on proximity to buildings, snow removal practices and the 

application (or lack thereof) of deicers, and human activity (Buttle & Xu, 1988). Buttle & 

Xu (1988) observed that the snowmelt rate was 600% higher in suburban areas than in open 

fields. They theorized that some variations (mostly increases) in runoff response due to 

snowmelt might have been due to RoS events where impervious surfaces (roads, roofs, and 

sidewalks) also contributed to runoff. These surfaces are mostly snow-free and would only 

contribute to runoff in case of RoS. 

One of the reasons RoS events can be more damaging to infrastructure and cause severe 

flooding is that they often occur after a cold spell followed by a quick warming period that 

is not long enough to thaw the ground and release clogging from inlets. The combined 

volume of snowmelt and rainfall, together with a high degree of imperviousness resulting 

from ground frost and a reduced hydraulic capacity in the drainage system, can all contribute 

to catastrophic flooding events. In maritime climates characterized by frequent freeze-thaw 

cycles, repeated snowmelt throughout winter contributes to two distinct phenomena (1) the 

formation of icy layers within the snowpack or hardened surface layer on the snow surface, 

and (2) snowmelt infiltration into the underlying soil reducing the soil moisture storage and 

often refreezing in the soil. Thus, at the onset of RoS events, rapid runoff generation can 

occur from an abnormally large contributing area resulting in increased flooding potential 

even for relatively low-intensity rainfall and RoS events (Bengtsson & Westerström, 1992; 

Buttle & Xu, 1988; Westerström, 1984). Furthermore, the degree to which the ground is 

frozen may govern runoff generation and account for the variations in runoff response in 

Paper I, which was also noted for real snowmelt and RoS observed by Taylor (1982). 

Observations made by Kane & Stein (1983) indicated that the period when air temperature 

is below zero prior to snow accumulation and the degree of saturation in the soil determined 

the potential for frost formation to a large extent. This supports the notion that the cold 

maritime climate could be subject to such conditions throughout winter as the thin 

fluctuating snow cover does not provide prolonged insulation of the ground and contributes 

to increasing water content in the underlying soil. In Paper III, it was found that the joint 

probability of maximum RoS volume during maximum frost depth was 10 mm higher than 

snowmelt during frost and 5 mm higher than rainfall for the same return periods. A moderate 

maximum daily RoS events (T < 2 years) can be considered not to pose risk. That said, if 

such an event occurred simultaneously with a moderate frost event (10–20 cm depth), it 

could result in a large joint event which can occur regularly (T < 4 years) and lead to 

significant runoff volumes. Similarly, Moghadas et al. (2018) found that a frequent rain-on-

snow event (return period = 1.4 years) caused almost five times greater runoff volume 

compared to a 10-year event occurring in the summer in Kiruna, Sweden. However, they 

attributed this large runoff volume to the joint occurrence of rain and snowmelt 

simultaneously. The reliance on design storms and intensity-duration-frequency (IDF) 

curves stands in the way of optimizing urban drainage systems in cold climates, where, in 

some areas, up to 50% of the annual precipitation falls in solid form as snow (Semadeni-

Davies, 2006). Complications resulting from cold temperatures such as clogging of inlets, 

frozen ground, and undersized drainage networks are often overlooked when managing 

stormwater in the northern hemisphere (Thorolfsson, 2012). In those regions, the urban 

drainage systems have to be designed to mitigate freezing. Thus, a paradigm shift from the 
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current urban drainage strategies to a more sustainable, multi-purpose approach has taken 

shape in the past 30 years. That said, more research is still needed to assess the hydrologic 

benefits of SUDS on a larger scale, especially since most studies on SUDS in cold climates 

were either conducted in the laboratory or were at a pilot scale.
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6 Summary and future perspectives 

Urbanization and climate change are exerting increased pressure on urban drainage systems 

and leading to extreme flooding in different parts of the world. Despite the shift in 

stormwater management from a single-purpose to a multi-disciplinary approach in recent 

decades, implementing sustainable urban drainage systems (SUDS) in cold climates is still 

lacking and less understood than in temperate climates due to concerns regarding soil 

freezing. Maritime cold climates are both wet and mild, with air temperatures fluctuating 

around the freezing point and mild precipitation falling year-round. This thesis assessed the 

hydrological performance of a grass swale undergoing frequent soil freezing and thawing, 

rain-on-snow events, and intermittent midwinter snowmelt. This work improves the 

understanding of SUDS efficiency and fills the gaps in knowledge in an attempt to achieve 

a wider implementation of SUDS in cold regions. To that end, a comprehensive field 

program was implemented in a neighborhood (Urriðaholt) designed with a SUDS network 

comprised of grass swales and other undisturbed natural surfaces meant to maintain the pre-

development water cycle to preserve a nearby shallow lake (Urriðavatn). The assessment of 

SUDS consisted of synthetic runoff experiments conducted in a chosen grass swale for a 

period of 18 months, single-ring infiltration measurement in a grass swale and different 

undisturbed terrains for 28 months, continuous monitoring of soil moisture content and 

temperature at two different locations (i.e., grass swale and a lupine field) from November 

2018 until now, ad-hoc snow measurement campaigns for four consecutive winters (2018–

2022), as well as monitoring the meteorological conditions at the study site using a dedicated 

weather station. Additionally, modeling of soil temperature, soil frost depth, duration, and 

timing was carried out. The model results were validated using the soil observations from 

the study site Urriðaholt. They then were used to construct a long-term record of soil 

temperature and frost in Reykjavík for the past 70 years to assess the trends in frost formation 

and its relation to urban flood risk in light of climate change.  

The findings of this work indicate that the hydrological performance of the studied grass 

swale was reduced during winter, especially in the presence of soil frost. However, the swale 

remained functional throughout the study period and achieved peak flow reduction of an 

average of 13% during winter compared with 26% in spring and 38% in summer, while 

achieving a volume reduction of an average of 22% in winter vs. 30–60% in summer. The 

hydrological performance was less affected by the snow cover and the initial degree of 

saturation, specifically during winter. The drainage capacity of the swale 24 hours following 

an event was low during the study period and ranged between 20 to 30%. The infiltration 

capacity in the grass swale was maintained during winter and was less affected by freeze-

thaw cycles than in the less vegetated (i.e., lupine) or barren areas. The frequent freezing and 

thawing of the soil led to a reduction in infiltration capacity of the grass swale, but the 

impacts were more pronounced in the lupine field and the barren terrain with observable 

frost heave and structural deformation that led to a collapse in the soil. The relatively better 

performance in the grass swale compared to the other terrains was attributed to the presence 

of an intertwined, soil-binding root system that enhanced the near-surface porosity, 

infiltration, drainage capacity, and mitigated the effects of frequent volume changes in the 

soil. The soil texture in the grass swale, which was engineered by limiting the fines content 
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in the soil (silt and clay < 5%), contributed to the better performance of the swale compared 

with other undisturbed areas that contained fines content of > 15%.  

The modeling results show that frost depth has decreased in the last 70 years in Reykjavík. 

However, an increase in freeze-thaw cycles has been observed, the freezing season has 

shortened, and the timing of the occurrence of maximum frost depth has shifted towards 

midwinter to coincide with the largest rain-on-snow events. A trend expected to exacerbate 

winter urban flooding, especially that rain-on-snow was found to have a high joint 

probability of occurrence with frost and generates larger runoff volume than snowmelt or 

rainfall alone.  

The findings of this thesis suggest that the stormwater control measures that provide 

sustainable urban drainage solutions in cold maritime areas should aim to minimize non-

vegetated or impermeable areas and promote the integration of green surfaces to reduce 

surface runoff. The implementation of SUDS in cold climates must take into account winter 

conditions for optimal performance. The incorporation of an effective, gravel-based drainage 

layer with an underdrain can improve the hydrological performance along with carefully 

selecting soil types and vegetation. The increase in freeze-thaw cycles and its coincidence 

with rain-on-snow events might lead to an increase in urban flood risks in cold climates, 

which further motivates a shift towards increasing climate resilience within cities and a wider 

spread of sustainable development.  

Despite the increase in their use in recent years, the adaptation of SUDS for winter operations 

remains challenging, especially at the catchment scale. Most research on the hydrological 

performance of SUDS in cold climates focused on frozen columns in laboratories or pilot-

scale studies. Urban catchments are heterogeneous than their rural counterparts, exhibiting 

considerable spatial variability within small areas. Following the research in this thesis, a 

better understanding of the winter hydrological performance of different SUDS elements 

such as grass swales, permeable pavements, detention ponds, and rain gardens is still needed, 

especially at larger scales. Climate change impacts must also be taken into account when 

assessing the future of stormwater and flood control measures. The changing storm patterns 

present challenges regarding predicting rainfall and/or snowmelt volumes that need to be 

considered for planning and sizing urban drainage systems and, consequently, SUDS 

efficiency and operations. Integrating sustainable adaptation measures and risk-based 

management perspectives is essential to lessen the effects of weather extremes on a global 

and regional scale in the coming decades. Flood risk assessment and management have 

traditionally been the domain of hydrologists, water resources engineers, and statisticians 

and were especially looked at from a catchment perspective. In light of climate change, a 

broader, multidisciplinary approach that improves the understanding of the climatic context 

of urban flooding is needed. The use of regional climate models (RCMs) generated from 

general circulation models (GCMs) can prove beneficial and open exciting possibilities for 

integrating SUDS in the urban drainage scheme and flood prediction and prevention 

measures. 
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A B S T R A C T   

Sustainable urban drainage solutions (SuDS) are a diverse set of design options that mitigate floods and improve 
water quality. Grass swales are the sole component of SuDS that transports runoff over long distances to 
downstream recipients. A deeper understanding of the performance of grass swales in different winter conditions 
is important in order for cities to achieve a greater climate resiliency. The goal of this study was to assess the 
impacts of frequent rain-on-snow, and freeze–thaw cycles on the hydrologic performance of grass swales. A total 
of 63 field synthetic runoff experiments were performed in a 5.8 m long section of a grass swale in the Urriðaholt 
neighborhood, Gardabaer, Iceland over 18 months. A three-fold reduction in peak flow attenuation was observed 
in winter (avg. 13%) compared to summer (avg. 38%) for hydraulic loadings ranging between 19 and 131 cm/h. 
The reduction in the performance of the swale was primarily due to frost formation and secondarily due to snow. 
The frequent rainfall, snowmelt, and rain-on-snow events elevated the soil water content and rendered the swale 
media susceptible to frost formation. The formation of pore ice within the 5 cm soil horizon led to a considerable 
reduction in soil porosity, which negatively affected the infiltration capacity, and shortened runoff lag times. 
Snow affected the performance by concentrating the flow in narrow channels, which reduced the effective area of 
infiltration, but also led to longer lag times and stored a portion of the runoff water within its pack. Despite the 
deterioration in the swale’s efficiency in winter, infiltration was observed in all synthetic runoff experiments, 
indicating that frost was either porous/granular, or heterogeneous in nature. The swale served its purpose to 
moderately reduce runoff peaks and volumes, especially for small and medium events. This research highlights 
the importance of effectively draining infiltration-based systems in cold climates to avoid the adverse effects of 
low temperatures.   

1. Introduction 

Urban densification, together with intensifying weather, are exerting 
pressure on the conventional stormwater management systems and thus 
leading to more frequent and serious urban floods (Davis et al., 2012; 
Dietz and Clausen, 2008; Khan et al., 2012). Sustainable urban Drainage 
Systems (SuDS) have been increasingly implemented as a low impact 
stormwater control measure (SCM) to reduce runoff quantity and 
improve its quality. SuDS involve a wide range of design options with 
the goal of disposing stormwater in local waterways and mimicking the 
natural hydrological cycle. Vegetated swales are the sole component of 
SuDS elements that is intended to convey runoff across a watershed, 
while also performing the traditional functions of infiltrating and storing 
runoff, recharging the water table, and trapping and removing sedi-
ments and pollutants (Ahmed et al., 2015; Gavrić et al., 2019; Rujner 

et al., 2018). Hence, swales are paramount in making urban areas more 
climate resilient. The hydrological performance of swales during real 
and simulated runoff events has been extensively studied in temperate 
climates (e.g., Abu-Zreig et al., 2004; Davis et al., 2012; Deletic and 
Fletcher, 2006; García-Serrana et al., 2017; Liu et al., 2016; Rujner et al., 
2018; Shafique et al., 2018). A swale’s hydrological and hydraulic 
performance is observed through reduced runoff volumes and delayed 
peak flows. The infiltration capacity of swales and their ability to store 
water are largely dependent on soil physical properties, type of soil, soil 
hydraulic conductivity, initial moisture content, and the area of the 
vegetated surface. A swale’s infiltration capacity is also linked to the 
magnitude and intensity of runoff events (Davis et al., 2012). Bed slopes 
and surface roughness provided by vegetation also affect flow retarda-
tion and infiltration (Monrabal-Martinez et al., 2018; Rujner et al., 
2018). 
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SuDS water treatment and flood mitigation performance are nega-
tively affected by winter conditions (Roseen et al., 2009). Even in highly 
conductive soils, such as sandy loam (Monrabal-Martinez et al., 2018; 
Paus et al., 2015), frost can clog the pores and form ice lenses that impair 
infiltration. In this regard, frost type is more important than frost depth 
(Muthanna et al., 2008). Frost type is largely governed by the pre- 
freezing soil water content, as saturated soils are more prone to con-
crete frost formation that blocks infiltration. Unsaturated or dry soil 
conditions promote granular and porous frost, both of which favor 
infiltration (Fach et al., 2011; LeFevre et al., 2009; Muthanna et al., 
2008; Orradottir et al., 2008). A good drainage capacity is paramount to 
avoid high water content buildup, which has been shown to enhance 
volume reduction and prevent frost formation (LeFevre et al., 2009; 
Monrabal-Martinez et al., 2018; Muthanna et al., 2008). 

Another factor known to promote urban flooding is the presence of 
snow. Winter runoff events become more voluminous with the addition 
of meltwater (Moghadas et al., 2018; Valeo and Ho, 2004). Being snow 
accumulation or snow deposit areas, SuDS are more prone to snowmelt 
compared to other vegetated urban areas (Bäckström and Viklander, 
2000; Valeo and Ho, 2004). This is particularly true for swales, which 
are designed as channels or depressions and often located next to roads. 
When subjected to repeated freeze–thaw and rain-on-snow (RoS) cycles, 
icy layers form within the snowpack that prevent infiltration (Caraco 
and Claytor, 1997), and can contribute to instantaneous runoff gener-
ation during RoS and snowmelt events (Garvelmann et al., 2015; 
Muthanna et al., 2008). Moreover, the lack of a continuous insulating 
snow cover, as common in inland regions, renders coastal soils more 
susceptible to repeated meltwater infiltration and re-freezing contrib-
uting to impermeable frost formation (Orradottir et al., 2008). The 
repeated freezing and thawing processes can, however, alter soil 
aggregate stability and pore continuity, resulting in the creation of 

preferential flow paths that may promote infiltration (Flerchinger, 2013; 
Paus et al., 2015). 

Little research exists on the performance of SuDS during frost, snow, 
and RoS in cold maritime climates. The most detailed studies on SuDS 
winter performance focused on bioretention cells, which exhibited 
anything from complete capture of runoff volumes to impeded infiltra-
tion in the presence of surface frost (e.g., Paus et al., 2015; Blecken et al., 
2007; Khan et al., 2012; LeFevre et al., 2009; Muthanna et al., 2008). 
The different responses were attributed to a combination of soil hy-
draulic conductivity and drainage capacity, and the nature of runoff, 
whether it involves RoS or snowmelt (Muthanna et al., 2008; Paus et al., 
2015). The effects of frost formation, soil saturation, and, more impor-
tantly, infiltration capacity were not investigated in depth in these 
studies. In addition, the number of snowmelt and RoS events were too 
few to clearly distinguish them from pure rainfall events. The studied 
bioretention cells included an underdrain and thick vegetation (e.g., 
Khan et al., 2012; Muthanna et al., 2008; Paus et al., 2015), which help 
keep the soil dry, prevent frost formation, and enhance infiltration. This 
differs from the relatively uniform vegetation cover and dense roots 
system of grass swales, many of which do not include an underdrain. 
Results from the bioretention cells may, therefore, not translate to grass 
swales. Particularly, the bioretention cells’ good overall performance in 
cold climates might be attributed to the fact that they are designed to 
temporarily pond water (Woods Ballard et al., 2015), which ultimately 
infiltrates the soil through preferential flow paths and macropores 
despite the frozen filter media (Khan et al., 2012). Swales, however, are 
designed to convey water and have a much shorter residence time. Very 
limited documentation exists on the functioning of grass swales in cold 
climates, especially during frozen conditions and in the presence of 
snow. 

To the authors’ knowledge, a systematic study of the hydrologic 

Fig. 1. Urridaholt urban catchment in Gardabær. The location of the study swale (dot), swale network (double line), the drainage area for the swale (crosshatch), 
building plots (even shade), streets (single heavy line), and lake Urridavatn (triangle). 
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performance of SuDS during frost, snow, and, more specifically, RoS has 
not been conducted. RoS and intermittent mid-winter snowmelt events 
that have historically been associated with cold maritime climates are 
now becoming more common and severe in various regions around the 
globe due to climate change (Dong and Menzel, 2020; Garvelmann et al., 
2015). Frequent RoS and freeze–thaw cycles were found to be respon-
sible for 83% of water related insurance claims in the capital of Iceland 
(Arnardóttir, 2020). It is therefore essential to better understand the 
complex interconnections between soil, snow, and frost in order to 
successfully integrate such systems in stormwater management strate-
gies. The goal of this study, therefore, was to assess the performance of 
grass swales under frost, RoS, and snow conditions. 63 synthetic runoff 
experiments were conducted in a swale segment in a residential neigh-
borhood from March 2019 to August 2020. The tests were conducted 
during a range of snow, frost, and low temperatures to allow compari-
sons between these different conditions. 

2. Methods 

2.1. Site description 

Urridaholt is the first BREEAM (Building Research Establishment’s 
Environmental Assessment Method) certified neighborhood in Iceland. 
Sited on a hill in the Gardabaer municipality in the greater capital area 
(64◦ 4′18.46′′ N, 21◦ 54′37.11′′ W), the drainage network was designed 
to protect the water level and quality in the shallow 13-ha Urridavatn 
lake at the bottom of the catchment (Fig. 1). For that purpose, excess 
runoff that infiltrates into roadside swales, detention ponds, and front 
lawns from the 10-ha catchment area is conveyed via underdrains and 
discharged as concentrated flows into a network of swales that lead 
towards the lake. The main swale extends from the top of the hill to-
wards the lake, with mild sloping sections separated by check dams to 
attenuate the flow. 

The swale was constructed in 2009, using local material without 
specific layering. The vegetation cover is 1 to 3 cm tall grass during 
winter and 5 to 10 cm in summer. The 45 cm swale media is comprised 
of mostly sand mixed with a small portion of gravel and fine sediments 
(Table 1), based on three samples from the top 30 cm horizon extracted 
in accordance with ASTM D7263 (ASTM, 2009) and analyzed in 
accordance with ASTM D6913 (ASTM, 2017) and USDA Soil Textural 
Classification (USDA, 1987). Three replicas were tested in the laboratory 
to determine the soil’s saturated hydraulic conductivity, Ksat, using a 
constant head permeability test in accordance with ASTM D2434 
(ASTM, 2019). Intact soil samples were also collected. Soil porosity and 
bulk density were then determined. The bed below the 45 cm soil ho-
rizon consists of hard compacted clay lying on top of rock. 

