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Abstract 

Blue-green infrastructure (BGI) has become a popular way of combating the effects of climate 

change, both regarding heat mitigation and runoff from precipitation. This thesis aims to 

understand the potential of two BGI types, namely rain gardens and green roofs, of increasing 

the latent heat fraction in an urban area and thereby also understand the possible cooling effect 

from these measures. Rain gardens and green roofs are further compared to the effect on energy 

partitioning of high albedo roofs and an increased surface fraction of grass in the Kvillebäcken 

area in Gothenburg. The thesis was performed using an energy and water balance model called 

SUEWS in order to investigate heat and water fluxes. Scenarios of increased rain garden and 

green roof surface coverage was used to model the influence on latent and sensible heat fluxes. 

Results show that both rain gardens and green roofs have potential to increase latent heat and 

thereby reduce temperatures. However, both BGI-solutions increase latent heat during periods 

of frequent precipitation and not when it is needed the most, that is during heatwaves and 

periods of strong Urban Heat Island (UHI). Increasing grass areas have a larger effect than 

other BGI but is commonly outcompeted in urban areas due to lack of space, making it a less 

attractive option in densely built areas. During dry and hot periods, it was found that high 

albedo roofs have the largest potential to decrease temperatures, however through a reduction 

of sensible heat. The study concludes that water availability is crucial for BGI to increase latent 

heat, as water needs to be frequently added for maximum efficiency. To combine the varied 

benefits of BGI with high albedo surfaces should therefore give the largest effect on cooling 

the urban climate.  

 

 

Key words: urban energy balance, urban water balance, SUEWS, energy partitioning, Blue-
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1. Introduction 

Most urban areas in the world face similar challenges of hosting a rapidly increasing population 

at the same time as the effects of climate change are becoming more evident (Yu et al., 2020). 

Urbanization transforms the landscape, altering natural surfaces into impervious materials 

which not only reduces infiltration possibilities for precipitation, but also changes energy and 

radiation balances (Oke et al., 2017). In a changing climate with more frequent and intense 

heatwaves, the impervious surfaces of the city intensify the already severe effects of climate 

change (Yu et al., 2020; Miao, Chen., 2014). Urban materials, such as concrete and asphalt, 

have a larger potential to store heat for longer periods of time than natural materials (Miao, 

Chen., 2014). This contributes to the effect known as Urban Heat Island (UHI) which is the 

phenomenon where an urban area is warmer than its rural surroundings, especially at night (Yu 

et al, 2020). Heatwaves and UHI does not only compromise the thermal comfort in an urban 

area but are also a health risk (Völker et al., 2013; Oke et al., 2017). Exposure to excessive heat 

can, for sensitive groups such as elderly people, cause heat rashes, heat cramps or even fatal 

heart strokes (Völker et al., 2013) which is why it is important to understand how different 

materials and structures affect heat fluxes within the urban environment.  

 

To understand what affects the urban climate and to be able to control it in a better way is 

becoming more important every year. To do so, it is fundamental to recognize the very basics 

of urban heat exchanges, namely the surface energy balance (SEB). The SEB can be applied to 

a variety of spatial and temporal scales and is key for understanding energy transfer and storage, 

not only within the urban dimension but also between the urban area and the different layers 

of the atmosphere (Oke et al., 2017). Connected to the SEB is the hydrological cycle, which is 

highly modified in urban areas as an effect of the urban structure. The urban fabric tends to 

consist of a large share of impervious surfaces. Therefore, water runs on top of the surface 

material as runoff (ibid.). This creates a need to transport water away from the urban surfaces 

in order to avoid flooding and a common solution are storm water systems. These tend to be 

highly efficient, and water is rapidly transported away into underground pipes (ibid.). Although 

efficient, this gives no time to use the water's natural cooling effect through evaporation, which 

affects the energy balance of the urban area. 
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There are a variety of strategies used in urban planning in order to minimize the consequences 

of heat stress and flooding in urban areas, and many strategies try to mimic the natural systems. 