2.2. Experimental design 

Synthetic runoff experiments were conducted in a 5.8 m long, trap-
ezoidal swale section with an average bed width of 2 m (Fig. 2) and 
longitudinal slope of 3.3%. The side slopes ranged between 10 and 22%. 
A portable water delivery system, consisting of a 1 m3 water tank filled 
with water from a nearby fire hydrant, was designated to feed the swale 
with simulated runoff inflows. Water was pumped from the tank into a 
smaller upstream reservoir equipped with a 45◦ V-notch weir. Flow rates 
were regulated by ensuring a constant water level in the delivery tank. 
The overflow from the inflow weir box was distributed evenly over the 
bottom channel of the swale. The overland flow that did not infiltrate 
(runoff) was collected using a plastic sheet inserted 20 cm beyond the 
turf and was directed into the outflow weir box at the end of the swale 
section. 

The runoff simulations were performed using constant inflow rates of 
0.2 l/s (very low), 0.65–1.0 l/s (low), 2.0 l/s (medium), and 4.2 l/s (high 
flow) for a duration of 20–30 min. The experimental runs were timed to 
target a range of surface and soil conditions (Table 2). On each day, two 
to three experiments were conducted consecutively with a 30 to 45-min-
ute resting period in between to to allow for all water in the depressions 
to infiltrate, and to limit the duration of the experiment. A total of 63 
runoff simulations were conducted in the period from March 2019 to 
August 2020 to capture data for winter, the transitional period of 
thawing during spring, and warm summers when swales are biologically 
active. 

2.3. Data collection 

Long-term monitoring. The swale was equipped with five water 

Table 1 
Summary of soil characteristics determined in the laboratory using samples 
extracted from the study swale.  

Soil characteristics  

Soil texture Sandy loam 
Gravel: sand: fines 15–20:75–82:2.5–4 
Bulk density (ρs) 1.2–1.42 
Porosity (ϕ) 0.46–0.53 
Organic content 2–8% 
Saturated hydraulic conductivity (Ksat) 6.23 (±0.10) × 10− 5 m/s  

Fig. 2. Schematic of the experimental setup, the swale dimensions and slopes, the location of the inflow and outflow measurements, water content and soil tem-
perature sensors, and the delivery system. 
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content reflectometers that continuously measured volumetric water 
content and temperature (type CS650, Campbell Scientific, Inc., accu-
racy ± 1%, Caldwell et al., 2018). The water content reflectometers were 
installed at the middle of the lower swale section at depths of 5, 15, 25, 
35, and 45 cm placed horizontally from top to bottom; the top is located 
just below the 5 cm thick turf layer (Fig. 2; Right). Readings were logged 
using a data logger (Campbell Scientific Inc.) every 1 min. A soil-specific 
calibration was conducted in the laboratory, and a linear user-defined 
calibration equation was derived (R2 = 0.99). 

Ten-minute weather, air temperature, and rainfall data were 
collected from a weather station erected in February 2019 and operated 
by the Icelandic Meteorological Office [IMO] on behalf of the Gardabaer 
municipality (IMO, 2020a). The station is located approx. 70 m down-
stream from the study swale (Fig. 1). Daily snow depth was obtained 
from the Reykjavik No.1 weather station (64◦07.648′, 21◦54.166′; IMO, 
2020b). The station is situated on a hilltop vegetated with grass (52 m a. 
s.l) at a central location in the city at a distance of approximately 6 km 
from the study site. 

Pre/post surface cover conditions. In winter, snow cover depth and 
density were measured in the field prior to the experimental runs by 
extracting three snow cores from the side of the swale or the unused 
swale section. The average and standard deviation of the three mea-
surements were determined. The overall accuracy of the snow depth 
measurements was determined to be 3–16% and for the snow density 
1–13%. Snow height was re-estimated at the end of the consecutive 
experiments if the snow cover was not fully melted during the experi-
ments. The presence of frost was investigated based on surface hardness, 
by inserting a blade into the soil and by visually noting the presence of 
ice crystals in the uppermost 5 cm (Orradottir et al., 2008). Surface and 
water temperature were measured using a handheld thermometer prior 
to the experimental run. 

Hydrological monitoring during experiments: The inflow and outflow 
tanks were instrumented with pressure transducers (type Solinst 3001 
Levelogger, accuracy ± 0.05% of full range). Water level measured at 
10-s intervals was then converted into flow rates using the Kindsva-
ter–Shen equation for V-notch weirs (Shen, 1981). 

For the accuracy of the pressure transducer sensors (±3 mm) and the 
ranges of water level measurements, the overall accuracy of the flow 
measurements was estimated to be 1–6%. For quality purposes, inflow 
and outflow rates were also measured manually using a graduated cyl-
inder as well as a stopwatch in case of a calibration error or a sensor 
malfunction. The effective width and depth of surface flow was 
measured manually at 1-m intervals along the length of the swale 
segment. In the presence of snow, the area of snow being wetted was also 
measured manually at 1-m intervals. 

2.4. Derived data 

2.4.1. Hydrological performance metrics 
For each synthetic experiment, the volume of total flow, the lag time 

between inflow and outflow, and the peak flow reduction were deter-
mined from hydrographs, as shown on Fig. 3a. The relative peak flow 
reduction or flow attenuation was defined as the difference between the 
steady state inflow and outflow: 

ΔQpkrel =
Qin − Qout

Qin
(1) 

The water balance components in the swale, and due to the limited 
duration of the experimental runs, can be defined as Vin = Vinf + Vout. 
The inflow volume includes the melt volume from the snowpack, Vmelt. 
The total inflow and outflow volumes can be determined by integrating 
the flow rates, and the relative infiltrated volume or volume reduction, 
can be defined as 

ΔVinf rel =
Vin − Vout

Vin
(2) 

The lag time between the inflow and outflow, Tlag, is defined as the 
difference between the centroids of the two hydrographs as shown in 
Fig. 3a (Viessman and Lewis, 2002). 

The fourth and final hydrological performance metric is the ratio of 
the wetted area to the total swale area. In absence of snow, the wetted 
width increases with the increase in inflow rate. In winter, however, 
snow cover can influence the effective area for infiltration, as sche-
matically explained in Fig. 3. At the beginning of an event (Fig. 3a), 
runoff water wets the snow until it reaches its maximum water-holding 
capacity (wetting phase). This also marks the start of the process of 
wetting the soil (Fig. 3b and c). Afterwards, the runoff forms a flow path 
in the snowpack and the flow is concentrated within the resulting 
channel until it reaches the outflow end of the swale (runoff phase). At 
this time the soil reaches its maximum saturation and steady-state 
conditions prevail (Fig. 3b). When the inflow to the swale ceases, 
runoff continues for an average of 10 min. At this stage, the remaining 
runoff water exits the swale in the form of outflow and infiltrates the 
ground and the drainage phase starts. Drainage is a slower process, as 

Table 2 
Range of experimental initial conditions during the period of spring 2019 to 
summer 2020.   

DSini (%) Tair (◦C) Tsurf (◦C) Qin (l/s) SD (cm) 

Average 70 6.1 5.6 2.0 17.5 
Range 49–90 − 3 to 19 − 1 to 20 Very low: 0.2 

Low: 0.65 to 1.0 
Medium: 2 ± 0.2 
High: 4.2 ± 0.3 

2 to 30 

Notes: Qin = inflow rate; DSini = initial degree of saturation; Tair = air temper-
ature; Tsurf = soil surface temperature; SD = snow depth. 

Fig. 3. Example of synthetic experiments data collection conducted on 22.02.2020. (a) Surface hydrological response, (b) subsurface response shown as the total 
degree of saturation, and (c) schematic of the changes in snow cover during the experimental runs. Dotted vertical lines indicate the different phases of wetting, 
runoff, and drainage. 
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can be seen in Fig. 3b as saturation remains almost unchanged following 
the end of the experiment for a longer period before drainage 
commences. 

The fraction of the wetted area or the areal efficiency, AE, was 
estimated as the ratio of average overland flow width, Wflow, and total 
swale width, Wtotal, taken as the width of the bottom channel of the 
swale. 

AE =
Wflow

Wtotal
(3)  

2.4.2. Soil performance metrics 
The swale was divided volumetrically into 5 sections according to 

the depth at which each sensor was located with a volume of Vi (m3) and 
the total moisture content in the swale at time t, Vw(t) (m3), was esti-
mated as 

Vw(t) =
∑5

i=1
θi(t)Vi (4) 

where θi is the measured water content by sensor i at time t. 
The degree of saturation in the swale at time t, DS(t) (%) was then 

estimated as the ratio of the total moisture volume in the swale Vw at 
time t and saturated moisture volume Vsat as 

DS(t) =
Vw(t)
Vsat

× 100 (5) 

The saturated moisture volume was determined as the sum of the 
available pore volume in each layer based on the measured porosity. 
Furthermore, an event maximum surface porosity was estimated as the 
ratio of the measured maximum water content at the surface during the 
experiment and the measured porosity in the same layer, i.e. 

Event max surface porosity =
max[θi=1(t)]

Porositymeasured
× 100 (6) 

The drainage capacity, DC, of the swale was estimated as the 
reduction in the degree of saturation 24 h after the last event on each 
experimental day (ΔDS24). Drainage can take from one to two days, 
depending on the swale’s DC. A 24-hour drainage period was chosen due 
to the frequent rain and snowmelt that could lead to the rewetting of the 
soil before reaching field capacity. 

2.5. Data analyses 

Winter was defined as the five-month period when air temperature 
started to descend below 0 ◦C (November) and lasted until the end of 
March. Spring was defined as the two months of April and May. Surface 
conditions during winter and spring were classified into four groups: 
Neutral, N when neither snow nor frost was present. Frozen, F, if frost 
was detected with hardness test manually before the experimental run 
when surface; or alternatively, when soil temperature was below or 
close to zero, and/or when volumetric water content at 5 cm or deeper 
remained constant during the synthetic experiment. Snow, S, and Snow 
on frost, SoF, when snow was present at the surface. Warm conditions, 
W, indicated the three summer months (June to August), during which 
surface or soil temperature exceeded 10 ◦C. The differences between the 
means of the different surface conditions and seasons for each perfor-
mance metric were analyzed using analysis of variance (ANOVA), and 
multiple comparisons were performed using student’s t test. Statistical 
analyses were performed using JMP v. 14.0.0. 

The drivers for hydrological and soil performance metrics were 
quantified with a two-step linear regression analysis. In the first step, the 
correlation of performance with each external driver (i.e., inflow rate, 

Fig. 4. Meteo-hydrological conditions during winter and spring 2019–2020. (a) Snow depth (Reykjavik Station No. 1), (b) precipitation and air temperature, (c) soil 
temperature, and (d) soil water content. Double dashed lines = rainfall, synthetic experiments, and RoS events leading to frost. Dotted lines = days at which the 
synthetic experiments were conducted; Partial frost “PF”, no frost “NF”, and gray shade highlights the longest soil frost period. 
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antecedent degree of saturation, surface and soil temperature, and snow 
depth) was considered. The drivers that had the highest correlation and 
level of significance were determined as primary drivers. In the second 
step, a multiple linear regression analysis was conducted first with the 
primary drivers. Single and multiple linear regression analyses were 
performed for the performance metrics using performance indicators 
such as inflow rate, surface and soil temperature, degree of saturation, 
and snow depth by adding one indicator at a time to each model. For 
each performance indicator the model with the best coefficient of 
determination was chosen. Parameters that did not enhance the model 
performance were eliminated from the analysis. 

3. Results 

3.1. Continuous monitoring results 

The winter and spring 2019–2020 monitoring period was represen-
tative of average climatic conditions in Reykjavík (Arnardóttir, 2020): 
(1) 457 mm of precipitation fell during the six months starting in 
November; (2) Intermittent snow cover, with 12 snow cycles lasting 
from 1 to 25 days (Fig. 4a); (3) 21 days of sub-zero average air tem-
perature, the longest cycle lasting for 10 consecutive days (Fig. 4b); (4) 
15 soil freeze–thaw cycles, the longest period with sub-zero soil tem-
perature lasted for 15 consecutive days (Fig. 4c). The maximum daily 
snow depth from Reykjavik Station No.1 was 12 cm, which was 
approximately half of the range measured in the study swale as the swale 
can accumulate more snow. During this period, the soil water content 
remained relatively constant at field capacity at each depth (Fig. 4d). 
Soil infiltration was noted by the momentary increases in water content 
at all depths during rain, RoS, and synthetic runoff experiments. 
Conversely, frost formation was reflected by the reduction in the 
measured soil water content at 5 cm depth corresponding to the phase 
change from liquid to solid. The presence of surface frost was identified 
when the soil moisture content at 5 cm depth did not reach full satu-
ration during the synthetic experiments and/or when soil temperature 
was below 0 ◦C prior to the experiment. The most prolonged period of 
surface frost lasted from February 9 until March 29, 2020 (Fig. 4c and d; 
shaded area). The runoff experiments (dotted vertical lines; Fig. 4c and 
d) were timed to capture the range of the experimental conditions, i.e., 
frost and snow. 

3.2. Swale performance indicators 

The synthetic runoff experiments in the grass swale highlight hy-
drological impairment in winter, especially during frost (F) and snow on 
frost (SoF). With the exception of areal efficiency (AE), all performance 

metrics were statistically lower in presence of frost than when compared 
to warm ground conditions (Table 3; Fig. 5). Peak flow reduction 
dropped by a factor of 2.1 and 3.5, and volume reduction by a factor of 
1.9 and 2.5 during frost in relation to neutral and warm conditions, 
respectively (Fig. 5a and b). Similarly, the outflow lag time (Tlag), 
representative of swale residence time, was 2.1 to 3.6 times lower during 
frost (F). This is consistent with the lower infiltration capacity and 
surface roughness of the grass cover. The drainage capacity (DC) was 
lowest in the presence of frost (SoF and to a lesser extent F; Fig. 5e). 
Although the average results for frost conditions were similar for the 
performance metrics tested (first two columns, Table 3), a greater 
variance was observed during F than SoF. Specifically, it should be noted 
that the maximum drainage capacity during frost matched the 
maximum during the warm period, which suggests that the type of frost 
or the extent to which the soil was frozen differed considerably. 

A large variance was noted in the experimental runs during snow 
only conditions (S) suggesting that not only snow presence, but also 
snow characteristics such as depth and density, were influential factors. 
But on average, volume reduction was significantly higher in the pres-
ence of snow compared to frozen conditions (Table 3; Fig. 5b), indi-
cating that a portion of the runoff volume was stored in the snowpack 
and was not released as outflow. The lag time was also longer, which can 
be explained by the initial wetting phase being longer in the presence of 
the snow (Fig. 5c). The AE, however, was on average lower during snow 
than frost conditions (Fig. 5d), consistent with the visual observation of 
the concentration of surface runoff (Fig. 3c). 

The relative influence of surface versus soil conditions on the four 
hydrologic performance metrics was assessed by considering relation-
ships with external experimental parameters. A single linear regression 
relationship, SLR, was performed to identify the key external drivers (i. 
e., inflow rate, antecedent moisture content, temperature, and snow 
depth), followed by a multiple linear regression analysis, MLR, to assess 
the relative importance of the top three to four co-acting drivers. Both 
single and multi-regression analyses highlighted the hydraulic loading 

Table 3 
Means (standard deviations) of the hydrological performance metrics for the 
different surface conditions and the level of significance for the comparison 
between the specific winter conditions i.e., frost (F), snow on frost (SoF), and 
snow (S) and neutral (N) and warm (W) conditions.   

Winter Reference 

F SoF S N W 
(n = 10) (n = 9) (n = 7) (n = 9) (n =

24) 

ΔQpk 

rel 

12 (7.3) 
**/*** 

11 (3.6) 
**/*** 

16 (8.5) 
+/*** 

25 (8.0) 38 (10) 

ΔVinf 

rel 

19 (11) 
**/*** 

20 (8.5) */*** 39 (26) +/+ 37 (11) 50 (14) 

Tlag 1.6 (0.8) 
+/** 

2.3 (1.2) +/* 7.4 (8.0) */+ 3.3 
(2.2) 

5.7 
(3.0) 

AE 58 (11) +/+ 53 (8.6) +/* 43 (16) */*** 58 (11) 63 (11) 
DC 21 (5.3) +/* 20 (0.8) 

+/*** 
23 (3.3) +/+ 22 (3.0) 26 (1.5) 

Notes: Significance in relation to N/W. + p > 0.05 * p < 0.05 ** p < 0.01 *** p <
0.001. 

Fig. 5. Hydrological performance metrics in terms of surface conditions. (a) 
Relative peak flow reduction, (b) relative volume infiltrated, (c) runoff lag time, 
(d) areal efficiency, and (e) soil drainage capacity. 
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(presented as inflow rate, Qin) and surface temperature as the primary 
performance drivers for the event-based performance metrics, followed 
by initial snow depth (Table 4). Because of the considerable intercor-
relation between surface temperature and soil temperature, only the 
parameter with higher correlation was incorporated in the multi- 
regression models. 

The MLR confirmed that higher hydraulic loading reduced the flow 
attenuation, on the one hand, while increasing AE on the other hand 
(note signs in Table 4). Low surface and soil temperatures and high snow 
depth reduced the performance. These three external drivers accounted 
for 68% and 57% of the natural variance of flow and volume reduction, 
and 51% for AE. Tlag was largely governed by the inflow rate and snow 

depth which contributed to delayed outflows. Surface temperature was 
not significantly correlated with Tlag in the SLR but was significant in the 
overall MLR model. The initial degree of saturation was not significant 
but did enhance the MLR model. DC differed vastly from the other 
performance metrics by being neither affected by surface conditions nor 
hydraulic loading (not shown, Table 4). Instead, the degree of saturation 
24 h after the event was found to be mostly regulated by the maximum 
degree of saturation, DSmax, which was attained during the event, as well 
as the 24-hour average soil temperature after the event. These two soil- 
related parameters accounted for 64% of the variance. 

Peak flow reduction was a measure of the steady state abstraction 
due to infiltration during the experiments using the constant flow rates 

Table 4 
Multiple and single regression for the performance metrics, regression coefficients, standards error, correlation coefficients, and models R2. Not included parameters 
referred to as N/I.  

Model  ΔQpk rel  ΔVinf rel  AE Tlag 

B (SE) r B (SE) r B (SE) r B (SE) r 

1 Qin − 2.95 (0.77) − 0.38** − 6.61 (1.33) − 0.47*** 5.82 (0.96) 0.51*** − 1.50 (0.27) 0.24*** 
Tsur 1.41 (0.17) 0.76*** 1.51 (0.27) 0.62*** N/I N/I 0.19 (0.06) 0.06+

Tsoil N/I N/I N/I N/I 0.96 (0.25) 0.36** N/I N/I 
R2 0.66***  0.53***  0.47***  0.27***   

2 DSini N/I N/I − 0.24 (0.18) − 0.01+ N/I N/I − 0.05 (0.04) 0.00+

SD − 0.17 (0.15) − 0.34+ 0.38 (0.25) − 0.07+ − 0.37 (0.19) − 0.28+ 0.27 (0.05) 0.17** 
R2 0.68***  0.57***  0.51***  0.58***  

Notes: B = regression coefficient for MLR. SE = std. error. r = correlation coefficient for SLR. + p > 0.05 * p < 0.05 ** p < 0.01 *** p < 0.001. Tsur = surface temperature. 
Tsoil = avg. soil temperature 5–45 cm depth. DSini = initial degree of saturation. SD = snow depth. 

Fig. 6. Linear regression between hydrological inputs (Qin) and peak flow reduction (left) and areal efficiency (right) for different surface conditions. (a) Neutral, (b) 
snow, (c) snow on frost, (d) frost, and (e) warm conditions. 
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in this study. Upon reaching steady state, infiltration volume becomes 
independent of inflow rate. Hence, the flow attenuation decreased with 
the increase in inflow rate. This relationship was strongest in neutral 
winter conditions (R2 = 0.65, p < 0.01; Fig. 6a). In snow conditions, the 
underlying soil was similar in nature to neutral conditions and conse-
quently the relationship was just as strong (Fig. 6b). But as snow reduced 
AE, the flow and volume attenuation were lower than in neutral con-
ditions. In the presence of frost (F and SoF), the relationship was less 
strong and more variations in infiltration capacity were observed 
(Fig. 6c and d; left panel). In frost only conditions, the relationship be-
tween inflow rate and AE was stronger than when snow was present on 
top of frost as expected (Fig. 6c and d; right panel). In warm conditions, 
however, the relationship between inflow rate and flow attenuation 
broke down (Fig. 6e). This suggests that another factor was influencing 
peak flow reduction, i.e., the initial degree of soil saturation, which, as 
previously mentioned, did not significantly influence the hydrologic 
performance metrics over the entire season (p > 0.05, Table 4). Never-
theless, the antecedent degree of saturation was found to be a major 
driver explaining the variability in flow attenuation in summer, albeit 
not statistically significant at the 5% level (Fig. 7). In winter, the degree 
of saturation did not exert a significant influence on peak flow 
reduction. 

3.3. Hydrologic response of the swale 

No significant correlation was found between hydrological perfor-
mance of the swale and either snow depth or the initial degree of satu-
ration over the entire study period (Table 4). However, a closer look at 
specific runoff experiments provides valuable insights into the processes 
that were not fully explained by statistical significance tests. To better 
understand the relationship between the hydrological response and the 
initial degree of saturation, the hydrographs of two consecutive exper-
iments in summer 2019 were considered (Fig. 8a and b). Preceded by an 
abnormally long dry period of 2 weeks, the initial degree of saturation 
was at an absolute seasonal low (50%) prior to the former, medium flow 
experiment. The corresponding peak flow and volume reductions were 
the highest recorded throughout the study period for a medium flow (61 
and 75%, respectively). The initial degree of saturation was much higher 
in the consecutive experiment (70%). A higher outflow rate was 
observed in the second experiment despite the much lower inflow rate 
used. Consequently, flow and volume reductions were reduced by a 
factor of 2 due to the increase in the initial water content (Fig. 8b). 

Regression analyses indicated a negative relationship between snow 
depth and the swale performance metrics (Table 4), though not 

statistically significant. This confirmed that runoff events became more 
voluminous with the addition of meltwater. But this result is not 
generalizable, as noted from the hydrographs during two runoff exper-
iments with 30 cm thick snow cover (Fig. 8c and d). When the soil was 
frozen and a high inflow rate was used, the water was initially stored in 
the snow to be suddenly released afterwards in a dam-burst- like 
manner, producing an outflow peak that exceeded the inflow rate. 
However, volume reduction was 23% due to the storage of runoff water 
in the snowpack. In contrast, when the soil was not frozen and a low 
inflow rate was used, the delay in outflow was 24 min which is the 
longest Tlag observed during the study period. The runoff peak did not 
surpass the inflow rate and the volume reduction was as high as 83%. 
This indicated that the presence of thick snow cover can either accen-
tuate or severely attenuate runoff peaks, while providing considerable 
volume reduction. 

3.4. Soil response during winter runoff events 

Long-term measurements of soil and hydrological inputs provide 
valuable insights into the influential factors that contributed to frost 
formation. The first surface frost occurred after a rainfall event on 
November 22 (Fig. 4b; double dashed line) that was followed by a 
freezing cycle (min. − 8.3 ◦C). The second soil frost period occurred in 
December due to a long period of surface cooling. The soil thawed in 
January, during which time the water content at 5 cm repeatedly peaked 
at 54% (corresponding to 99% degree of saturation). Two synthetic 
experiments on January 29 and 31 accompanied with subfreezing air 
temperature (min. − 6.4 ◦C), led to frost formation at the 5 cm soil ho-
rizon, during this period the soil temperature dropped to a minimum of 
− 1.3 ◦C. Frost was interrupted once again on February 7 as a result of a 
RoS event accompanied by an increase in air temperature (max. 8.1 ◦C). 
Following that, a sharp reduction in temperature was recorded (min. 
− 10 ◦C), and with the absence of an insulating snow cover, surface water 
content dropped dramatically to 7%. These frost conditions were 
maintained for almost one and a half months, which was reflected in 
both an uncharacteristically low water content and limited response at 5 
cm soil depth during the subsequent runoff events. The successive 
wetting of the soil during this period resulting from the multiple 
snowmelt events, as well as the synthetic runoff experiments led to the 

Fig. 7. Linear regression between the initial degree of saturation of the first 
events and peak flow reduction in summer (dot) and winter (triangle). 
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extended period of frozen soil which lasted until the end of winter. 
A closer look at the changes in soil saturation and temperature 

during specific events gives insights into the variations in frost type and 
infiltration capacity. When the soil was partially frozen (Fig. 9a; left 
panel), the water content in the deeper layers responded almost 
immediately to hydrological inputs while the top layer responded 
gradually peaking at 14% saturation at the end of the experiment. 
Hence, pore ice was present in the top 5 cm throughout the experiment, 
while, at the same time, allowing water to seep to the non-frozen ground 
below. Moreover, infiltrating water melted some of the frost in the 
topsoil during the experiment. This suggests that preferential flow paths 
and/or air-filled pores were present within the top frozen layer. During 
the most severe frost event (February 17; Fig. 9a; center), the deeper 
layers of the soil also responded to the runoff at the surface. However, 
the response was slightly delayed indicative of more resistance to the 
flow which might have resulted from frost penetration within the 5–15 
cm soil horizon and thereafter thawing with the infiltrating water 
(Fig. 9a and b; center). It should be noted that the topsoil was frozen 
throughout the inflow period (i.e., soil saturation remained at 6%). In 
spite of this, downward water movement was still observed in the swale 
media. By the end of April (Fig. 9a; right), the soil returned to neutral 
conditions, as attested by the increase in saturation in the entire soil 
profile during the experiment on April 30. Lastly, the seasonal variations 
in soil porosity of the top layer throughout the study period showed two 
interrupted periods of low porosity. The first of these was during ex-
periments in November and December and the second during experi-
ments in February and March (Fig. 9c). Afterwards, the topsoil’s 
porosity increased from 87% on April 8 to 98% on April 30 when the soil 
thawed completely. This suggested that the swale did not undergo a 

consistent reduction in infiltration capacity during winter but was sub-
jected to repeated cycles of freezing and thawing as a result of the 
frequent rainfall events accompanied with an increase in air 
temperatures. 

4. Discussion 

4.1. Seasonal swale performance in cold maritime climate 

The focus of this research was on the winter performance of grass 
swales, which are usually designed to infiltrate and treat small rainfall 
events and attenuate peak flow from large events (Woods Ballard et al., 
2015). The 5.8 m long test section of the swale infiltrated on average 
46% of the low flow rates (0.65–1 l/s) during the study period, which 
covered winter, spring, and summer. These low hydraulic loadings 
constituted almost half of the measured flows naturally entering the 
SuDS system. The infiltration was, on average, 7% and 32% for the 
higher flowrates during winter and summer, respectively. During 
extreme frozen conditions, a significant reduction in infiltration capac-
ity was observed. Nevertheless, there were no indications that the swale 
capacity was exceeded. Overflowing of the side slopes was never 
observed in the swale, and the average flow depth was below 10 cm. 

The winter hydrological performance decline observed in this study 
was consistent with previous research connecting reduced winter per-
formance with vegetation dormancy and lower temperatures (Roseen 
et al., 2009). But more importantly, this study showed that the winter 
performance in a cold maritime climate fluctuated on a synoptic basis 
because of intermittent frost formation at the surface, and to a lesser 
extent, frequent snow cycles. The results of this study are best compared 

Fig. 9. Soil response during synthetic events with different soil conditions (from left to right = partially frozen, frozen, and neutral). (a) Degree of saturation, (b) soil 
temperature, and c) effective porosity within the first layer during synthetic experiments. Solid vertical line indicates the start of runoff. 
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with SuDS studies in cold coastal regions experiencing frequent freeze-
–thaw and RoS events, namely in the prairie environments in Canada 
and in Norway. Khan et al. (2012) observed an average peak flow 
reduction in bioretention cells of 92% for winter events with hydraulic 
loading of 25 cm/h. This was attributed to the water eventually infil-
trating via preferential flow paths and reaching the underdrain without 
utilizing the entire media despite the presence of frost at a depth of 15 
cm. Similarly, Paus et al. (2015) found that the total volume reduction 
achieved by three bioretention cells ranged between 55 and 100%. In 
contrast, the average flow attenuation in the swale in this study was only 
13% for hydraulic loadings ranging between 19 and 131 cm/h. This 
comparison supports the findings of Roseen et al. (2009) that swales 
suffer the most noticeable performance decline in winter of SuDS ele-
ments. This can be attributed to the shorter retention time in a 
conveyance-based system such as swales compared to retention-based 
systems such as bioretention cells. 

4.2. The interactions between runoff, snow, and soil frost 

Muthanna et al. (2008) hypothesized that RoS played a role in frost 
formation based on the observation that the infiltrated stormwater 
refroze following both RoS and rainfall events. Roseen et al. (2009) also 
noted that frost resulting from freeze-thaw cycles was common and that 
soil freezing usually occurred before and after rain and snowmelt events. 
However, neither study quantified the effects of the frequent freeze-
–thaw cycles, the interactions between snow and frost, or their impact 
on subsequent events. In this study, however, synthetic runoff events 
were conducted in the presence of snow with the intention to simulate 
RoS events. Closely spaced water content and temperature measure-
ments at different soil depths allowed for a continuous assessment of soil 
infiltration and frost formation in grass swales over an entire winter. The 
results clearly demonstrate that intermittent midwinter rain and RoS 
events led to high water contents and promoted frost formation. Spe-
cifically, during winter 19/20, three events (natural and synthetic) 
initiated separate freezing cycles which reduced soil porosity (Fig. 4c 
and d). The temporal wetting of the soil, which in some cases was 
combined with the removal of the snow cover, rendered the soil more 
susceptible to temperature fluctuations, as evidenced in the sharp 
reduction in soil temperature following these events (Fig. 4c). This is a 
common complication with the implementation of SuDS in coastal cold 
regions that experience repeated RoS and freeze–thaw cycles (Khan 
et al., 2012; Muthanna et al., 2008). 

4.3. Key mechanisms affecting winter infiltration 

The primary mechanism for hydrological performance deterioration 
was soil frost. Soil permeability in the presence of frost varied across 
experiments due to the heterogeneous nature of soils and frost forma-
tion, as well as the presence of cracks and preferential flow paths 
resulting from the frequent freeze–thaw cycles. Spatial variability was 
observed in six single-ring infiltration measurements conducted in an 
adjacent swale (Zaqout, unpublished data). On any given day, infiltra-
tion was impeded in certain locations while it was not affected in other 
locations. The formation of porous or granular frost with loose ice 
crystals may permit or even enhance infiltration (Flerchinger, 2013). A 
common factor that influences infiltration is frost depth (Fach et al., 
2011). In this study, frost was only detected in the topmost layer at 5 cm 
soil depth (Fig. 4c and d). It is not clear how far the frost penetrated 
between 5 and 15 cm depth. Soil temperature at 5 cm intervals within 
the first 20 cm of the profile would have helped clearing this ambiguity 
on maximum frost depth. However, an excellent indication of soil 
infiltration and frost formation throughout the soil matrix was provided 
by water content probes spaced 10 cm apart (see Fig. 9 and discussion 
thereof). 

The secondary mechanism that negatively affected winter perfor-
mance was snow cover. Snow reduced the swale’s surface area by 

concentrating surface runoff which would have otherwise been more 
evenly distributed in snow-free conditions. Moreover, the added snow-
melt led to more voluminous runoff events and reduced water temper-
ature, which negatively affects infiltration. Nevertheless, for the least 
intense runoff experiments (low flow), snow was also found to enhance 
the hydrological performance by storing significant amounts of runoff 
water and by delaying flow peaks. This storage function was dependent, 
however, on snow properties and the underlying soil conditions. Water 
stored in the snowpack was released instantaneously in a “dam-burst- 
like” release of water when thick snow was coupled with the presence of 
soil frost or dense snow layers. Such a burst was only observed once in 
this study, making further investigations necessary to verify the results. 
Lastly, the storage function of the snow becomes less important in longer 
duration events, as all of the snow will melt eventually and add to runoff. 
Most of the extreme winter flooding events recorded in Reykjavík 
involved >6 h of rainfall (Arnardóttir, 2020). 

4.4. The importance of soil drainage in design 

Previous studies have found that initial degree of saturation nega-
tively influences the hydrological performance of SuDS (Rujner et al., 
2018). This relationship was only detected during summer in this study, 
after dry periods lasting for weeks at a time (Fig. 7). Degree of saturation 
is highly linked with DC: Poorly drained soils tend to maintain a high 
degree of saturation, which in turn reduces their capacity to mitigate 
subsequent events. A DC in the range of only 20 to 26%, as in this study, 
might have exacerbated the impacts of winter conditions and promoted 
frost formation. Additionally, the high water content in the swale also 
affected the performance during non-frozen conditions by reducing the 
available volume for infiltration at the onset of runoff events. This was 
consistent with the previous findings from studies on infiltration-based 
systems (e.g., LeFevre et al., 2009; Muthanna et al., 2008) and empha-
sizes the importance of proper soil drainage, especially for winter 
operations. 

We argue that DC is particularly important in a cold maritime 
climate, which frequently experiences precipitation in liquid form (as 
opposed to solely dry snow). The combination of liquid inputs and poor 
DC makes the soils more susceptible to freezing, even though air tem-
peratures fluctuate only moderately around zero (the minimum daily 
temperature recorded in Reykjavík is − 12 ◦C). Frost events particularly 
occurred 1–2 days following rainfall, simulated runoff, and RoS events 
which might not have been a long enough period to properly drain the 
swale media prior to the onset of freezing air temperatures. This was 
observed in the sharp drops in moisture content and soil temperature at 
5 cm depth after the November 22, January 29 and 31, February 11 and 
25, March 6 and 11 events (Fig. 4c and d). Frost formation was 
confirmed in the runoff experiments following those events and it was 
reflected in the deterioration in performance indicators. 

To maintain a good soil drainage, and reduce the risk of frost for-
mation, care must be taken in the design and operation of swales. Fine- 
textured soils such as clay and silt should be avoided in the filter media 
due to their low infiltration capacity and high water holding potential. 
Dust accumulation might occur when swales are located next to roads or 
parking lots with heavy traffic, especially in cold climates where studded 
tires that increase road erosion are used extensively (Barr, 2020). Filter 
strips are often used to capture road dust and sediments before entering 
the swale. In this study, the swale was adhering to best practices, but the 
swale filtering media laid on hard compacted clay. This might explain 
the low drainage capacity observed throughout the study period. 

5. Conclusions 

Maritime winter climate is both wet and mild, with air temperatures 
fluctuating around the freezing point and precipitation falling as rain-
fall, rain-on-snow and snow. This research assesses the impacts of co- 
acting winter conditions on the hydrological performance of grass 
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swales. To that goal, 63 synthetic runoff experiments were performed in 
a grass swale over 18 months. The swale hydrological performance was 
evaluated based on five metrics: the relative peak flow reduction, the 
relative infiltrated volume, runoff lag time, soil drainage capacity, and 
areal efficiency. 

Results indicated a significant impairment in the hydrologic perfor-
mance during winter. Peak flow attenuation was 13% in winter as 
compared to 20–40% in spring and summer. Similarly, the relative 
infiltrated volume was 22% in winter vs. 30–60% during the warm 
season. Poor flow attenuation was primarily associated with the 
reduction in soil porosity in the top 5 cm horizon because of the for-
mation of ice lenses. However, macropores created by vegetation roots, 
biological activity, and the frequent freeze–thaw cycles allowed for 
infiltration to the deeper layers of the soil. Thus, no concrete frost fully 
blocking infiltration was observed during the study period. Runoff lag 
times where three times shorter in winter compared to summer 
reflecting a reduction in surface roughness. While the surface frost 
significantly reduced the overall performance of the swale, it did not 
compromise the swale overall function of attenuating small and medium 
events. 

Snow cover provided both initial storage and resistance to overland 
flow resulting in longer lag times and high volume reduction during 
short-duration, low hydraulic loading events. But as an event pro-
gressed, overland flow formed in a concentrated path within the 
snowpack, effectively reducing the area of infiltration. The snow melted 
and added to the runoff volume. In the most severe case, the runoff 
initially stored in a thick snow was released instantaneously similar to a 
dam burst to the effect that the outflow exceeded inflow the swale. 
Hence, the combination of sudden snowmelt and low infiltration ca-
pacity can generate more intense rain-on-snow induced runoff events. 
However, this condition was observed only once in this study. 

This study provided, to the authors’ best knowledge, the first sys-
tematic assessment of the relative importance of hydraulic loading, 
surface and soil conditions on the seasonal performance of grassed 
swales in a cold climate. Single and multivariate regression analyses 
highlight that winter peak flow and volume reduction were primarily 
affected by surface temperature, followed by hydraulic loading and to a 
lesser extent snow depth. The moisture content of the underlying soil did 
not significantly affect the infiltration in winter but played a large role in 
explaining the variance in summer performance. The highest infiltration 
capacity observed in this study was when the soil was half saturated, 
which occurred in summer following a two-week dry period. Runoff lag 
times and areal efficiency were primarily affected by inflow rate and 
secondarily by surface conditions, such as snow depth. Soil drainage 
capacity was, however, governed by the 24-hour average swale media 
temperature following the event and the maximum soil saturation 
reached during the event. 

In a maritime climate, with air temperature oscillating in the order of 
15 times around the freezing point during winter, precipitation falls 
often in liquid form. Frequent rain and rain-on-snow infiltrates the 
ground which keeps the soil moist. In the absence of an insulating snow 
cover, the soil is more susceptible to freezing. Frost was observed to form 
within 1–2 days after runoff events, which negatively affected the 
swale’s ability to infiltrate subsequent events. This combined with a soil 
drainage capacity of only 20–26% in 24 h, as found in this study, kept 
the soil highly saturated during winter and more susceptible to freezing. 