Strategies using blue and green elements have received attention during later years for being 

an efficient solution for reducing urban temperatures (Yu et al., 2020), known as Blue-green 

infrastructure (BGI). These strategies are assumed to increase cooling due to several factors, 

where changes of albedo and evaporative cooling are two of the most important (Hathway & 

Sharples, 2012; Žuvela-Aloise et al., 2016). However, there are drawbacks considering the 

requirement of maintenance in order to function to its full potential, which result in BGI 

possibly being a rather expensive measure (Gothenburg University, 2021; SMHI, 2019). It is 

therefore important to evaluate their function, especially for less researched areas, such as the 

potential of temperature reduction on a neighborhood scale. Previous research on BGIs 

potential to affect latent and sensible heat flux has mostly been conducted in temperate regions 

(T. Sun et al., 2016). Thus, this study investigates BGI function on energy partitioning in a high 

latitude city like Gothenburg. 

 

1.1 Aim 

The aim of this thesis is to model the potential of rain gardens and green roofs to affect the 

energy partitioning, and thereby the potential to reduce temperature in an urban environment 

on a neighborhood scale. The following research questions guides the study: 

 

● How do rain gardens and green roofs affect the energy partitioning?  

● What effect does rain gardens and green roofs have on the energy partitioning 

during periods of different weather conditions? 

● What other measures could be taken to enhance or complement the 

temperature reducing potential of rain gardens and green roofs? 

 

In order to fulfil the aim, the area of Kvillebäcken in Gothenburg was selected. To have Eastern 

Kvillebäcken as a research area allows for a detailed neighborhood scale but yet with a variety 

of urban characteristics; impervious surface intertwined with blue-green infrastructure. 

 

  



 
 

3 

2. Background 

2.1 Energy balance  

The starting point of understanding the urban climate on a larger scale is to understand the 

influence that the urban fabric has on the Surface Energy Balance (SEB) (Oke et al., 2017). 

The urban environment can be investigated on many scales, from individual buildings to 

neighborhoods and blocks (ibid.). The SEB of urban areas tend to differ quite drastically from 

its rural surroundings due to the different radiative properties of impermeable surfaces, such as 

buildings and asphalt, but also due to actions of inhabitants in the city such as combustion from 

motorized vehicles and heating of housing (Erell, Pearlmutter, & Williamson, 2012). Different 

surface characteristics like albedo, roughness length or availability of moisture decides the 

partitioning of the energy balance (Christen & Vogt, 2004). However, even though individual 

structures or buildings each have their own radiation balance, it is not interesting to investigate 

them separately since it is the joint effect of all surfaces that affect the local climate. Instead, 

one must understand how they interact with all other elements of the neighborhood and the city 

(Oke et al., 2017).  

 

2.1.1 Urban Energy Balance 

The Urban Energy Balance (UEB) where all parameters are expressed in the unit of [W m−2] 

(watts per square meters) (Alexander et al., 2016) and can be described as: 

 

Q* + QF  =  QH + QE + ΔQS (+ ΔQA)   [W m−2] 

 

Q* = K↓ + K↑ + L↓ + L↑ 

 

where Q* is net all wave radiation (Erell, Pearlmutter, & Williamson, 2012). Q* is the sum of 

incoming and outgoing longwave (L) and shortwave (K) radiation in the following equation, 

where (↑) represent outgoing radiation and (↓) represent incoming radiation (Christen & 

Vogt, 2004). Q* is dominated by shortwave incoming radiation during daytime and longwave 

outgoing radiation at nighttime (Oke, 1987). This means that Q* is positive during daytime 

and negative during nighttime.  
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QF is the anthropogenic heat flux, which can have more or less impact on the total urban energy 

balance. In a cold region during winters, when incoming solar radiation is small and extensive 

heating of housing occurs, QF contributes to a large share of the input of energy into the balance 

(Taha, 1997). Population data is used to estimate the anthropogenic influence on the urban 

energy balance (Järvi et al, 2011). The anthropogenic heat flux cannot be observed directly, 

and is instead commonly estimated as follows (Grimmond, 1992; Sailor and Lu, 2004): 

 

QF  =  QV + QB + QM 

 

where QF stands for the total anthropogenic heat flux and is estimated from three parameters. 