With rising winter temperatures, regions that historically underwent 
a seasonal frost and snow period may now experience more frequent and 
intense mid-winter rain-on-snow followed by frost. This study confirms 
that SuDS may serve as a low impact, low-cost solution to reduce urban 
flooding in such cyclic climatic winter conditions. A special attention is, 
however, required in the design and operation of SuDS in relation to 
rain-on-snow and frost cycles. Proper soil drainage is instrumental in 
order to maintain the soil relatively dry and less susceptible to the 
frequent freezing. Limiting the presence of fine sediments that decrease 
infiltration is required both in the filter media during the construction 

phase and from surface loading during the operation lifetime of swales. 
The reduction in infiltration capacity during winter must also be taken 
into account when sizing SuDS. Therefore, incorporating site-specific 
considerations is recommended for the designing of infiltration-based 
components. 
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A B S T R A C T   

Sustainable Urban Drainage Systems (SuDS) promote environmental protection and climate resilience. SuDS 
implementation in cold climates faces concerns of impaired hydrological function due to infiltration-reducing 
frost. The goal of this research was to assess the seasonal variations in infiltration and how different surface 
covers prevalent in and near coastal cities respond to frequent rain-on-snow and freeze–thaw cycles. A total of 28 
constant head infiltration measurements were conducted over a period of 28 months in Urridaholt in Gardabaer, 
Iceland (64◦ 4′18.46′′ N, 21◦ 54′37.11′′ W) in a grass swale, lupine, and barren terrains. All test locations 
exhibited infiltration-inhibiting frost in winter, whose severity increased with frequent snow and freeze–thaw 
cycles. The grass swale resisted structural deformations resulting from frost, which was attributed to the high 
near-surface porosity within the intertwined root layer and the high drainage capacity of the underlying soil. The 
sparsely vegetated lupine and the barren area experienced severe frost heaving and cracking, and soil structural 
collapse which led to bypass flow upon thawing. The non-vegetated site had 30 to 50 times lower infiltration 
during winter (19 mm h− 1) compared to the grass swale and lupine field (630- and 890-mm h− 1, respectively), 
and twenty times lower during summer and fall (45 mm h− 1 vs. ~ 1000 mm h− 1). The study concludes that 
frequent warming and cooling renders soils particularly vulnerable to frost. Vegetation plays an instrumental role 
in maintaining the hydrological functions of SuDS in winter. Therefore, the greening of urban centers is an 
important step towards climate resiliency. Plant selection and SuDS design criteria need to account for cold 
climate hydrological performance. In that regard, plants that limit sunlight and fully shed their vegetation in 
winter, such as the invasive lupine, can potentially contribute to frost formation and increase runoff generation.   

1. Introduction 

Climate change and urbanization have motivated a shift in urban 
drainage policy from a single-purpose approach of reducing runoff to a 
multi-functional approach that provides social, economic, and health 
benefits (Davis et al., 2012; Deletic and Fletcher; Fletcher et al.; Wong 
and Brown, 2009). Decentralized, infiltration-based stormwater man-
agement using Sustainable Urban Drainage Systems (SuDS) has gained 
increased popularity in the recent decades (Barrett, 2008; Caraco and 
Claytor; Fletcher et al.; Wong and Brown, 2009). SuDS effectiveness in 
reducing and treating surface runoff largely relies on their infiltration 
capacity (Davis et al., 2012; García-Serrana et al.; Rujner et al., 2018). 
One of the key concerns with the wide adoption of SuDS in cold climates 
is the potential occurrence of infiltration-limiting frost (Fach et al., 
2011; Khan et al., 2012; Muthanna et al., 2008; Paus et al., 2016; Zaqout 

and Andradóttir, 2021), which can render the normally permeable 
surfaces non-conductive (Bengtsson and Westerström, 1992; West-
erström, 1984). Yet, there are also indications that bioretention systems 
can still perform well in freezing temperatures (>80% peak flow 
reduction; Khan et al., 2012; Roseen et al., 2009). 

The conflicting reports on winter infiltration and frost formation are 
linked to a complex interplay between the soil, vegetation cover, and 
climatic conditions. Fine-textured, compacted, organic-rich soils 
hamper infiltration and drainage (Hillel, 1998; Rawls et al., 1983), while 
macropores and cracks formed by plant roots and freeze–thaw cycles aid 
it (Beven and Germann, 1982; Gray et al.). Densely vegetated surfaces 
(such as grass) tend to maintain a lower soil water content, higher 
infiltration rate and are less prone to frost formation than sparsely 
vegetated surfaces in rural areas (van der Kamp et al., 2003). Moreover, 
dense vegetation accompanied with deep roots such as in deciduous 
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forests allows for greater infiltration and less ice formation potential 
than dense vegetation or deep roots alone as exemplary of coniferous 
(evergreen) forests (Bormann and Klaassen, 2008; Orradottir et al., 
2008). The type of frost and the hydraulic conductivity of frozen soils 
are, in turn, largely governed by the soil moisture content at the onset of 
freezing (Al-Houri et al., 2009; Fach et al.; Flerchinger et al., 2013), 
more so than the freezing temperature (Benoit, 1973): Relatively dry 
soils and dense vegetation promote granular and porous frost, while 
saturated soils and sparse vegetation are prone to concrete frost for-
mation (Kane, 1980; Kane and Stein, 1983; Stoeckeler and Weitzman, 
1960; Orradottir et al., 2008). Severe surface flooding occurs during 
sudden snowmelt events when all the filtering media pores are filled 
with ice or during saturated conditions (Bengtsson, 1985; Bengtsson and 
Westerström). 

Frequent rain-on-snow and freeze–thaw is the key cause of urban 
flooding in cold maritime climate (Andradóttir et al., 2021). The 
repeated supply of cold liquid water from melting snow and the lack of 
thermal insulation from the atmospheric cooling provided by a contin-
uous, seasonal snow cover render the soils wet for extended periods and 
susceptible to frequent freezing and thawing (Zaqout and Andradóttir, 
2021; Flerchinger et al., 2013; Muthanna et al., 2008). Repeated 
freeze–thaw in dry soils enhances the formation of preferential flow 
paths and near-surface cracks (Fouli et al., 2013; Kane and Stein, 1983; 
Baratta, 2013; Flerchinger et al., 2013). Aggregate stability may increase 
after the first freeze–thaw cycle in wet soils, while decrease as more 
freezing cycles occur due to ice-lens and fractures formation (Arnalds, 
2015; Flerchinger et al., 2013; Lehrsch, 1998). Considerable uncertainty 
remains on the role of freeze–thaw cycles on infiltration. For example, 
infiltration was observed to increase in clayey silt with the number of 
freeze thaw-cycles (Sterpi, 2015), while it remained unaffected, or 
decreased slightly, in loamy sand and clayey soils (Fouli et al., 2013). 

As a result of climate change, more cities around the globe are pre-
dicted to experience frequent rain-on-snow and freeze–thaw cycles 
(Dong and Menzel, 2020; Garvelmann et al.). The performance of SuDS 
during frost is, however, still poorly understood and a limiting factor in 
their adoption in cold climates (Ekka et al., 2021; Fletcher et al.). Studies 
that evaluated infiltration capacity during winter freezing conditions are 
either based on laboratory soil columns without a vegetation cover (e.g., 
Fach et al., 2011; Moghadas et al., 2016); focused on sparse, large- 
rooted vegetation in bioretention cells with underdrains (e.g., Khan 
et al., 2012; Muthanna et al., 2008; Paus et al., 2016); or conducted in 
rural areas (e.g., Fouli et al., 2013; Gray et al.; Kane and Stein, 1983; 
Orradottir et al., 2008). Additionally, no studies have comprehensively 
investigated the efficiency of grass swales in cold climatic conditions 
(Ekka et al., 2021). Urban terrains differ from their rural counterparts 
because of soil compaction, clogging, and disruption, which results in 
inaccurate prediction of runoff volumes and peaks (Pitt et al., 2002). 
Therefore, to successfully transition to more climate-resilient cities, the 
response of different kinds of permeable urban surfaces to maritime 
winter conditions needs to be better understood, especially grass which 
constitutes a major share of green surfaces in the temperate and arctic 
regions (Kane and Stein, 1983). 

The goal of this study was to quantify the changes in infiltration 
between summer and winter in three different surface covers in an urban 
area subject to the same hydro-climatological conditions. For this pur-
pose, field infiltration experiments were conducted over 28 months in a 
grass swale specifically designed to infiltrate water and two adjacent 
terrains: a land covered with lupine (Lupinus nootkatensis) introduced for 
restoring deteriorated ecosystems (Vetter et al., 2018), and a bare soil 
(hereafter referred to as barren). Each surface cover has a different plant 
density and root characteristics and constitutes large areas in public or 
undeveloped urban areas. A particular focus was on relating infiltration 
capacity to surface frost and structural deformations as well as soil 
moisture content and soil drainage, the latter of which is relatively little 
discussed in previous infiltration experiments studies. 

2. Materials and methods 

2.1. Site description 

The BREEAM (Building Research Establishment’s Environmental 
Assessment Method) certified residential neighborhood of Urridaholt in 
Gardabaer, Iceland (64◦ 4′18.46′′ N, 21◦ 54′37.11′′ W) implemented 
SuDS to preserve the pre-development water cycle. The study site en-
compasses a grass swale and two nearby surface covers in a sloping 
landscape (Fig. 1a). The swale is approximately 3 m wide with a trap-
ezoidal shape to infiltrate and convey excess runoff from private lots 
linearly to the downstream pond Urridavatn (Fig. 1b). The swale is 
separated into sections by check-dams to attenuate the flow. On one side 
of the swale is a lupine field (Lupinus nootkatensis), and on the other side, 
a gravelly path that was paved with asphalt in February 2019. The 
lupine was introduced from Alaska during the last century and has been 
used to facilitate the reclamation of degraded surfaces. Further uphill, 
an area of barren soils can be found (Fig. 1a). The three surfaces at this 
site represent varying plant densities and different root structures and 
depths (Table 1). Being located close to one another, the different sur-
faces develop a similar thick snow cover in winter and of similar density 
(Andradóttir and Zaqout, unpublished data). 

The grass swale was constructed without specific layering or an 
underdrain. A 50 cm thick soil overlies a natural clay layer and basaltic 
rock. The dominant soil texture class in the three tested sections of the 
swale was sandy loam according to USDA Soil Textural Classification 
(USDA, 1987). The soil in the swale consisted of 15–20% gravel, 
75–82% sand, and 2.5–4% fines in accordance with ASTM D6913 
(ASTM, 2017). The soil in the lupine field was also classified as sandy 
loam but contained a higher portion of fines (16.5%), while the sand 
portion was similar to the one in the swale (72%). The soil bulk density 
and porosity were measured in the laboratory as intact soil cores were 
extracted at 10-cm intervals from the 30-cm soil horizon, which showed 
a higher porosity in the grass swale than in the lupine field (Table 1). 

2.2. Experimental approach 

Many studies on soil freeze–thaw cycles have been conducted in 
controlled incubators or growth chambers using repacked soil columns 
or intact mesocosms (Henry, 2007). While providing valuable infor-
mation, laboratory tests underestimate field infiltration because of the 
artificial packing of the soil and lack of naturally formed cracks and 
pores due to vegetation (Ding et al., 2019). The small volumes of the 
collected soils also lead to a rapid equilibrium with ambient air tem-
peratures, which causes unrealistically severe freezing and large tem-
perature fluctuations (Henry, 2007). Field experiments, in turn, can 
account for the spatial variability of a heterogeneous terrain over 
different seasons. Ring infiltrometers are thin-walled (single or double), 
open-ended cylinders that are inserted in the ground and can be used to 
estimate the cumulative infiltration rate and the field saturated hy-
draulic conductivity (Elrick et al., 1995; Reynolds and Elrick, 1990; 
Dane et al., 2002). 

The approach taken in this study was to use single ring infiltrometers 
to assess water infiltration at the top 20 cm of soil that is prone to frost 
formation in a cold maritime climate. The perceived advantage of using 
double-ring infiltrometers is questionable during freezing conditions, as 
the effectiveness of the outer ring in eliminating lateral flows is not 
proven except for shallow ponded depths and impractically large di-
ameters (Swartzendruber and Olson, 1961; Youngs, 1987). Shallow 
ponded water depth is not appropriate in subfreezing temperature, as it 
increases the risk of water freezing within the ring during the experi-
ment. Additionally, in seasonally wet soils with high water holding ca-
pacity (Zaqout and Andradóttir, 2021), such as in this study, an 
overestimation of the infiltration capacity due to lateral flow resulting 
from the capillarity of the surrounding unsaturated soil (Reynolds and 
Elrick, 1990), is less of a concern. The small set of single infiltrometers 
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may serve as a good indicator of whether and to which degree infiltra-
tion is reduced in winter. 

2.3. Experimental design and procedure 

A total of 8 infiltration rings were installed at the study site in the 
summer of 2018. The infiltrometers were placed close to one another, 
with easy access to water supply along a walking path (Fig. 1a). The 
rings were 22.5 cm in diameter and 40 cm in height. The infiltrometers 
were gently hammered to establish good contact with the soil and to 
minimize disturbances down to 15–17 cm depths perpendicular to the 
slope of the soil surface. A drainage hole was drilled at the bottom of 
each ring to prevent the accumulation of water inside in between 
measurements, which is plugged before the commencement of a mea-
surement. Four infiltration rings were added in the summer of 2019 in 
order to get a better representative sample in the grass swale. 

A mesh was placed within the infiltration ring to ensure that the 
water poured into the ring uniformly spread over the surface. An initial 
volume of water was added instantly at time t = 0 until the water level 
within the ring stabilized, and using a stopwatch, the recording of time 
was started. The water level or ponded depth (H) was maintained at 
approximately 5 cm by adding water continuously using graduated 

cylinders with volumes of 1 and 2 L. The added volume was recorded 
every 5 min and timed using a timer. The experiment was discontinued 
when the added volume remained constant for three consecutive itera-
tions, which occurred after approximately 45–60 min during summer 
and 30–45 min during winter. The measurements were conducted once 
every 3–4 weeks to minimize the disturbance of the study site prior to 
each measurement. 

Before each infiltration measurement, the surface, water, and air 
temperatures were measured using a handheld thermometer. Pictures 
were taken of the terrain surface within the rings. The presence of sur-
face frost was noted by visually observing the presence of ice lenses (see 
Fig. 1c). Soil structural changes and frost heave were evaluated by 
measuring the distance between the pre-set soil surface elevation and 
the surface elevation on the measurement day using a hand-held 
measuring tape. 

2.4. Continuous data monitoring 

Soil conditions. Soil water content and temperature were measured at 
a grass swale located 50 m downhill of the study locations at depths from 
5 to 45 cm at 10-cm intervals. Readings were logged using a data logger 
(type CS650, Campbell Scientific, Inc., accuracy ± 1%, Caldwell et al., 

(a) (b)

(c)

Fig. 1. a) Study site and locations of the single-ring infiltration measurements at the swale (S1–S6), lupine field (L1 and L2), and barren area (B1 and B2), b) the grass 
swale during summer, c) examples of freezing conditions in the grass swale (bottom left), and in barren soil (bottom right). 

Table 1 
Characteristics of soil in the terrains at the Urridaholt study site (Gimingham, 1969; Hanslin and Kollmann; Riege and Sigurgeirsson, 2009), and measured onsite soil 
characteristics.  

Plant species Description Shoot Roots Soil*     

Porosity 
(%) 

Bulk density (g 
cm− 3) 

Soil 
texture 

Grass Herbaceous species with soil- 
binding root structure. 

Dense (6–10 blades/ 
cm2) 
Uniform (mat-like) 
Height: 2–15 cm. 

Density: high. 
Fibrous and shallow (5–10 cm). 

28–52 1.46–1.93 Sandy 
loam 

Lupine (Lupinus 
nootkatensis) 

Hardy plant with nitrogen 
fixating root system. 

Sparse (0.6–1 m 
between plants) 
Height: 30–90 cm 
Leaves: Palmately, 
<6 cm long.  

Density: low. 
Thick, deep (1–2 m) taproot, with a few 
secondary or tertiary lateral roots. 

27–45 1.27–1.90 Sandy 
loam 

Notes: * Range represents variation in depth below surface. Highest porosity and lowest bulk density were measured within first 10 cm of soil. Lowest porosity and 
highest bulk density were measured at 30 cm. 
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2018) every 1 min. Similarly, the adjacent lupine field was instrumented 
with the same instruments at 5, 15, and 25 cm depths starting September 
2019. A soil-specific calibration was conducted in the laboratory, and a 
linear user-defined calibration equation was derived for volcanic soils e. 
g., Icelandic Andosols (described in Campbell Scientific Inc, 2021). Soil 
temperature measured by the local utility Veitur ehf at the Heiðmörk 
station located 10 km inland from the study site was obtained for 
reference (Veitur, 2021). The measurements were made at 5, 10, 15, 20, 
and 50 cm depths from December 12, 2018, to October 31, 2020. 

Meteorology. Ten-minute weather, air temperature, and rainfall data 
were collected from a weather station installed in February 2019 and 
operated by the Icelandic Meteorological Office [IMO] on behalf of the 
Gardabaer municipality (IMO, 2020a). The station is located approx. 
100 m downstream from the location of the measurements. Hourly 
temperature, snow depth, and rainfall were also collected from the 
Reykjavik No. 1 station located on a hilltop 6 km away from the study 
site (IMO, 2020b) for reference purposes. 

2.5. Data analyses 

Winter climate and soil conditions. The seasonal number of air 
freeze–thaw cycles and the freezing and thawing indices were calculated 
to assess the intensity of these air temperature variations using the 
degree-day method (Andersland and Ladanyi, 1994; Zwissler et al., 
2016). The air freezing degree days (FDD) were estimated as the sum of 
the daily average temperatures below zero (Tavg < 0 ◦C) during winter 
(November to March), and the thawing degree days (TDD) were esti-
mated as the sum of the daily average temperatures above freezing (Tavg 
> 0 ◦C): 

Degree day = Tavg − 0◦C (1)  

Cumulative Degree day =
∑

(Tavg − 0◦C) (2) 

Similarly, a soil frost cycle was derived based on the average daily 
temperature at 5 cm depth so that if the soil temperature dropped below 
zero for one day would be counted as a cycle. Maximum frost penetra-
tion was derived as the maximum soil depth at which the average daily 
temperature was below zero. A rain-on-snow (RoS) event was defined as 
a day with precipitation concurrent with a reduction in snow depth. A 
snow cycle was defined as 24-hours with a snow depth of >1 cm 
measured at 9 AM. 

Saturated hydraulic conductivity (Ksat) was estimated with two sig-
nificant digits from the measured steady-state flow rate (Qs in m3/s) 
following the analytical expression of Reynolds and Elrick (1990) for the 
one-ponding-depth approach 

Ksat = (αγQs)/T (3)  

where 

T =
[
a(αH + 1) + γαπa2 ], (4)  

and 

γ = Ge = 0.316
(

d
a

)

+ 0.184 (5)  

where α in m− 1 is a parameter defined by soil texture taken as 12 for 
loam soils (Gardner, 1958), Ge is a shape factor, T is a function of the soil 
texture, ponding depth, and the radius, a is the ring radius in meters 
(0.04 m2), d is the depth of ring insertion in the ground in meters (0.15 
m), and H is the ponded water level in meters (0.05 m). 

The relationships between Ksat and soil and water temperature were 
then compared with the theoretical relationship describing the varia-
tions in water density and viscosity (Hillel, 1998). 

Ksat = k
ρ∙g
μ (6)  

where k is the intrinsic soil permeability (cm2), ρ is the water density (g/ 
cm3), g is the gravitational acceleration (cm/s2), and μ is the water dy-
namic viscosity in poise units (dyn sec/cm2). 

Statistical analyses. The similarity in temporal evolution of infiltra-
tion amongst different testing locations within the same terrain was 
tested with linear regression analyses. Similarly, the relationship be-
tween infiltration and weather conditions was tested with linear 
regression. Inter-and between terrain variability were assessed using 
one-way analysis of variance (ANOVA) where the different terrains 
(grass swale, lupine, barren) were treated as main effects. The differ-
ences between terrains were analyzed by performing multiple compar-
isons using the student’s t test to look for significant differences. Data 
used for analysis was transformed where required in order to account for 
the assumptions of normality. The normality of the data was tested using 
the Kolmogorov-Smirnov test (K-S) and Shapiro-Wilk test. The 
normality is accepted at p > 0.05. The spatial variation within the swale 
was assessed by comparing the arithmetic mean of the infiltration rates 
from each of the six infiltrometers. Statistical difference was based on 
the 5% significance level unless otherwise stated. 