Qv represents heat released from vehicles and QB is heat released from buildings. QM, which 

usually is negligible in comparison to the former two, is heat released from human metabolism 

(Sailor & Lu, 2004). Population, and thereby also QF, tends to differ over the day and depending 

on what area that is investigated it will look differently (Bergroth, 2019). 

 

ΔQs represents the net storage of heat in urban materials, including buildings, trees or different 

ground materials (Erell, Pearlmutter, & Williamson, 2010). ΔQA stands for net energy added 

to or removed from the urban area by wind (ibid.;Ward et al., 2016) referred to as advection. 

This variable is usually included in the UEB but is avoided in models, due to the assumption 

of a relatively homogenous urban surface (Oke et al., 2017) where advection effects are 

negligible (Alexander et al., 2016).  

 

QH stands for the sensible heat flux, which is the energy exchange between the urban structure 

and the air immediately above it, when there is a temperature difference between the two (Ward 

et al., 2016;Errel, Pearlmutter & Williamson, 2010). The rate of QH is affected by the difference 

in temperature between the air and the surface, and also by the resistance to heat transfer 

between the surface and the air (Erell, Pearlmutter & Williamson, 2010).  

 

QE is the latent heat flux, which is energy required or being released when a substrate changes 

temperature and also goes through a phase change. For example, when water goes from liquid 

to gas (Oke et al., 2017;Ward et al., 2016). One concrete example is when a plant transpires, 

taking up water in liquid form from the soil and releasing it into the atmosphere in gas form. 
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This phase change requires energy which is taken from the surrounding atmosphere, resulting 

in an air temperature decrease (Gkatsopoulos, 2017). The possibility of latent heat to form is 

important for heat mitigation, since availability of water and vegetation is the foundation of 

evapotranspiration, which in the end lowers air temperature. Latent heat is present in urban 

areas through evaporation and transpiration from vegetation and can during optimal conditions 

lower temperatures by several degrees in so called ‘oases’ made up by parks and other green 

areas, meaning an area that is cooler than their surroundings (Taha, 1997). The urban structure 

generally has more runoff and a larger drainage capacity than the rural surroundings, where 

water in urban areas is removed either by going down into pipes or quickly evaporating from 

the many impervious surfaces of the urban environment (ibid.). Less surface water is therefore 

available for evapotranspiration, and the cooling effect of QE in cities is weak (ibid.).  

 

2.1.2 The relationship between QH and QE 

The relationship between QH and QE is strong but complex, where one can, simplified, state 

that QH is a warming agent while QE acts cooling for the surrounding air mass (Oke et al., 

2017). If QH is high, the lower atmosphere is warmer whilst if QE is high, the air is more humid 

which means that the surface air is cooler (ibid.). The two fluxes always add up to a total of 

one, meaning that when QH is high, QE is low and vice versa (ibid.). This means that one flux 

is always increasing at the expense of the other, and through evapotranspiration the solar energy 

is converted into latent rather than sensible heat, which reduces the heat gain (Konarska et al., 

2013).  
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2.1.3 Available Energy 

The available energy equation is based on the UEB but rearranged, however still with each side 

of the equation representing the total available energy (Oke et al., 2017). The net storage of 

heat in urban materials (ΔQs) has been shifted to be a part of the left side of the UEB equation:  

 

Q*  +  QF  -  ΔQs = QE + QH 

 

In this equation ΔQA has been removed due to its negligible effect. Available energy (AE) can 

be presented as stated in the below equation:  

 

AE = QE + QH 

 

The following equation has been used in order to calculate partitioning of QE and QH of 

Available Energy (AE) to understand when one flux is higher than the other: 

 

QE  fraction of AE = QE / (AE) 

 

2.2 Urban Water Balance  

The Urban Water Balance (UWB) differs from its rural counterpart due less greenery and a 

larger share of impermeable surfaces in urban areas (Oke et al., 2017). These modifications 

alter both soil moisture and evaporation as well as increase the amount and the speed of runoff 

water (ibid.). The UWB can be described as: 

 

P + I + F  =  R + E + ΔS 

 

Where P stands for precipitation. I is imported water, for example from piped water. F is water 

that forms through combustion in vehicles and industry (Oke et al., 2017). R represents runoff, 

meaning precipitation that is not infiltrated into the ground and thereby moves over land (T. 

Sun & Grimmond, 2019). E stands for evaporation and ΔS is net change in water storage (ibid.). 

Generally, there is only a small amount of the received precipitation in an urban area that stays 

on the surface until it evaporates. Most of it is removed efficiently by drainage pipes that are 
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connected to the sewer system, meaning that it has been removed from the energy equation of 

the urban area (Oke et al., 2017). In order for cities to handle water sustainably, the 

implementation of BGI is commonly used today with the aim of runoff detention at the same 

time as moisture availability is kept high. Implementing BGI may therefore counteract the 

tendencies of urban areas to be dry and to mainly contribute to the sensible heat flux (ibid.).  

 

2.3 Urban Climate 

The urban climate differs from the rural surroundings and is highly influenced by the urban 

structure (Oke et al., 2017). Both the type of material and the way that urban elements are 

located affect the urban climate, and by planning strategically one can enhance or reduce the 

effects these elements have on the local climate (Coutts et al., 2007). Material used to build the 

urban area affects the energy balance (more closely described in section 2.1), which in the 

extended perspective controls the urban temperature. Urban elements consists of materials that 

are not present in a rural area and are traditionally darker, meaning that they have a high albedo 

and commonly a high emittance (Erell, Pearlmutter & Williamson, 2010). This results in that 

much of the incoming radiation is absorbed into the urban fabric and is stored during the day 

when incoming radiation is still present (Oke et al., 2017).  

 

2.3.1 Surface cover material 

Materials in the urban landscape have different properties which determine how they react to 

radiation, resulting in diversity in surface energy balance among these materials (Erell, 

Pearlmutter & Williamson, 2010). Building roofs are one type of facet that to a larger extent 

occurs in the urban area and that normally are built in a way that makes them absorb a large 

part of the solar radiation, resulting in high surface temperatures (ibid.). Since roofs commonly 

are built to lead away precipitation, they tend to dry up quickly after rainfalls. Therefore, the 

main energy emitted from roofs is sensible heat (QH). Looking at more vegetated urban areas, 

such as fields of grass where more moisture is available, the latent heat (QE) will make up a 

larger fraction than QH of the total energy available (Oke et al., 2017).  This demonstrates the 

importance of moisture availability for the possibility of incoming energy transforming into 

latent heat (Mieli et al., 2020).  
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2.3.2 Urban Heat Island 

When the incoming radiation ceases at dusk, energy stored in building material will be released, 

contributing to the effect known as the Urban Heat Island (UHI) which normally is at its 

strongest at night (Oke et al., 2017). This phenomenon can affect an urban area at different 

levels. Below the ground, at the surface and in different urban atmospheric layers, but it always 

implies a higher temperature in the urban area than its rural surroundings (ibid.). The effects of 

UHI puts people living in urban areas in a vulnerable position, which is increasingly urgent 

since more people than ever live in urban areas (Heaviside et al., 2017). Further, extended 

periods of hot weather and heatwaves have become more frequent in recent years and will 

increase in both length and intensity in the future (Handmer et al., 2018 IPCC). During 

heatwaves urban areas experience a double effect, with the high temperatures from the 

heatwave itself and with the added heat from the UHI effect (Gunawardena et al., 2017).  