3. Results 

3.1. Meteorological conditions 

An overview of the weather during the 28-month study period is 
presented in Fig. 2. In the first winter, the snow season started unusually 
late in the middle of January with a 32-day long snow cycle with a 
maximum 31 cm depth (Fig. 2a). This corresponds to one of the longest 
snow cycles ever recorded in Reykjavík (Andradóttir et al., 2021; 
Arnardóttir, 2020). At the same time, the air temperature fluctuated 
around the freezing point (Fig. 2b), reflected in a balance between 
freezing and thawing days (FDD and TDD; Fig. 2c). The second winter, 
however, was representative of average maritime cold climate condi-
tions with 21 freeze–thaw cycles, intermittent snow cover (13 snow 
cycles, longest lasting 23 days) starting November 18, and moderate 
snow depth (max. 12 cm; Table 2). The subsurface also experienced 
more days of frost, more intense and deeper frost penetration, as well as 
more thaw cycles. The spring and summer conditions were equally 
warm, but summer 2019 was drier with total precipitation of 307 mm 
compared to a 409-mm total rainfall during summer 2020. 

3.2. Seasonal evolution of infiltration 

Tested locations within each terrain exhibited a similar seasonal 
evolution during the 28 field campaigns (Fig. 3, top panels), reflected in 
good correlation coefficients and low p-values (Fig. 3, bottom panels). In 
winter 2018/2019, with the long-standing snow cover (Fig. 2a), the 
infiltration in the grass swale’s sections was not impeded or slightly 
increased, however insignificantly (p > 0.05; Fig. 3a), compared to 
summer. This is in stark contrast to the less dense vegetation cover 
lupine (Fig. 3c) and bare ground (Fig. 3e), where the winter infiltration 
dropped to half that of the antecedent summer. During the following 
winter, characterized by intermittent snow and frequent freeze–thaw, 
infiltration-inhibiting frost formed in all terrains. The sites covered with 
the dense grass turf remained infiltrative during the freezing period. The 
sparsely vegetated areas exhibited both a reduction and a subsequent 
increase in infiltration around mid-winter in the lupine field (Fig. 3c), 
and late winter in the barren soil terrain (Fig. 3e). The high infiltration 
rates coincided with structural deformations observed at the surface 
(discussed in section 3.3 to follow). It is interesting to note that after the 
structural deformations in the latter part of winter, the infiltration rates 
did not return to the same values as the summer before. Thus, suggesting 
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that the soil structure was rearranged as a result of intense freeze–thaw 
cycles. 

The linear regression between the tested locations (Fig. 3; bottom 
panels) indicates that despite the differences in absolute values, each 
terrain exhibited a similar response to seasonal and event-based 
changes. Except for the test location S1, which behaved differently 
during the testing period, infiltration measurement pairs were well 
correlated within each location (R2 = 0.32–0.65), and statistically sig-
nificant at the 95% level (p < 0.05). The less vegetated sites that were 
susceptible to structural changes, i.e., the lupine and barren fields, also 
showed consistent patterns in infiltration during frost, freezing and 
thawing behavior, and soil deformation as well as when returned to 
normal conditions in spring. This high similarity between test sites 
within the same terrain supports the use of a small number of 

infiltrometers to assess the potential formation of infiltration-inhibiting 
frost during frequent freeze–thaw cycles. 

3.3. Frost heave observations 

The areas with sparse or absent vegetation cover (i.e., lupine and 
barren) were vulnerable to freezing and thawing and frost heave, while 
the grass swale exhibited no signs of frost related surface cracks or heave 
(Fig. 4a). Specifically, during the second winter, which was represen-
tative of maritime climate. Frost heave was physically observed on both 
test locations in the lupine field after 3 FTCs on December 18, 2019 
(Fig. 4a; middle column), concurrent with a 58% reduction in infiltra-
tion capacity (Fig. 3c). A month later, after 5 FTCs, the soil structure at 
the lupine location (L2) had collapsed inward within the ring when 
thawed, forming large cracks and a separation between the infiltration 
ring and the soil. Concurrent with the observed soil surface collapse, 
abnormally rapid water infiltration rate was observed on January 17, 
2020, which is interpreted as bypass flow along the side walls of the 
infiltration ring. Lupine location (L1) followed after 7 FTCs a month 
later. The soil recovered in spring, but the average infiltration rates in 
the lupine terrain were 34% lower than summer averages. 

In the barren sites, the infiltration dropped by 34% after only one 
FTC, plunging to only 4 mm h− 1 after 3 FTCs on December 18 when frost 
heave was physically observed (Fig. 4a; rightmost). Concurrent with 
such low infiltration was low drainage that maintained the soil wet and 
ultimately resulted in the formation of an ice layer on the surface, which 
impeded infiltration throughout winter 2019/2020. During the spring 
thaw, the barren soil became supersaturated. The infiltration ring 
moved vertically upwards by 8 cm (Fig. 4a; bottom panel), and water 
seeped from underneath the ring during an infiltration experiment, 
indicative that the soil was still frozen underneath, blocking infiltration. 
Hence, these physical observations suggest deep frost formation in the 
barren ground, which was neither observed in the lupine nor grass. The 
structural changes in the barren were accompanied with an increase in 
measured infiltration rates as high as 1753% corresponding to 685 mm 
h− 1. 

During the milder winter, frost related deformations were also 
observed but only towards the end of winter and beginning of spring 
thaw (Fig. 4b). Frost heave was physically observed not only within, but 
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Table 2 
Characteristics of the winter seasons 2018/2019 and 2019/2020 in Urridaholt, 
Gardabaer.  

Physical 
domain 

Indicator Winter 2018/ 
2019 

Winter 2019/ 
2020 

Precipitiation1 No. of snow cycles 3 13  
Maximum snow depth 
(cm) 

31 12  

Max duration (day) 32 23  
Cum. Precipitation 
(mm) 

428 528  

RoS (days) 13 35 
Air1 No. FDD 44 64  

No. TDD 107 88  
Cum. FDD (◦C) − 104 − 111  
Cum. TDD (◦C) 392 229  
Freeze-thaw cycles 13 21 

Soil2 Soil frost cycles 5 12  
Max frost depth (cm) 5 15  
Min soil temperature 
(◦C) 

− 0.98 − 3.68  

No. of days with soil 
frost 

113 167 

Notes: Winter is defined as the five months of November to March. FDD =
freezing degree-days. TDD = thawing degree-days. 1Reykjavik station No. 1, 2 

Rural, unforested Heiðmörk at 5 cm depth (Veitur, 2021). 
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also between, the two tested locations in the lupine terrain (Fig. 4b; top 
and bottom left). In addition, large cracks were observed outside the test 
rings in the barren area (Fig. 4b; bottom right). Frost heave, large cracks, 
and subsequent collapse, that contributed to observed bypass flow 
during the second winter with frequent freeze–thaw cycles (Fig. 2a), 
were not bound to the location of the metal infiltration rings, but a 

prevalent phenomenon in the lupine and barren terrains. In the 
following analyses, the primary focus is on the infiltration measure-
ments representing porous media flow. Therefore, the high infiltration 
rates related to the occurrence of bypass flow are not included in the 
analyses. 
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Fig. 4. a) Schematic of the soil structural changes in the different terrain during winter 2019/2020 compared to the swale (left) at the lupine (center), and at the 
barren (right), and b) visual observation of frost heave in the lupine and surface cracks in lupine and barren. 
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3.4. Underlying soil conditions 

Continuous water content and temperature data in the lupine and 
swale fields give insights into the susceptibility of the soil in the lupine 
terrain to frost. The soil at 5 cm depth started to freeze one month earlier 
under the sparsely vegetated terrain (lupine) than in the more perma-
nently vegetated grass swale in winter 2019/2020 (Fig. 5a). But more 
importantly, the drainage capacity of the soil in the swale was much 
higher than in the lupine (the 24-hour average reduction in saturation 
was 14% in the swale compared to only 4% in lupine during winter 
runoff events; Fig. 5b). As expected under such conditions, the degree of 
saturation in the lupine field was on average higher than in the grass 
(85% vs. 80%, respectively), consistent with a higher field capacity. 
Moreover, the soil in the grass swale repeatedly reached high saturation 
levels (88–100%) in response to rainfall and/or snowmelt but never 
reached saturation (max 92%) in the lupine. This indicates that the near- 
surface porosity in the grass was higher due to the interlinked roots 
system beyond the grass cover. This could also be explained by the 
presence of more fine materials (silt and clay) in the lupine terrain than 
in the manmade grass swale. Consistent with high water holding ca-
pacity and poor drainage, the soil under lupine reached supersaturation 
during spring thaw on March 20 (Fig. 5b). However, the soil at 5 cm 
depth in the grass swale seems to form porous near-surface frost more 
easily than lupine, which was observed in the sharp reductions in water 
content following three natural snowmelt/RoS events due to a phase 
change from water to ice (Fig. 5d). The type of frost seemed to permit 
vertical water movement, which was confirmed during the synthetic 
runoff experiments conducted by Zaqout and Andradóttir (2021) in the 
same swale section. Lastly, the seasonal evolution of the temperature of 
the deep soils at 25 cm is statistically similar in winter, with frost never 
reaching this depth for both lupine and grass (Fig. 5c). The lupine, 
however, provided sun shading in summer, as reflected in 0.6 ◦C lower 
soil temperature than in the grass swale. 

3.5. Temperature dependence 

Water and surface temperature contribute to changes in infiltration 

rates. As temperature decreases, the infiltration capacity drops because 
of the increased water viscosity (Equations 3–6). The average water 
temperature used in the infiltration experiments during summer and fall 
experiments were 13 and 11 ◦C, respectively. The average water tem-
perature was significantly lower during winter (3 ◦C). Similarly, the 
surface temperature measured next to each infiltration ring was lowest 
during winter with an average of − 0.42 ◦C compared to an average 
surface temperature during summer of 12.5 ◦C. The theoretical rela-
tionship of increasing hydraulic conductivity with water temperature is 
confirmed with a linear regression analyses of measured infiltration 
rates in the grass swale (Fig. 6a). The correlation is weak but significant 
at the 95% confidence level (R2 = 0.27). The relationship between 
infiltration capacity and ground surface temperature was stronger than 
that between infiltration and water temperature (R2 = 0.42; Fig. 6b), 
supporting that the temperature of the soil medium exerts a control on 
the infiltration rate. The large residuals between the observed rates and 
the theoretical relationship reflect the importance of other seasonal 
processes than the effect of temperature variations on infiltration ca-
pacity: During summer, biological activity and root growth contribute to 
enhancing infiltration, whereas the formation of pore ice and structural 
changes reduces permeability in winter (García-Serrana et al., 2017). 
However, no statistically significant correlation between temperature 
and infiltration was found for lupine and barren soil (Fig. 6c and d). This 
suggests that the antecedent moisture and frost formation processes play 
a more influential role than water viscosity in these terrains. 

3.6. Impact of snow cycles on infiltration 

The two studied winter seasons exhibited different meteorological 
conditions, which reflected on frost formation and infiltration capacity. 
To identify which meteorological driver influenced infiltration capacity 
the most, the temporal evolution of infiltration during winter was 
analyzed with respect to representatives, readily available hydro-
climatic factors: (1) No. of FDD to represent seasonal cooling; (2) No. of 
snow cycles (snow depth > 1 cm) to represent the fluctuations in sur-
face/soil conditions in a maritime climate. The number of freezing de-
gree days did not explain the temporal evolution of infiltration in winter 
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and between winters. In general, the response of each terrain was 
consistent between years when plotted against the number of snow cy-
cles (Fig. 7). The infiltration rate dropped with increasing snow cycles in 
the grass and barren (Fig. 7a, c). The lupine started to show de-
formations after 2–4 snow cycles (Fig. 7b). This supports the interpre-
tation that structural changes due to frost heave, and the potential 
formation of macropores, are related to the frequency of freeze–thaw 
more than the severity of cooling. 

3.7. Variability within and across terrains 

While the primary focus of this study was to resolve the effects of 
frequent freeze thaw on infiltration in the different terrains, the exper-
iments also provided insights into spatial variability. A summary of all 
measurements conducted within each test site during the two-year 
monitoring program is presented in Fig. 8. The variability, shown as 
boxes representing the median, 25th, and 75th percentiles, and the 

extreme data points (whiskers) represent both seasonal variability and 
variability between the two winters with different frost intensity, as 
discussed in sections 3.1 and 3.6. Of the six test sites in the grass swale, 
three (S2 to S4) did not significantly differ (p > 0.05). S5 and S6 were 
both statistically different from the remaining test locations (p < 0.05). 
The unusually high infiltration in S6 (Fig. 8a) was attributed to the 
presence of large rocks at the bottom of the infiltration ring. Despite 
some statistical differences, consistent drops were recorded in winter 
across all the test locations within the grass swale. The two lupine test 
sites were statistically different but within the same range (Fig. 8b). The 
infiltration capacity in the two barren sites did not significantly differ 
(Fig. 8c). While acknowledging the spatial variability, the infiltration in 
each location can be compared on an order of magnitude basis. The 
comparison suggests that infiltration in the vegetated terrains was on the 
same order of magnitude during the two-year study period. The infil-
tration in the non-vegetated terrain was, however, an order to two 
magnitudes lower (Table 3). 
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4. Discussion 

4.1. Role of SuDS in a cold maritime climate 

SuDS aim to reduce urban flooding via infiltration and flow retard-
ance by replacing traditionally impervious areas with permeable, green 
areas. Besides the known hydrological benefits, reducing and treating 
runoff of harmful pollutants, SuDS also enhance biodiversity and the 
aesthetical value of urban areas. This study provides new insights into 
the potential role of infiltration-based solutions in strengthening the 
resilience of urban areas against winter flooding in a maritime climate 
characterized by frequent freeze–thaw cycles. Infiltration experiments, 
physical observations, and continuous monitoring (Table 4) demon-
strated that an engineered grass swale, with a continuous and finely 
woven root mat and more porous underlying soils, drained faster, 
developed less frost, resisted soil deformations due to frost in compari-
son with two undisturbed terrains (lupine and barren) during frequent 
freeze–thaw (winter 2019/2020). These surface and soil properties 
resulted in a sustained infiltration throughout repeated freeze–thaw. 

The non-vegetated terrain (i.e., barren) was prone to frost formation 
and infiltration-inhibiting concrete frost. The sparsely vegetated field (i. 
e., lupine) maintained high saturation during winter, which led to a 
singular occurrence of concrete frost formation, frost heave during both 
winters, and bypass flow following a structural collapse upon thawing in 
the second winter. While macropores might be beneficial in alleviating 
urban flood risks by increasing infiltration during winter, flow through 
large preferential paths reduces the pollutant removal efficiency asso-
ciated with water movement through porous media. This contradicts the 
integral function of SuDS which ultimately aim to preserve the integrity 
of receiving waters and can be particularly dangerous in cold regions, 
where snow that accumulates more pollutants than rainfall-induced 
runoff is often cleared from streets and deposited in roadside swales 
(Andradóttir and Vollertsen, 2015; Gavrić et al.). Bypass flow through 
cracks and fissures has been observed to severely limit solute removal 
within the top 1 m of soils (Flury et al., 1994). While the water quality of 

infiltration was not a focus in this study, the rapid water seepage 
observed following the severe structural deformation in the lupine and 
barren suggests a potential water quality risk. Structural changes due to 
freezing and thawing resulted in a semi-permanent decrease of 29% and 
26%, in the lupine and barren, respectively, between summer 2019 and 
2020, while the grass swale increased infiltration by 50%. In summary, 
this study highlights that surface vegetation plays an essential role in 
improving infiltration in summer and winter. Bare soils had a signifi-
cantly lower infiltration capacity than the vegetated surfaces during the 
two-year study period, which can amplify runoff peaks and volumes in 
urban areas making such non-vegetated areas undesirable for sustain-
able urban development. 

This research also shows that repeated freeze–thaw, characteristic of 
cold maritime climate, is detrimental to infiltration in manufactured and 
undisturbed terrains. By studying two distinct winters, one with a 32- 
day long snow cycle together with a few short-lived ones, the other 
with intermittent snow cover over five months, soil freezing, and 
reduced infiltration were linked to repeated cycles of snow rather than 
cumulative degree-days of cooling, represented by FDD (Table 2). This 
confirms previous hypotheses (e.g., Muthanna et al., 2008; Roseen et al., 
2009) and observations (Zaqout and Andradóttir, 2021) that repeated 
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Table 3 
Statistical analyses of seasonal mean and standard deviation of infiltration in 
mm hr-1 (and number of measurements) in three terrains during 28-month study 
period.  

Season Grass Lupine Barren 

Summer & fall 980a ± 560 
(67) 

890a ± 330 
(26) 

45b ± 15 
(26) 

Winter 630a ± 530 
(40) 

890b ± 370 
(15) 

19c ± 20 
(20) 

Notes: Means connected with the same letter are not statistically different from 
each other, statistically significant for p-value < 0.05. 

Table 4 
Summary of physical observations in urban Reykjavik during frequent freeze 
thaw cycles (winter 2019/2020).  

Physical domain Observations Plant/root density   

High Low None   
Grass Lupine Barren 

Surface Surface frost Yes Yes Yes  
Surface cracks Not 

visible 
Some Very 

large  
Frost heave Not 

visible 
High Very 

large 
Topsoil No. days w/ frost 167 170 – 
(≤5 cm) Avg. winter temperature 

(◦C) 
1.07 0.97 –  

Max. porosity 1 (%) 52/52 39/45 – 
Soil Avg. water content (%) 31 35  
(≤25 cm) Drainage capacity (% per 

24 h) 
14 4 –  

Max. saturation No Yes – 
Winter 

infiltration 
Min. Ksat (mm h− 1) 2 8 10 0  

Bypass flow No Yes Yes  
Ksat temperature 
dependence 

Yes No No  

1 Onsite soil porosity inferred from water content probes/measured at testing 
locations. 

2 Minimum measured hydraulic conductivity within a single test site. 
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melting and refreezing of meltwater within the soil media is an influ-
ential factor for the formation of frost and deeper frost (15 cm compared 
to 5 cm in the first winter). Previous research conducted in cold coastal 
regions (e.g., Khan et al., 2012; Muthanna et al., 2008; Paus et al., 2016) 
also emphasized the need for good drainage capacity to minimize the 
adverse effects of freeze–thaw cycles. This research, however, also 
suggests that vegetation cover can enhance the near-surface soil porosity 
that is repeatedly exposed to freezing air temperature in cold maritime 
climates, which in return improves the drainage capacity and minimizes 
the potential for frost formation. 

4.2. Practical implications for urban landscapes 

SuDS are usually designed based on local experience using available 
residual material onsite (Rujner et al., 2018). This study supports the 
importance of re-manufacturing local soils that are poorly draining for 
usage in infiltration-based urban drainage systems to avoid high water 
contents that can form impermeable frost (LeFevre et al., 2009; 
Muthanna et al., 2008). The grass swale’s good performance is attrib-
uted to the fact that the swale’s media was man-made and contained 
coarser material than the local soils present in the undisturbed terrains 
(i.e., barren/lupine) and because of the vegetation cover. Common 
complications resulting from cold climate conditions are altered surface 
roughness, increased runoff peaks and volumes, reduced or impeded 
infiltration capacity due to frost, dormant vegetation, and infiltration of 
de-icing salts (Roseen et al., 2009). However, such complications can be 
partially avoided by including a gravel-based drainage layer and/or 
underdrains to promote faster drainage (LeFevre et al., 2009). Mainte-
nance practices might need to also be reconsidered, which can include 
regular inspections following melt events to remove residual sand and 
sediments, and prepare damages to vegetation, and mulching to restore 
the moisture capacity and soil structure in spring (Caraco and Claytor, 
1997). 