 

What further enhances the UHI effect in urban areas is the efficient storm drains commonly 

used in cities, where precipitation and runoff is led down into pipes below ground and 

transported away from the city. This inhibits precipitation to evaporate and thereby reduces the 

moisture availability and evaporative cooling (Taha, 1997). Lastly, anthropogenic heat, for 

example released from heating or cooling of buildings, fossil burning and human metabolism 

contribute to the warming of the city (ibid.). 

 

2.3.3 Effects on different scales 

The effect of the urban fabric on energy partitioning has an effect on a micro scale but can also 

spread to affect a larger area. This depends on the different atmospheric layers created by the 

increased roughness of urban areas due to the changed surface (Gunawardena et al., 2017) 

acting on either meso or micro scale (Oke, 1976). At micro scale, in between urban roughness 

elements such as buildings, is the Urban Canopy Layer (UCL), influenced by the immediate 

surroundings and specific urban elements (ibid.). The UCL extends almost up to rooftop level 

in densely built areas but can completely lack at more open spaces (figure 1). The UCL also 

depends on wind strength, where influence from above lying air masses can penetrate through 

wind (ibid.). Above the UCL lies the Urban Boundary layer (UBL), which affects the city on 

a meso scale and is the air mass whose characteristics are modified by the presence of the city 

or urban area (Figure 1). Through these processes a phenomenon on a micro scale can have a 

far-stretched effect.  
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Figure 1. Atmospheric layers and the effect on different scales (Gunawardena et al., 2017 based on an illustration 

in Oke 1987) 

 

 

2.4 BGI  

There are many ways in which cities can take action against the effects of climate change and 

this section will describe measures that could affect the latent, and to some extent also the 

sensible heat flux. 

 

2.4.1 Green roofs and rain gardens 

In past planning of cities, grey infrastructure has been commonly used, meaning engineered 

structures to water management and climate adaptation, through solutions such as dams and 

pipes, which are not always the most cost efficient measure nor the most efficient in climate 

adaptation (Kabisch et al., 2017; Conservation International, n.d). In many cases blue-green 

infrastructure (BGI), also known as nature-based solutions, can be more efficient than grey 

infrastructure both in regards to costs and climate adaptation potential (Kabisch et al., 2017). 
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The definition of BGI is wide and there are different ideas of what should be included in the 

concepts. The European Commission states that BGI is “a strategically planned network of 

natural and semi-natural areas (…) designed and managed to deliver a wide range of 

ecosystem services” (European Commission, 2019). According to Simperler et al. (2020) the 

definition of BGI can be a natural blue and green area within the city, but also built systems 

using the natural potential of ecosystem services. Finewood et al. (2019) defines it as 

infrastructure that is intentionally designed to mimic and make use of the function of soils and 

vegetation. Even though the definition somewhat differs, research concludes that it involves 

greenery and water somehow for the purpose of minimizing consequences of climate change. 

It also concludes that BGI is valuable, for example regarding climate change adaptation, 

biodiversity, air quality enhancements and it also brings aesthetic value to the city (Kati & Jari, 

2016;SMHI, 2019). BGI also benefits both physical and mental health among the inhabitants 

(World Health Organization, 2017; Kabisch et al., 2017) meaning that it is a multifunctional 

space in the urban environment that brings several benefits to the urban life. However, previous 

research upon BGI potential for cooling varies where streams, ponds and green roofs belong to 

the more researched fields (Sun & Chen, 2012; T. Sun et al., 2016). Rain gardens have been 

seen as an infrastructure that benefits runoff detention and not to have an effect on the reduction 

of urban temperatures, and research of this element is therefore scarce. 