Secondly, large areas of bare soils should be avoided because of their 
significantly worse seasonal infiltration potential and concrete frost 
potential in winter. Bare grounds within the built environment also tend 
to be more affected by human activity and increased compaction than 
vegetated terrains due to the lack of a root system that can sustain 
porosity (Barbosa et al., 2020). Leaving robust vegetated terrains un-
disturbed with native plants may be a cost-effective solution for peak 
flow and volume reduction during extreme summer rainfall events. 

Lastly, the SuDS literature focuses on selecting plants that can 
tolerate highly variable soil moisture conditions, the local soil pH and 
texture, and pollutant loading (Prince George’s County, 1999). This 
study highlights that plant selection criteria need to be expanded to 
ensure optimal cold climate hydrological performance. Sparsely vege-
tated, e.g., Lupinus nootkatensis that fully shed their vegetation in winter, 
and bare surfaces might not be a recommended practice because their 
susceptibility to the formation of cracks and macropore structures can 
lead to the bypassing of infiltrating water, therefore, jeopardizing the 
quality of groundwater. Lupine also tends to limit sun penetration to 
lower vegetation, leaving the ground similar to bare soil and frost- 
sensitive than the densely vegetated surfaces. 

4.3. Data strengths and limitations 

Assessing winter infiltration during frequent frost and snow cycles is 
not an easy task and difficult to optimize due to practical considerations 
(time, resources, sunshine duration, frost). The approach taken in this 
study was to conduct single ring infiltrometer experiments within the 
first 20 cm of soils that are prone to frost formation as a robust, time- 
efficient method that minimally disturbed the soil. The measured sea-
sonal evolution of infiltration exhibited high similarity between the test 
points within the same terrain, which supports the use of this technique 
to assess the impacts of frequent freeze and thaw infiltration within the 
same site (Fig. 3). Overall, the measured infiltration in non-vegetated 

terrain in this study conforms well with measurements in sandy loam 
soils, which varied from 1 to 87 mm h− 1 in frozen and nonfrozen con-
ditions in a laboratory setting (Al-Houri et al., 2009). The grass swale 
and lupine exhibited slightly higher summer and winter infiltration than 
a bioretention cell (450 mm h− 1 and 5–10 mm h− 1 in summer vs. winter; 
Paus et al., 2016), which can be attributed to the high porosity and low 
bulk density of Icelandic Andosols (Arnalds, 2015; Table 1). The study 
also confirms that spatial variability can be considerable even within 
small distances due to the heterogeneous nature of soils and frost for-
mation. Infiltration rates measured in the field using ring infiltrometers 
are always higher than rainfall-induced infiltration observed in real 
events due to the larger ponding depth (Hillel, 1998; Rawls et al., 1983). 
The saturated hydraulic conductivity measured using ring infiltrometer 
was 2 to 5 times higher in this study compared to synthetic runoff ex-
periments at the same site (Zaqout and Andradóttir, 2021), consistent 
with observations in bioretention cells made by Paus et al. (2016). 

Bypass flow was observed in sparsely vegetated terrains undergoing 
frequent freeze thaw but not quantified in this study. The use of intrusive 
metal rings may exacerbate the occurrence of macropore flow associated 
with frost heave and soil collapse, as the wall of the metal infiltration 
ring was observed to separate from surrounding soil. The inclusion of an 
outer ring (dual ring infiltrometer) is also expected to be vulnerable to 
bypass flow amplification as the surface area of the metal in contact with 
the soil would be larger. To quantify the increased infiltration due to 
frost-induced macropore formation, non-intrusive methods such as 
synthetic runoff events over a larger area (e.g., Bäckström; Davis et al., 
2012; Rujner et al., 2018; Zaqout and Andradóttir, 2021), would be 
preferred. Such methods, however, are not suitable for resolving spatial 
variability, require large amounts of running water and have a greater 
potential of generating synthetic freezing at the surface, as discussed in 
section 2.2. Lastly, the performance of infiltration-based systems can 
change considerably over extended periods (years) due to clogging, 
vegetation/roots growth, and structural changes, both natural due to 
soil deformations and intentional due to compaction, and management 
practices. Therefore, the findings, presented in this study, cannot be 
extrapolated to longer time periods. 

5. Conclusions 

Observations made over 28 months in this study provide insights into 
the hydrological performance of grass swales, urban runoff generation, 
the design, and implementation of green infrastructure in cold maritime 
climates. The field measurements were conducted in a grass swale with a 
permanent vegetation cover, a lupine field, and a barren terrain. The 
results indicate that the grass swale was more resilient to the developing 
infiltration-inhibiting frost, compared to the other less vegetated ter-
rains. The swale’s infiltration capacity was maintained throughout the 
study period despite the significant reduction in infiltration rates in 
winter compared to the summer and fall averages (630 vs. 980 mm h− 1). 
The sparsely/non-vegetated surfaces (i.e., lupine and barren), however, 
were more susceptible to frost formation and frost heave than the grass 
swale, which resulted in pronounced structural changes due to freeze-
–thaw cycles and led to a structural breakdown in the two terrains. The 
vegetated terrains were also considerably more infiltrative than the 
barren area throughout the study period, suggesting that the bare 
ground can generate higher runoff rates and volumes and can lead to a 
higher flooding risk, especially when soil frost is present. In addition, the 
structural deformation in those terrains, which may lead to the forma-
tion of large cracks, can result in groundwater contamination as the soil 
ceases to function as a filter, and crack flow may carry organic soil 
particles to groundwater systems. 

The findings of this research suggest that the stormwater control 
measures that provide sustainable urban drainage solutions in cold 
maritime areas should aim to minimize non-vegetated or impermeable 
areas and promote the integration of green surfaces for flood mitigation. 
Because of frequent rain-on-snow and intermittent snowmelt, the soils 
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tend to be more saturated in cold maritime climates than in continental 
areas, and thus, well-drained and vegetated soils are preferred to avoid 
media freezing and regular maintenance is required to sustain the 
functionality of SuDS. 
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Abstract 

The most severe urban flooding in cold maritime climates is due to the co-action of long-duration 

rainfall, snowmelt, and soil frost. Increasing winter air temperature due to climate change is 

projected to change the magnitude and frequency of rain-on-snow (RoS) events and increase the 

number of freeze-thaw cycles and midwinter snowmelt. While daily rainfall records are readily 

available, less is known about the infiltration and frost formation within urban soils. Thus, there is 

uncertainty on how warming winter conditions may affect urban flood risk and the climate 

resilience of cities. The aim of this study was, therefore, to assess soil frost formation in the past 

70 years in the maritime city of Reykjavík, Iceland (64° N, 21° W), and its co-action with runoff 

generation, and the potential implications on urban flood risk. To that end, the daily thermal and 

hydraulic conditions of the soil were simulated using the SHAW model dating back to 1949, 

calibrated based on hourly observations from 2007. Model simulations indicated that the minimum 

soil temperature at 10 cm depth has been warming at a rate of 0.015 °C/year in the past seven 

decades. Climate warming is also noted in a steady decline in frost depth and the duration of soil 
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frost each winter (p-value < 0.05). However, the freezing season has shortened so that the timing 

of maximum frost coincides more with the timing of maximum RoS and snowmelt events. 

Furthermore, RoS events during frost have the capacity to produce larger runoff volumes than 

rainfall or snowmelt alone based on the joint frequency analysis of winter events using the copula 

method. This, combined with increasing volume during RoS events, suggests that winter floods 

may intensify in the next decades, which urges re-thinking urban stormwater management in cold 

climates. 

 

Keywords: Climate change, flooding, rain on snow, snowmelt, frost, SHAW model.



3 

 

1. Introduction  

Soil frost is a widespread phenomenon affecting about 35% of the earth's surface (Williams & 

Smith, 1989). Soil frost significantly alters the hydrological cycle, and surface and subsurface 

exchanges of water and energy (Shanley & Chalmers, 1999; Wang et al., 2009). Infiltration into 

frozen and partially frozen soils is reduced due to the presence of ice lenses (Granger et al., 2011; 

Khan et al., 2012; Slater et al., 1998; Wang et al., 2009). Soil frost paired with rain-on-snow (RoS) 

generated the greatest number of flooded properties in a cold maritime climate (Andradóttir et al., 

2021). Additionally, frost formation is a key performance indicator for the hydrological 

performance of sustainable urban drainage systems (SUDS), which are increasingly adopted to 

integrate separate stormwater systems and increase cities' resilience to climate change (Zaqout et 

al., 2022; Zaqout & Andradóttir, 2021). Water infiltration into frozen soil is essential for 

understanding and managing the biological activity and nutrients in soils (Watanabe et al., 2013). 

Severe frost action can impair the development and even the existence of plants and, as such, is 

known to severely contribute to soil erosion and compromise land restoration efforts (Arnalds, 

2015; Benninghoff, 1952). 

The atmospheric-soil exchanges of heat and water, and hence soil frost formation, are governed 

by the surface conditions (snow and vegetation) and the physical properties of the underlying soil. 

Plant foliage influences the albedo and wind velocity profile near the soil surface, and hence the 

shortwave and turbulent heat exchanges; plant roots affect the soil porosity and stability 

(Flerchinger & Pierson, 1991; Zaqout et al., 2022). Snow is an effective insulator, and the absence 

of or late-developing snowpacks leads to deeper and more persistent soil frost (Shanley & 

Chalmers, 1999; Stadler et al., 2000). The conductance of heat and water through the soil is 
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affected by the grain size distribution, porosity, organic content, the presence of macropores and 

cracks, and the water content of the soil at the onset of freezing (Stähli et al., 1999). Specifically, 

dry soils have been found to maintain infiltration even when frozen, while saturated soils promote 

concrete frost formation (Granger et al., 2011; Kane, 1980).  

Coastal cold regions are subjected to intermittent midwinter snowmelt, RoS events, and freeze-

thaw cycles (Andradóttir et al., 2021; Muthanna et al., 2008). The repeated supply of near-freezing 

meltwater, together with the lack of the thermal insulation provided by a continuous snow cover, 

results in an excessive wetting of the soil, rendering it susceptible to frequent freezing and thawing 

(Zaqout et al., 2022; Zaqout & Andradóttir, 2021). Frequent freeze-thaw cycles (FTCs) negatively 

affect soil ecosystem diversity and productivity because they cause changes in soil physical 

properties, lead to soil deformation, and affect water movement (Fouli et al., 2013). Liquid-solid 

phase changes alter the soil's hydraulic and thermal properties significantly (Lundin, 1990; 

Watanabe & Kugisaki, 2017; Zheng et al., 2021). Thus, to fully understand frost formation in a 

cold maritime climate undergoing frequent freeze-thaw requires either the monitoring of water 

content and soil temperature; Alternatively, the coupled modeling of heat and water transfer 

through the snow, vegetation, and soil strata. Several numerical models of soil freezing and 

thawing have been developed for agricultural, forestry, ecological, and civil engineering 

applications (e.g., Flerchinger & Saxton, 1989; Guymon & Luthin, 1974; Hansson et al., 2004; 

Jansson & Karlberg, 2004; Šimůnek et al., 2016). However, most studies on soil freezing and 

thawing used data from laboratory experiments to calibrate and validate the models (He et al., 

2015; Zheng et al., 2021), which may not be representative of the temporal and spatial variations 

in atmospheric forcing, soil layering, vegetation covers in the field (Zheng et al., 2021).  
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Assessing flood risks in urban areas is difficult due to the heterogeneous nature of urban 

catchments and the complex interactions between rain, snow, and soil frost (Andradóttir et al., 

2021; Moghadas et al., 2018). In recent years, joint probability theories have been adopted to 

analyze flood risk resulting from two or more hydrologic variables (Lian et al., 2013; Sörensen & 

Bengtsson, 2014; Zellou & Rahali, 2019), the most famous of which is the copula model (Chen, 

2019; Nelsen, 2007). Introduced by Sklar (1959), the method involves expressing a multivariate 

joint cumulative distribution function in terms of univariate marginal distribution functions and 

describing the dependence between the variables with copula functions (Salvadori & De Michele, 

2007). 

With more wet and warm winters, precipitation falls more in liquid form. Midwinter melt and RoS 

events have been found to become more frequent (Garvelmann et al., 2015; Surfleet & Tullos, 

2013; Wever et al., 2014; Würzer & Jonas, 2018) and RoS events more voluminous (Andradóttir 

et al., 2021). Moreover, the number of freeze-thaw cycles has been increasing in mountainous 

regions (Garvelmann et al., 2015; Würzer et al., 2016). Frequent RoS, snowmelt, frost formation, 

and infiltration in frozen ground are highly interlinked processes and less understood than during 

continuous snow cover (Wever et al., 2014). While soil frost is a key indicator of urban flooding, 

it is rarely considered when planning urban drainage systems (Bengtsson & Westerström, 1992; 

Caraco & Claytor, 1997; Maksimovic et al., 2000). The lack of routine monitoring of soil is also 

a limiting factor for understanding urban flood risk and how the urban flood risk may change with 

climate change. Therefore, the goal of this research was, on the one hand, to improve the 

understanding of soil frost formation in an area undergoing frequent freeze-thaw cycles and RoS 

events by means of numerical modeling. On the other hand, to analyze the joint probability and 
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timing of winter flood indicators (i.e., rainfall, snowmelt, and RoS events) during frost. Lastly, the 

implications of the research findings on urban flood risk and stormwater management are 

discussed in the context of the need for more climate-resilient cities, as stipulated by the United 

Nations (Sustainable Development Goal No. 11). 

 

2. Materials and Methods  

2.1.Numerical model 

Three coupled, one-dimensional numerical models were preliminarily assessed: Hydrus 1-D 

(Šimůnek et al., 2016), SWAT (Neitsch et al., 2011), and the Simultaneous Heat and Water 

(SHAW) model (Flerchinger & Saxton, 1989a, 1989b). The SHAW model, which is widely 

applied to in situ soil freezing and thawing events, performed best in the preliminary tests and was 

chosen for this study. 

The SHAW model is a physically‐based, finite-difference, coupled heat, water, and solute transfer 

model in the atmosphere–plant–snow–residue–soil systems (Fig. 1). It requires knowledge of soil 

physical and hydraulic properties, i.e., soil texture, bulk density, saturated water content, and 

saturated hydraulic conductivity, as well as meteorological conditions. The water balance is 

expressed as (Flerchinger & Saxton, 1989a): 

 

𝜕𝜃𝑙
𝜕𝑡

+
𝜌𝑖
𝜌𝑙

𝜕𝜃𝑖
𝜕𝑡

=
𝜕

𝜕𝑍
[𝐾 (

𝜕𝛹

𝜕𝑍
) + 1] +

1

𝜌𝑙

𝜕𝑞𝑣
𝜕𝑍

 
(1) 
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where t is the time (s), θl is the liquid volumetric water content (m3 m-3), θi is the frozen volumetric 

water content (m3 m-3), ρl is the liquid water density (kg m-3), ρi is the ice density (kg m-3), K is the 

hydraulic conductivity (m s-1), Ψ is the soil water matric potential (m H2O), qv is the vapor water 

flux (m s-1), and Z is the depth (m).  

 

Figure 1 Physical system described by the SHAW model showing the upper (energy budget at the surface) 

and lower boundary, snowpack and soil frost on the right, the vegetation cover, and the underlying soil 

constituents on the left.  

 

The relationship between matric potential, Ψ, liquid water content, θl, and hydraulic conductivity, 

K, is expressed by a set of equations that govern the water movement in the soil (Campbell, 1974). 
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𝛹 = 𝛹𝑒 (
𝜃𝑙
𝜃𝑠
)
−𝑏

 
(2) 

 

 

𝐾 = 𝐾𝑠 (
𝛹𝑒
𝛹
)
2+(

3
𝑏
)

= 𝐾𝑠 (
𝜃𝑙
𝜃𝑠
)
2𝑏+3

 

(3) 

 

Here, θs is the saturated water content (m3 m-3), Ψe is the air entry potential (m H2O), and b is the 

pore size distribution index, Ks is the saturated hydraulic conductivity (m s-1). Once frost is 

developed, the capillary suction acts to pull water from the unfrozen soil upwards towards the 

freezing front. This equation describing the relationship between matric potential Ψ, and soil 

temperature T (°C) is as follows (Fuchs et al., 1978): 

 

𝛹 =
𝐿𝑓

𝑔
(

𝑇

𝑇 + 273.16
) 

(4) 

 

Where g is the gravitational acceleration (m s-2), Lf is the latent heat of fusion (J m-3). The ice 

content θi can be determined as the difference between the total water content and the maximum 

liquid water content. 

The governing one-dimensional energy equation, which includes soil temperature, freezing and 

thawing, and conductive and convective heat transfer of liquid and vapor, is described by 

Flerchinger & Saxton (1989a) 
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𝐶𝑠
𝜕𝑇

𝜕𝑡
− 𝜌𝑖𝐿𝑓

𝜕𝜃𝑖
𝜕𝑡

=
𝜕

𝜕𝑍
(𝜆𝑠

𝜕𝑇

𝜕𝑍
) − 𝜌𝑙𝑐𝑙

𝜕(𝑞𝑙𝑇)

𝜕𝑍
− 𝐿𝑣 (

𝜕𝑞𝑣
𝜕𝑍

+
𝜕𝜌𝑣
𝜕𝑡

) 
(5) 

 

where Cs is the volumetric heat capacity of the soil (J m-3 °C-1), λs is the soil thermal conductivity 

(W m-1 °C-1), and cl is the specific heat of liquid water (J kg-1 °C-1). The thermal conductivity and 

heat capacity of the soil is based on summing the different soil constituents (minerals, organic 

matter, water, ice, and air) following the method developed by de Vries (1963) and modified for 

frozen soils by Penner (1970) 

 

𝜆𝑠 =
∑𝑚𝑗 𝜆𝑗𝜃𝑗
∑𝑚𝑗 𝜃𝑗

 
(6) 

 

𝐶𝑠 =∑𝜌𝑗 𝐶𝑗𝜃𝑗  
(7) 

 

where m is a weighing factor, and j denotes the different soil constituents. Moist soil with a water 

content of 0.05 m3 m-3 or higher for sand, and 0.15 m3 m-3 or higher for clay, is a continuum of 

liquid water, soil granules, ice, and air.  

The surface boundary condition is determined by the energy balance on the surface as follows:  

 



10 

 

𝑅𝑛 + 𝐻𝑠𝑓 + 𝐿𝑣𝐸𝑠𝑓 + 𝐺 = 0 (8) 

 

where Rn is the net radiation (W m-2), Hsf is sensible heat flux (W m-2), Esf is the evaporation rate 

(m s-1), and G is the ground conduction flux (W m-2). 

 

2.2.Study site  

The capital region of Reykjavík (230,000; 1000 km2) includes six municipalities sited within a few 

kilometers from the coastline in the southwestern corner of Iceland (Fig. 2). The local climate is 

heavily influenced by the Gulf Stream, with cool summers and mild winters with temperatures 

fluctuating around the freezing point (Einarsson, 1984). Soil frost rarely extends beyond 20 cm 

depth (Petersen, 2018). Precipitation tends to be frequent and mild (213 rainy days totaling approx. 

1000 mm per annum; Ólafsson et al. (2007)). Precipitation falls mostly at high winds with the 

forward passage of cyclones from the southwest, which prevail especially in winter (Einarsson, 

1984). The most severe urban flood events in Reykjavík were associated with the co-action of rain, 

snow, and soil frost (Andradóttir et al., 2021). 
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Figure 2 Greater capital area of Reykjavík Iceland. Road infrastructure marked as grey lines, the Atlantic 

Ocean and freshwater bodies in light blue, and the study sites as squares. The smaller map shows location 

of Reykjavík capital area in Iceland. 

 

2.3.Input data and calibration 

Data from two sites located 6 km apart were obtained for the purpose of the study (Fig. 2). Both 

sites were located in open grass-covered areas, 40–50 (m a.s.l.) and at less than 3 km distance from 

the ocean (Table 1).  
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Table 1 Summary of sites soil physical properties and high-resolution weather and soil monitoring.  

  Urriðaholt Reykjavík 

Site Elevation 42 m a.s.l. 52 m a.s.l.  

 km to sea 2.8  2.5  

 Land slope 3.3% 0% 

 Surface cover Grass Grass 

Soil Soil type Sandy loam N/A 

 Bulk density 1.46–1.93 g cm-3 N/A 

Monitoring Parameters Ts & WC Ts 

 Depths (cm) 5, 15, 25, 35, 45  10, 20, 50, 100  

 Period Nov 2018–2022 Sep 2007–2019 

 Resolution 10 min 1 hour 

Weather Parameters Ta, RH, Ps, Ws, 

Wd, P 

Ta, RH, Ps, Ws, 

Wd, P, LW, SW 

 Period Feb 2019–2022 

 

Sep 2007–2019 

 

 Resolution 10 min  1 hour  

Notes: Ts = soil temperature (°C), WC = water content, RH = relative 

humidity (%), Ps = atmospheric pressure (hPa), Ws = wind speed (m/s), 

Wd = wind direction, P = Precipitation, L/SW = long/short wave 

radiation. 

 

Urriðaholt site 

For the purpose of calibrating and testing the model, hourly weather and soil temperature data were 

compiled from the high resolution (10 minutes) monitoring program in the residential 

neighborhood Urriðaholt in Garðabær, Iceland (64° 4'18.46" N, 21° 54'37.11" W) as described in 

(Zaqout et al., 2022). The neighborhood was built with a large network of sustainable urban 
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drainage systems (SUDS) to safeguard the quantity and quality of water entering Urriðavatn pond. 

Soil temperature and water content were monitored at 5 cm depths within a grass swale starting 

November 2018. For model simulations, hourly incoming shortwave radiation was used from 

Reykjavík station (IMO, 2022a).  

Measured soil temperature and moisture content in the grass swale at the Urriðaholt site was used 

as the initial values at each depth for the start of the simulation period in 2018. Soil physical 

characteristics at different horizons, such as particle size distribution and bulk density, were 

measured in the laboratory. The soil was sandy loam with 15–20% gravel, 75–82% sand, and 2.5–

4% silt and clay. Saturated soil water content and field capacity were estimated from observed soil 

water content measured using water content reflectometers. Saturated hydraulic conductivity was 

estimated based on typical values for the corresponding soil textural class, cross-checked with 

single-ring infiltration measurements at the study site. More details on the soil monitoring program 

are available in Zaqout & Andradóttir (2021) and Zaqout et al. (2022).  

Reykjavík site 

Long-term soil frost formation in the capital was simulated using historical weather data from the 

IMO headquarters in Bústaðavegur 7, Reykjavík (64° 07'39.1" N, 21° 54'08.5" W). The model was 

first calibrated against hourly soil temperature using the automatic meteorological monitoring 

record over 12 years (Table 1). Soil physical and hydraulic characteristics were manually adjusted 

by trial-and-error, starting with measured soil properties in Urriðaholt as basis (Table 1 in 

supplements). The model was then run using 24-hour average air temperature, relative humidity, 

precipitation, and wind speed measured from midnight to midnight (IMO, 2020b). Daily solar 

radiation prior to 2007 was estimated based on the potential extraterrestrial solar radiation (So, W 
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m-2) that is largely depicted by latitude, and measured diurnal cloud cover, N. Following the 

approach outlined in Bras (1990), the clear sky solar radiation, Sc, was estimated as: 

 

𝑆𝑐
𝑆𝑜

= exp(−𝑛𝛼1𝑚) 
(9) 

 

where a turbidity factor of n = 3 was chosen to represent the clean urban area, α1 is the molecular 

scattering coefficient, and the optical air mass, m, approximated by the cosecant (1/sinα) of the 

solar altitude α. Cloud cover in oktas was converted to a ratio from 0 to 1, and the net radiation 

incoming radiation was estimated as: 

 

𝑆𝑠
′

𝑆𝑐
= 1 − 0.65𝑁2 

(10) 

 

The accuracy of the shortwave radiation estimation was determined by comparing it with observed 

solar radiation from 2007 to 2018 and found to highly agree with the observed values (R2=0.9, 

RMSE=33 W/m2; Fig. A.1).  
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2.4.Data analyses 

Model performance evaluation 

The model prediction ability was primarily assessed based on soil temperature and secondarily on 

the basis of soil water content. Two performance metrics were used. The linear correlation 

coefficient (R2) was calculated to test how well seasonal and synoptic changes were represented 

in the model. In addition, the root mean square error (RMSE) was calculated to assess the average 

deviation between the observed and simulated value at each time step. 

Soil frost statistics and trends 

The most relevant model outputs to soil frost were soil frost depth, soil temperature, and ice content 

for each soil layer (m3 m-3). SHAW model calculates frost depth via linear interpolation of ice 

content in the deepest layer with frost. A soil layer can have a sub-freezing temperature but will 

not be considered frozen unless ice is present. For each calendar year, the number of frost days 

and days with continuous frost were determined. A freeze-thaw cycle (FTC) was determined based 

on the presence of frost in the form of ice content.  

Trends were assessed using the Mann-Kendall test (Kendall, 1948; Mann, 1945) and the 

significance of the slope using the Theil-Sen method (Sen, 1968; Theil, 1950). These methods 

were chosen due to their simplicity because they are non-parametric (the data does not need to 

conform with any particular distribution), they allow for missing data, and can be used for small 

datasets (n < 40; Gilbert, 1987). A significant trend is considered for a 95% confidence level (α = 

0.05). 
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Co-probability of liquid water and frost 

The approach to understanding the co-action of hydrological inputs and soil frost was to estimate 

the joint probability of occurrence of two winter hydrological events. The combined daily 

precipitation and snow depth measurements at 9 A.M., annual maximum rainfall, snowmelt, and 

rain on snow in the presence of soil frost were calculated. Rainfall was distinguished from snowfall 

based on a temperature threshold, TRH (°C), that incorporated relative humidity, RH (%), following 

the method presented by Feiccabrino et al. (2015). 

 

𝑇𝑅𝐻 = 0.75 + 0.085(100 − 𝑅𝐻) (11) 

 

With this definition, daily precipitation was classified either as dry or wet, when in some instances, 

it can take both forms. Snowmelt was defined based on the reduction of snow depth, ∆SD, 

converted to snow water equivalents assuming a snow density, ρs, of 200 kg m-3, in relation to a 

water density, ρw, of 1000 kg m-3. If precipitation was recorded together with a reduction in snow 

depth, the precipitation was assumed to be rainfall. The magnitude of RoS was taken as the sum 

of the rain and liquid snowmelt volume (mm) estimated from measured snow depth (in cm) as 

presented in Andradóttir et al. (2021). 

 

𝑅𝑜𝑆 = 𝑃 + 𝑠𝑛𝑜𝑤𝑚𝑒𝑙𝑡 = 𝑃 + (
𝜌𝑠
𝜌𝑤

× ∆𝑆𝐷 × 10) (12) 
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Each of the annual daily maximum datasets was fitted to a distribution using the maximum 

likelihood method, and the goodness of fit was assessed using the Kolmogorov-Smirnov, Cramer-

von Mises, and Anderson-Darling tests. Then, the distribution with the lowest Akaike (AIC) and 

Bayesian Information Criteria (BIC) was chosen. As such, maximum snowmelt during frost was 

fitted to the lognormal distribution, maximum frost during snowmelt to the Weibull distribution, 

maximum rainfall during frost to the lognormal distribution, and maximum frost during rainfall to 

the Weibull distribution. Maximum RoS during frost and maximum frost during RoS were both 

fitted to the Weibull distribution (Table 2 in supplements). The return periods were then derived 

for each of the co-acting hydrological variables (Chow et al., 1988).  

The copula method was used to estimate the joint distribution C (Fx(x), Fy(y)) = C (u1, u2) of two 

dependent variables based on their marginal distributions of the annual maximum values fitted to 

a theoretical distribution Fx(x) = u1 and Fy(y) = u2 (Chen, 2019; Lian et al., 2013; Zellou & Rahali, 

2019). The four Archimedean copulas most widely used for hydrological analyses due to their 

simplicity (Nelsen, 2007) were tested (Table 2). The three pairs of winter flood-inducing 

hydrological variables (i.e., maximum snowmelt during frost, rainfall during frost, and RoS during 

frost) were then fitted to one of the bivariate Archimedean copulas (i.e., Joe, Clayton, Gumbel, 

and Frank) using the maximum likelihood method. The bivariate copula family that best fits the 

pair was chosen based on the highest log-likelihood and lowest AIC and BIC (Zellou & Rahali, 

2019). Two sets were modeled using the Clayton copula, and RoS during frost was fitted using the 

Frank copula (Table A.1).  

The probabilities of the joint occurrence of annual maxima for the period of 1949 to 2018 were 

estimated based on the joint cumulative distribution function (CDF). Furthermore, the bivariate 
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joint return periods for the annual maxima were derived as the inverse of the probability of both 

events occurring simultaneously, defined as the AND operator. The joint probability of exceedance 

for two hydrological events was calculated following Lian et al. (2013) and Zellou & Rahali (2019) 

as: 

 

𝑃((𝑋 > 𝑥) ∩ (𝑌 > 𝑦)) = 1 − 𝐹(𝑥) − 𝐹(𝑦) + 𝐹(𝑥, 𝑦) (13) 

 

where P ((X > x) ∩ (Y > y)) is the probability of both X and Y exceeding a certain threshold.  

 

Table 2 Bivariate Archimedean copula families and their functions and generators. The marginal 

(univariate) distributions are u1 and u2, and θ is the estimated bivariate copula parameter 

Copula  C (u1, u2) Generator Parameter 

Joe (1997) 1 − [(1 − 𝑢1)
𝜃 + (1 − 𝑢2)

𝜃

− (1 − 𝑢1)
𝜃(1 − 𝑢2)

𝜃]
1
𝜃 

𝜑(𝑡) = −𝑙𝑛[1 − (1 − 𝑡)𝜃] 𝜃 ∈ [1,∞) 

Clayton (1978) 
(𝑢1

−𝜃 + 𝑢2
−𝜃 − 1)−

1
𝜃 

𝜑(𝑡) = 𝑡−𝜃 − 1 𝜃 ∈ (0,∞) 

Gumbel (1960) 
𝑒𝑥𝑝 {− [(−𝑙𝑛(𝑢1))

𝜃 + (−𝑙𝑛(𝑢2))
𝜃]

1
𝜃} 

𝜑(𝑡) = (−𝑙𝑛𝑡)𝜃 𝜃 ∈ [1,∞) 

Frank (1979) 
−
1

𝜃
𝑙𝑛 [1 +

(𝑒−𝜃𝑢1 − 1)(𝑒−𝜃𝑢2 − 1)

𝑒−𝜃 − 1
] −𝑙𝑛 (

𝑒−𝜃𝑡 − 1

𝑒−𝜃 − 1
) 

𝜃 ∈ 𝑅\{0} 
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3. Results  

3.1.Model simulation performance 

Soil temperature 

The SHAW model accurately predicted the hourly, daily, and seasonal changes in soil temperature 

at various depths within the top 1 m of soil at both sites during all seasons, as reflected in R2 > 0.91 

and RMSE = 0.66–1.6 °C (Table 3). The model performed slightly better at Urriðaholt, where soil 

properties were tested in the laboratory and the field, than at the Reykjavík site, where the soil 

properties were not measured. In the Urriðaholt site, the model performed equally well during the 

calibration period (until August 3, 2020) and validation period (starting August 4, 2020). While 

the model performance dropped during winters at both sites (lower R2 and RMSE, Table 3), the 

timing of frost formation and thawing was well captured within the top 25 cm of the soil that is 

most susceptible to frost (Fig. 3a, b, and c). Hence, for urban hydrology applications, the model 

predicts very well repeated freeze-thaw in the top 25 cm of soil. The model performance was 

slightly lower in the bottom layers. Lastly, as expected, the model was less reliable in capturing 

temperature peaks during the second winter of 2019/2020, when synthetic runoff experiments were 

conducted in the grass swales (Zaqout & Andradóttir, 2021). The experiments led to artificially-

induced peaks in temperature caused by the infiltration of warmer water, and that winter was 

excluded. 
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Table 3 The SHAW model prediction performance of hourly soil temperature and water content in the grass 

swale in Urriðaholt 2018–2022 and Reykjavík 2007–2018. The range represents varying soil depth or 

variations between winters.  

   Calibration Validation  

Site   R2 RMSE   R2 RMSE  

Reykjavík Ts All seasons 0.91–0.92 0.98–1.64   - - 

  Winters 0.30*–0.94 0.82–2.53*    

Urriðaholt Ts All seasons 0.98–0.99 0.66–0.89   0.97–0.98 0.71–0.93 

 Ts Winter 1, 2 0.71–0.94 0.40–1.08   - - 

 Ts Winter 3, 4 - -  0.66–0.88 0.66–0.99 

 WC All seasons 0.1–0.43 0.02–0.06  0.2–0.44 0.01–0.06 

Notes: * Greater deviations were found for the last three years. Winter 1, 2, 3, and 4 refer to the 

four winters between 2018 and 2022. 
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Figure 3 Observed and simulated soil temperature in the grass swale in Urriðaholt during winter 1 

(2018/2019; left panels), winter 3 (2020/2021; middle panels), and winter 4 (2021/2022; right panels) at a) 

5 cm depth, b) 15 cm, c) 25 cm, d) 35 cm, and e) 45 cm. 

 

Soil liquid moisture content and frost depth 

The simulated moisture content deviated considerably from observed values at Urriðaholt (Table 

3). For the entire monitoring period, the model's performance was relatively more accurate for the 

validation period than the calibration (R2 = 0.1–0.43 vs. 0.2–0.44). The simulated values were 

worse during winter when the model failed to capture sharp increases during rainfall. It did, 
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however, capture relatively well the reduction in liquid moisture content resulting from soil 

freezing. Moreover, the model confirms observations that that soil in Urriðaholt in winter is 

permanently wet (Zaqout et al., 2022; Zaqout & Andradóttir, 2021), so sub-freezing temperatures 

might develop frost. The model accurately predicted soil frost formation and frost depth during 

four winters with very different frost conditions (Fig. 4). In the winter of 2018/2019, frost was 

only observed at the topsoil horizon (5 cm), represented by negative soil temperature and a 

reduction in the liquid moisture content due to the phase change (heavy horizontal line in Fig. 4). 

The model, however, predicted the frost depth to have reached down to a 12 cm depth. This was 

also shown in the simulated ice content by the model as ice developed at the 5-cm simulation depth 

(θi = 0.24) and slightly at 15 cm depth (θi = 0.07). The second winter, in contrast, showed more 

occurrences of soil frost compared to the first winter with longer persistence (Fig. 4). Still, the 

maximum frost depth similarly did not extend beyond the 15-cm soil horizon, which was also 

consistent with the field observations. However, the ice content was almost double of that during 

the preceding winter at the same depth (θi = 0.41), which indicates that the topsoil horizon was 

almost completely frozen with few soil pores available for infiltration (θmax = 0.54 at 5 cm depth). 

During the winter of 2020/2021, the soil experienced severe freezing reaching down to 31 cm 

depth, while the observed soil frost was only at 25 cm due to the 10-cm spacing between sensors. 

The maximum ice content at 5 cm was similar to the one during the preceding winter (θi = 0.43). 

All the layers, except the one at 45 cm, developed frost represented in the predicted ice content (θi 

= 0.26, 0.15, and 0.02) for the second, third, and fourth layers, respectively. In the winter of 

2021/2022, the soil was frozen down to a maximum of 20 cm, and the maximum ice content was 

0.22 at 5 cm depth as well as 15 cm. During the last winter, the maximum frost depth was observed 

to reach 15 cm, while the model estimated frost at a 20 cm depth. 
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Figure 4 Total simulated frost depth and ice content at 5, 15, 25, 35, and 45 cm depths (θi1–θi5) in the grass 

swale in Urriðaholt in winters between 2018 and 2022. Solid orange horizontal lines are the observed 

maximum frost depth (measured at 5, 15, 25, 35, and 45 cm depth). 

 

3.2.Soil frost predictions and sensitivity analysis 

Daily soil temperature and moisture content at 10, 20, and 50 cm depths, frost, and snow depth 

were simulated using the calibrated SHAW model and historical weather data at Reykjavík dating 

back to 1949. Selected time series are presented in Figure 5, and top-level statistics are summarized 

in Table 4. The model predicts some increase in winter soil temperature (Fig. 5a). The lowest soil 

temperature at the surface (-3.7 °C) and 10 cm (-2.6 °C) was simulated for the winter of 1949. 

However, the model overestimated the measured soil temperature in the last three winters (2015–
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2018; RMSE=0.82–2.5, R2=0.3–0.94) while correctly identifying the timing of frost. A consistent 

decrease in frost depth and ice content from 39 cm in 1949 was seen over 70 years (Fig. 5b and 

Table 4). The maximum number of days with soil frost in any given calendar year was 153 days, 

which was in 1951. Meanwhile, the minimum number of frost days was 26 days in 1987 and the 

shortest period of continuous frost lasted for only 4 days, also in 1987. The average number of 

freeze-thaw cycles in a year is 3.65, and the maximum was 8 cycles, occurring both in 1965 and 

1971.  

 

Figure 5 a) Simulated diurnal soil temperature in Reykjavík from 1949 to 2018 and observed (2007–2018) 

at 10 cm, b) time evolution of soil frost depth and ice content (θi) at 10 cm depth in Reykjavík from 

simulations from 1949 to 2018. 
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Table 4 Summary of long-term surface and subsurface winter conditions in Reykjavík for 1949–2018. 

 Max. Min. Avg. ± Std.  

Tsoil [°C] at 10 cm 17.5 -2.6 6.1 ± 5.2 

Snow depth [cm]* 48.0 1.0 7.0 ± 6.7 

Frost depth [cm] 39 0.1 9.9 ± 8.1 

No. days with soil frost 153 26 85.8 ± 29.7 

No. days with 

continuous frost 

158 4.0 65.6 ± 40.8 

No. of soil FTC 8.0 1.0 3.65 ± 1.95 

Notes: * Observed snow depth values from the Reykjavík 

station no. 1. 

 

A sensitivity analysis was conducted using several selected parameters, both at the surface and 

within the soil profile, as well as selected meteorological inputs (Table 5). Common soil textural 

classes according to the USDA (1987) and saturated hydraulic conductivity were tested. 

Uncertainty regarding precipitation depth in dry form (snowfall) was also tested using corrected 

snowfall depth following the method presented by Crochet et al. (2007). The model predictions 

were consistent in terms of maximum predicted frost depth, no. of frost days, and FTCs, as well 

as soil temperature (RMSE = 1.51–2.11; R2 = 0.91–0.93). The model was most sensitive to changes 

in surface cover as it was found that if the ground was considered bare, the RMSE increased 

significantly (2.11 °C). Moreover, the prediction for the winter seasons of 2015/2016, 2016/2017, 

and 2017/2018 was not improved for any of the tested parameters. 
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Table 5 Sensitivity analysis of selected soil and meteorological parameters. 

Parameter Properties  Soil temp.1 [°C]  Max. frost 

depth [cm] 

No. of days 

with frost 

No. of 

FTCs 

  RMSE, R2 Max., Min, Avg. ± Std. Dev. 