 

As stated above, BGI has several functions within the urban system where two of the most 

important for this thesis are related to the climate change adaptation strategies: water retaining 

capacity and potential to reduce heat stress (Simperler et al., 2020). Increased BGI and thereby 

increased permeable surfaces within the overall impervious environment of an urban area 

increases evapotranspiration, meaning the combined effect of evaporation of water from 

surfaces and transpiration of water from trees and plants (Kabisch et al., 2017). Through BGI, 

water is retained at the surface for a longer period of time, instead of going down into pipes, 

which increases the potential of evaporation from all types of surfaces, acting as a cooling agent 

for the environment (Carpener et al., 2017). The same BGI solutions are not universally 

applicable, as local characteristics affect the efficiency. For example, to maximize the benefit 

of evapotranspiration and thereby the effect of BGI, one should select native plants that are 

resistant to both wet and dry periods (Arabi et al., 2015).  
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2.4.2 Green roofs 

Green roof  is a broad term describing a roof on any type of building covered by a layer of 

vegetation (Capener et al., 2017). Green roofs are commonly divided into three types: 

extensive, semi-extensive and intensive roofs which describe the substrate depth, the plant 

species used and the need for maintenance (SMHI, 2019). Extensive green roofs have a thin 

substrate layer (30-150 mm) and are vegetated by plants such as sedum and succulent species 

(SMHI, 2019; Van Mechelen et al., 2015) (figure 2a). These species are superior to grasses and 

forbs when it comes to growing and surviving in dry conditions (Nagase & Dunnett, 2010). 

Sedum species can regulate and minimize transpiration during dry conditions, in order to 

preserve water and survive long periods without precipitation (Al-Busaidi, Yamamoto, Tanak 

& Moritani, 2013).  

 

Semi-intensive roofs have a deeper substrate (120-350 mm) creating larger possibilities when 

deciding upon plant species, for example woody herbs, grass species and smaller bushes are 

suitable (SMHI, 2019; MacIvor & Lundholm, 2011). The intensive green roofs have a substrate 

layer thicker than 1 meter and require a sturdy construction due the weight of the structure, 

especially when wet (SMHI, 2019; Capener et al., 2017) (figure 2b.). All types of green roofs 

can have an impact on the local climate but to a different extent, where intensive roofs have 

the largest impact due to the large water holding capacity and the increased vegetation cover 

of large plant species (Capener et al., 2017). However, challenges also arise when installing a 

green roof, where one is to handle drought or dry periods (SMHI, 2019). Several factors, like 

the lack of moisture from ground water, the slope of the roof and exposure to wind, contribute 

to an increased drought risk for green roofs. This makes the tolerant extensive roofs a common 

choice. Since extensive roofs are easier to implement, the usage of this type of green roof is 

more widespread (Sun et al., 2016). Extensive green roof is also the type of roof implemented 

in Kvillebäcken and scenarios with this type of green roof will therefore be the focus of this 

study.  
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Figure 2. Examples of A: an extensive roof during a dry period (Photo: Pär Johansson) and B: semi-intensive 

roof (Photo: Jonathan Malmberg).  

 

2.4.3 Rain gardens 

A rain garden can be defined as a flower bed with high walls, where gutters lead runoff from 

buildings (Gothenburg municipality, n.d.). Rain gardens are mainly built to retain runoff in 

order to not overload the storm water system in urban areas (SMHI, 2018), but can also have a 

function of cleaning contaminated runoff before it enters the natural system (Venvik & 

Boogaard, 2020). Rain gardens also help restoring soil moisture and minimizing the effects of 

drought in periods with small amounts of precipitation (ibid.) As with green roofs, rain garden 

is a broad term, but can be defined as a structure normally consisting of “a sandy loam soil, a 

mulch layer and plants designed for retention, infiltration and treatment of storm water” 

(Muthanna, 2008). When incorporating pervious surfaces such as rain gardens into the urban 

structure, more soil water becomes available, which increases the latent heat flux and thereby 

possibly acts cooling for the surrounding air.  