Calibrated 

model run  

Sandy loam,  

10 cm grass 

1.64, 0.92 39, 2.9,  

15 ± 7 

153, 26,  

85 ± 30 

8, 1,  

4 ± 2 

Soil texture 

 

Loamy sand  1.60, 0.92 40, 1.7,  

16 ± 9 

147, 11,  

78 ± 30 

8, 1,  

4 ± 2 

Loam 1.53, 0.93 38, 1.0,  

13 ± 8 

144, 9,  

73 ± 31 

9, 1,  

4 ± 2 

Sandy clay loam 1.51, 0.93 38, 1.0,  

12 ± 7 

143, 9,  

71 ± 31 

9, 1,  

4 ± 2 

Vegetation 

cover 

Bare ground 2.11, 0.91 38, 2,  

16 ± 8 

156, 27,  

87 ± 31 

9, 1,  

4 ± 2 

5 cm 

 

1.56, 0.92 38, 2,  

15 ± 8 

156, 25,  

87 ± 30 

8, 1,  

4 ± 2 

Hydraulic 

conductivity  

1 cm/h 1.66, 0.92 37, 2,  

15 ± 7 

155, 26,  

87 ± 30 

8, 1,  

4 ± 2 

10 cm/h 1.70, 0.92 37, 3,  

16 ± 7 

156, 30,  

90 ± 30 

9, 1,  

4 ± 2 

Precipitation 

corrected2 

Snowfall  1.62, 0.92 37, 2,  

15 ± 7 

155, 23,  

85 ± 30 

8, 1,  

4 ± 2 

Notes: 1 Soil temperature simulated at 10 cm depth and compared with observations from 2007 to 2018 

at the same depth. 2 Precipitation (snowfall) corrected for underestimated depth with wind speed. 

 

3.3.Soil frost trends 

The Mann-Kendall and Sen's slope tests showed that soil frost depth decreased significantly (p-

value < 0.05) in the 70 years analyzed in this study (Fig. 6a and Table 6). Similarly, the total 

number of days with soil frost near the surface has decreased by almost half during these seven 
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decades, from 108 to 62 days (Fig. 6b). This trend is even greater when considering the number of 

days of the median annual maximum frost depth (return period of 2 years) at 15 cm depth (Table 

6). Projecting the simulations forward, soil frost may rarely reach 15 cm in another two decades. 

Soil frost has also become less persistent, as the number of days with continuous soil frost 

decreased significantly (p-value < 0.05; Fig. 6c and Table 6). This suggests that the instances of 

intermittent formation of soil frost have increased during winter, which was reflected in the 

increase, however insignificantly, in the number of freeze-thaw cycles over the studied 70 years. 

The increase in the frequency of intermittent frost can also be seen in the significant increase in 

the minimum soil temperature at 10 cm depth in Reykjavík for the simulation period of 1949 to 

2018 (Fig. 6d).  

 

Figure 6 a) Maximum soil frost depth, b) number of days with soil frost at 5 cm depth, c) number 

of days with continuous frost, and d) minimum soil temperature at 10 cm depth in Reykjavík for 

the period of (1949–2018). The solid line represents Sen's slope, and the dashed lines represent the 

trend for the upper and lower 95% confidence intervals of the slope. 
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Table 6 Median, trends and goodness-of-fit of simulated soil conditions in Reykjavík 1949–2018. 

Hydrological 

variable 

Unit Median Sen's slope 

(unit/year) 

R2 

Max. frost depth  cm 15.7 -0.18 0.24* 

Soil frost at 5 cm 

depth 

days 85.0 -0.67 0.15* 

Soil frost at 15 cm 

depth 

days 49.0 -0.84 0.18* 

Continuous soil frost  days 64.5 -0.73 0.11+ 

Min. soil 

temperature  

°C -0.55 0.015 0.23* 

Notes: * p < 0.001, + p < 0.01 

 

3.4.Co-probability of soil frost and runoff generation 

The maximum RoS volume during frost and maximum frost during RoS were both found to fit the 

Weibull distribution. The univariate return period and event depth (i.e., RoS in mm, and frost in 

cm) were derived (Table 7). The joint cumulative distribution function of RoS and frost was then 

calculated using the Frank copula (Table 2). The probability of simultaneous occurrence was 

obtained using Eq. 15. The probability of two hydrological events occurring simultaneously is 

considerably lower than the probability of only one occurring at a time. That can be seen in the 2- 

and 5-year return periods corresponding to 20 and 30 mm of RoS coinciding with frost depths of 

11 and 20 cm (Table 7). For instance, a 5-year RoS event (30 mm) occurring simultaneously with 

a 2-year frost depth (11 cm) has a bivariate return period of approximately 9 years, which can 

result in repetitive flooding. Furthermore, a 2-year RoS event (20 mm) and a 2-year frost depth 

(11 cm) have a probability of co-occurring with a return period of less than 4 years (27%), which 

can be considered a frequent event.  
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Table 7 Joint probability of occurrence during one year for the maximum RoS volume during the maximum 

frost depth for different return periods (T) during winter. 

  Max. frost depth during RoS [cm] 

  0.7 11.2 19.5 25 29.4 35.1 39.1 

Max. RoS volume 

during frost [mm] 

T 

[years] 1 2 5 10 20 50 100 

3.0 1 0.977 0.491 0.197 0.095 0.049 0.020 0.010 

20.1 2 0.492 0.266 0.111 0.054 0.028 0.011 0.006 

30.0 5 0.195 0.110 0.047 0.023 0.012 0.005  

35.4 10 0.099 0.056 0.024 0.012 0.006   

40.1 20 0.050 0.028 0.012 0.006    

45.5 50 0.020 0.011 0.005     

49.2 100 0.010 0.006      

 

Among the three tested sets (i.e., snowmelt & frost, rainfall & frost, and RoS & frost), the RoS 

volume during frost was found to be the highest, especially compared with snowmelt and rainfall 

alone during frost (Fig. 7). Extreme snowmelt events resulting in more than 40–50 mm of 

meltwater release (T=50–100 years) when the soil is frozen at least at the surface (T=1–2 years) 

have a probability of only 1–2% (Fig. 7; Table A.2). That said, the probability of a 2-year frost 

depth (> 10 cm), co-occurring with a 2-year snowmelt event (> 10 mm/d) or a 5-year snowmelt 

event (20 mm/d) is relatively high (joint probability of 28% and 12%). In contrast, rainfall during 

frost was found to have slightly larger event depths than those for snowmelt during frost, as well 

as marginally higher joint probabilities (joint probability of 30% for a 2-year vs. 2-year events; 

Fig. 7; Table A.2).  



30 

 

 

Figure 7 The bivariate return periods for the hydrological inputs during frost are represented as snowmelt 

during frost, rainfall during frost, and RoS during frost. 

 

3.5.Timing of worst soil frost and runoff generation  

Soil frost was most frequently simulated during peak winter months, from December to March 

(Fig. 8a). The 24-hour maximum frost depth in January and February was significantly higher than 

in the rest of the winter months (p-value < 0.05), with an average of 12.6 and 12.3 cm, respectively 

(Fig. 8b). This timing of maximum frost coincides very well with the largest RoS volume, 

averaging at 8.5, 9, and 11 mm in January, February, and March (Fig. 8c). The largest snowmelt 

depths also occurred in January and February (an average of 9.7 and 9.5 mm, respectively, Fig. 

8d). Total precipitation and rainfall depth were highest during October, November, and December 

(not shown). The SHAW model predicts that the soil frost season has shortened significantly in 

the past 70 years, both with a delayed start (p-value > 0.05) and earlier end (p-value < 0.05; Fig. 
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9a and b, respectively). So, while the frost season is shortening, it is not affecting the likelihood of 

maximum frost co-occurring with maximum RoS. The fact that the last day of frost is no longer 

occurring as late as April and May suggests that the likelihood of maximum frost and maximum 

RoS or snowmelt occurring simultaneously may increase in the next few decades under continuous 

climate warming.  

 

Figure 8 A summary of the maximums of winter hydrological flood indicators per month for Reykjavík 

(1949–2018): a) no. of frost days, b) frost depth, c) RoS volume, and d) snowmelt. The whiskers extend to 

the maximum and minimum data points. Outliers are plotted individually as red crosses. 
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Figure 9 Timing of beginning and end of soil freezing from 1949 to 2018 represented as a) trend in 

the first day of soil frost formation at the beginning of winter and b) trend in the last day of frost 

formation at the end of winter. The solid line represents Sen's slope, and the dashed lines represent 

the upper and lower 95% confidence intervals of the significant slope. 

 

4. Discussion  

4.1.Intensifying winter floods  

Climate change has been found to cause an increase in air temperature, precipitation, midwinter 

snowmelt, and RoS event volume in cold climate regions (Andradóttir et al., 2021; Dong & 

Menzel, 2020; Garvelmann et al., 2015; Nygren et al., 2021; Wever et al., 2014; Würzer et al., 

2016). An annual RoS event was found to generate five times greater runoff than a 10-year summer 

rainfall event in urban Kiruna, Sweden (Moghadas et al., 2018). RoS was responsible for all large 

floods (T > 5 years) in a rural river catchment in Oregon in the United States (Surfleet & Tullos, 

2013). The transition from snowmelt-only runoff in spring to a rain-forced runoff has been found 

to increase extreme flow peaks and flooding (e.g., Gellens & Roulin, 1998; Middelkoop et al., 
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2001). Moreover, climate modeling, e.g., in a high-altitude Alpine catchment, predicted that the 

magnitude of extreme RoS-induced flooding would continue to increase in the 21st century (Sezen 

et al., 2020).  

This study focused on resolving the trends in soil frost and co-action with rain and snowmelt in a 

maritime climate undergoing historically frequent freeze-thaw cycles. With the help of a 

numerical, physically-based model, frost depth was found to decrease over the last 70 years under 

maritime climatic conditions, consistent with previous research (e.g., Nygren et al., 2021). The 

total number of frost days and duration of continuous frost decreased, suggesting shorter frost 

cycles, consistent with more intermittent frost. The number of freeze-thaw cycles was, however, 

not found to increase at a significant level. This study confirms previous research about the 

importance of RoS in generating urban floods: 24-hour RoS events were found to be on the order 

of 5 and 10 mm more voluminous than maximum rainfall and snowmelt events with the same 

return period (Table 7). However, the research adds to previous knowledge by highlighting that 

RoS-induced flood risk is connected to a high co-occurrence with soil frost. For example, moderate 

winter events (T < 2 years) occurred simultaneously with moderate frost depths (> 10 cm) 

relatively frequently (T < 4 years). Mild rainfall and snowmelt events are known to result in 

significant damages if combined with deep frost formation, which can render the normally 

pervious soils during summer not conductive in winter (Bengtsson & Westerström, 1992; 

Westerström, 1984). At the studied site, even frost as shallow as 5 cm reduced the infiltration to a 

third of its summer rate in grassed surfaces and more in sparsely and non-vegetated areas (Zaqout 

et al., 2022). Almost all significant winter flooding events in the metropolitan area of Reykjavík 

have previously been associated with RoS combined with soil frost (Andradóttir et al., 2021). 
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While soil frost depth and duration were found to decrease in this study, which may ultimately 

suggest it is becoming a less relevant driver for urban flooding, there are no clear indications that 

winter floods will become more benign in the next decades. Conversely, the timing of maximum 

soil frost was found to shift so that it coincides more with the largest RoS and snowmelt events in 

the months of January–March. This, combined with a greater RoS volume, suggests that winter 

floods may intensify, at least in the next decades, while frost is still present. Urban areas shifting 

from a cold to a temperate climate may be severely affected as the magnitude and frequency of 

runoff caused by RoS and frost-induced runoff increases. The repeated snowmelt during winter 

due to frequent freeze-thaw cycles is known to reduce soil insulation provided by an intact snow 

cover. Consequently, deep frost formation that might be impervious until the thawing process is 

completed is expected to increase (Moghadas et al., 2018). Under a consistently warming climate, 

an increase in winter infiltration can be expected in the long term (Clilverd et al., 2011; Jyrkama 

& Sykes, 2007), and other studies even went as far as arguing that frost will cease to exist and thus 

will not affect future runoff processes at certain latitudes (Ford et al., 2020).  

 

4.2 Re-thinking urban stormwater management in cold climates 

Winter conditions are often overlooked when designing drainage systems (Butler et al., 2018; 

Thorolfsson, 2012), as high-intensity, short-duration heavy summer rainfall is usually considered 

the largest cause of urban flooding (Bengtsson & Westerström, 1992; Hammond et al., 2015). 

Additionally, freeze-thaw cycles are often not taken into account in hydrological modeling (Qi et 

al., 2019), leading to an underestimation of runoff prediction. This study, however, indicates that 

winter floods involving rain, snowmelt, and soil frost, are not likely to decrease in the near term. 
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Therefore, the impact of frost on infiltration and urban runoff generation is still relevant and needs 

to be considered short-to-midterm in the planning design and operation of urban stormwater 

management systems (Nygren et al., 2021).  

Achieving climate resilience requires overcoming current and future vulnerabilities amplified by 

population growth and a changing climate. United Nations Sustainable Development Goal No. 11 

emphasizes safe and healthy urban environments, accessible green spaces, and adaptation to 

climate change. In the past few decades, single-purpose, pipe-based drainage networks have been 

shifting towards sustainable urban drainage systems (SUDS) that take into account ecological 

aspects and preserve biodiversity, as well as human wellbeing (Fletcher et al., 2015; Wong & 

Brown, 2009). SUDS involve local source-control solutions such as green roofs, raingardens, and 

rainwater harvesting techniques, and larger downstream site and regional controls such as grass 

swales, detention ponds, and wetlands (Woods Ballard et al., 2015). Such measures can mitigate 

the impacts of climate change and reduce urban flood risks by storing, attenuating, and reducing 

surface water close to where it falls. However, SUDS performance in cold climates is vulnerable 

to soil frost, which particularly form following RoS and rainfall events (Zaqout & Andradóttir, 

2021; Muthanna et al., 2008). SUDS elements are known to maintain functionality throughout 

winter if care is taken in their design and implementation (Khan et al., 2012; Paus et al., 2016; 

Roseen et al., 2009). In that regard, it is important to ensure good hydraulic conductivity of the 

underlying soil, e.g., by avoiding fine-textured soils that are more susceptible to frost and 

incorporating an effective, gravel-based drainage layer with an underdrain to avoid media freezing 

(LeFevre et al., 2009; Muthanna et al., 2008; Roseen et al., 2009). The presence of a thick 

vegetation cover and dense root system in the topsoil significantly decreases the thermal 
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conductivity and heat capacity of the underlying soil and can also improve the winter efficiency 

of SUDS (Yang et al., 2005; Zaqout et al., 2022). The consensus is that SUDS can help transform 

cities and increase their resilience to flooding by accommodating large volumes of runoff water 

even during winter, especially in light of climate change. This involves cooperation between 

private property owners, who implement on-site control, and municipalities that provide 

conveyance and storage systems to accommodate excess runoff. 

 

5. Conclusions 

In this paper, soil temperature, liquid and ice moisture content, and frost depth were simulated for 

two study areas in the greater capital region of Iceland using the Simultaneous Heat and Water 

(SHAW) model. A good agreement between the simulated and the observed soil temperature was 

found at the two tested sites (R2 > 0.91), which provided valuable insights into the freezing and 

thawing processes. The numerical model proved particularly helpful in overcoming the lack of 

long-term soil observations needed for frequency and trend analyses and resolving very shallow 

frost that is difficult to measure (within the top 5 cm). The results show that the rise in air 

temperatures and liquid precipitation in winter due to climate change resulted in a significant 

reduction in frost depth over the last 70 years. However, a shift in the timing of maximum frost 

depth occurred and started to coincide with the largest winter events, which might pose a higher 

urban flood risk in the future if the trend continues. This study highlights the importance of 

analyzing the co-acting hydrologic variables, which is specifically needed in a cold climate, as 

severe events can result from two mundane events happening simultaneously, especially in the 

presence of soil frost that is often overlooked in the design of urban drainage systems. In particular, 
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rain-on-snow events during frost were found to pose the greatest flood risk, being more 

voluminous than rainfall or snowmelt alone. The changing winter patterns and hydrological 

processes require a reconsideration of the planning and design of urban drainage systems, 

specifically due to the increase in the number, frequency, and magnitude of rain-on-snow events 

in the last decades. Therefore, a shift towards more sustainable approaches for stormwater 

management and re-thinking urban runoff generation and drainage systems from a singular focus 

to a multipurpose approach is urged.  
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Appendix  

 

 

Fig. A. 1 Measured and simulated incoming daily solar radiation in Reykjavík for the period of 2007–2018. 
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The bivariate Archimedean copula family fitted to each pair of annual maximum hydrological 

variables (i.e., snowmelt & frost, rainfall & frost, and RoS & frost) was chosen based on the highest 

log-likelihood and lowest AIC and BIC, which are highlighted in Table A.1. The parameter of 

each bivariate copula was estimated using the maximum likelihood method (Table A.1).  

Table A. 1 Copula parameter estimation and selection criteria of copula model. 

    Selection criteria 

 Family θ 

Kendall's 

tau 

Log-

Likelihood AIC BIC 

Snowmelt 

during 

frost Clayton 0.33 0.14 1.92 -1.85 0.40 

 Gumbel 1.13 0.11 0.84 0.32 2.57 

 Joe 1.13 0.07 0.38 1.25 3.50 

 Frank 1.08 0.12 1.04 -0.09 2.16 

       

Rainfall 

during 

frost Clayton 0.52 0.21 4.47 -6.94 4.69 

 Gumbel 1.18 0.15 1.50 -0.99 1.25 

 Joe 1.14 0.07 0.33 1.34 3.59 

 Frank 1.85 0.20 3.11 -4.22 -1.97 

       

RoS 

during 

frost Clayton 0 0 0 2.00 4.01 

 Gumbel 1.04 0.04 0.06 1.87 3.88 

 Joe 1.06 0.03 0.06 1.88 3.89 

 Frank 0.62 0.07 0.27 1.46 3.47 



40 

 

The joint probability of maximum snowmelt occurring with maximum frost and the maximum 

rainfall occurring with maximum frost are shown in Table A.2. The highlighted joint probabilities 

indicate the events of interest for return periods 1 < T < 100 years. 

Table A. 2 Joint probability of occurrence for the annual maxima of the hydrological variables for different 

return periods during winter. 

  
Max. frost depth during snowmelt [cm] 

  
1.1 12.3 20.3 25.2 29.3 34.3 37.8 

Max. snowmelt 

during frost [mm] T [years] 1 2 5 10 20 50 100 

2.0 1 0.981 0.498 0.198 0.098 0.050 0.020 0.010 

10.4 2 0.498 0.284 0.117 0.058 0.030 0.012 0.006 

18.8 5 0.199 0.118 0.050 0.025 0.013 0.005  

25.5 10 0.100 0.059 0.025 0.013 0.006   

32.9 20 0.050 0.030 0.013 0.006    

43.9 50 0.020 0.012 0.005     

53.1 100 0.010 0.006 
 

    

  
Max. frost depth during rainfall [cm] 

  
1.7 13.5 21.0 25.2 28.5 32.7 35.5 

Max. rainfall during 

frost [mm] T [years] 1 2 5 10 20 50 100 

5.0 1 0.981 0.504 0.195 0.096 0.051 0.020 0.010 

15.2 2 0.503 0.305 0.125 0.062 0.033 0.013 0.007 

23.1 5 0.198 0.127 0.053 0.027 0.014 0.006  

28.3 10 0.103 0.067 0.028 0.014 0.008   

34.0 20 0.050 0.033 0.014 0.007    

41.6 50 0.020 0.013 0.006     

47.5 100 0.010 0.007 
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