 

To maximize the function of rain gardens, it should be built with suitable plants, preferably 

native plant species that can grow in short periods of very moist soil, but more importantly that 

can withstand prolonged periods of drought (VA-guiden, 2020). Rain gardens in Kvillebäcken 

are defined as flower beds built with high walls where runoff water from roofs is led to it by 

drainpipes (figure 3).  

 

A B 
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Figure 3. One of the rain gardens in Kvillebäcken (Photo: Cornelia Wing) 

 

2.4.4 High albedo roofs 

High albedo roofs are an efficient climate adaptive strategy with the purpose to cool urban 

areas. These structures are sometimes also referred to as white roofs or cool roofs (Oke et al., 

2017). High albedo roofs are roofs that have been painted or are covered in a light color. This 

is done in order to minimize the heat taken up and stored by buildings by using color that 

reflects a large part of the incoming radiation. This decreases the warming of the air mass above 

the roof. The high albedo roof is relatively cheap and easy to install and requires minimal 

maintenance (ibid.).  
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3. Study Area 

3.1 The climate of Gothenburg 

Gothenburg is the second largest city in Sweden in terms of inhabitants, being home to 583 056 

people (SCB, 2020). The city is located on the west coast of Sweden (57° 42′ N, 11° 59′ E) and 

the climate is highly affected by the closeness to the Atlantic Ocean, giving Gothenburg a 

maritime climate (Oliver, 2005). The maritime climate affects the local weather on a day-to-

day basis, giving relatively low summer temperatures (average 16.3 °C during June to August) 

and also mild winter temperatures (−0.4 °C in December to February) (Thorsson et al., 2017). 

Gothenburg receives about 670 millimeters precipitation per year, with the majority of it falling 

during fall and winter (SMHI, 2017). Precipitation is estimated to increase by 5-10% in the 

Gothenburg area until year 2100 (SMHI, n.d.).  

 

3.2 Kvillebäcken 

Kvillebäcken, the study area of this thesis, is located in the northern part of the city center 

(Gothenburg Municipality, 2021) (figure 5). Kvillebäcken is a mix of old and newer buildings 

and is mainly a residential area, but also hosts spaces for offices, restaurants, shops and other 

utilities (ibid). The study area in this thesis is limited to only the area known as Eastern 

Kvillebäcken (figure 5), which will further on in this thesis be referred to as Kvillebäcken. This 

area has been completely rebuilt during the last years.  

 

The main goals when planning for this district was social and ecological sustainability, giving 

Kvillebäcken a modern feeling regarding architecture and urban structure (Gothenburg 

Municipality, 2020). The buildings in the area are in general four to six stories high and 

organized in an urban neighborhood structure where the ecological planning approach is visible 

through greenery incorporation in patios, on roofs and in the park surrounding the stream 

passing through the area (ibid.). The new parts of Kvillebäcken differ a lot from the surrounding 

areas regarding building structure (figure 4).  
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Figure 4. Map illustrating the study area of Kvillebäcken, where it is located within the city of Gothenburg and 

within Sweden. The satellite image also displays the differences in structure between the newer and the older 

parts of the neighborhood.  
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4. Materials and Methods 

The following section describes data processing and methods used for this thesis. Modelling 

requires extensive pre-processing specific to each dataset, which will be presented below in 

categories based on processing technique and data type.  

 

4.1 Description of model 

Urban areas are continuously growing, and in order to understand how to create resilience for 

cities in a changing climate it is necessary to understand how the urban structure and the 

materials affect the urban energy balance at different scales (Best & Grimmond, 2015; T. Sun 

& Grimmond, 2019). Climate modelling is necessary to obtain information on how different 

measures have potential to reduce urban heat stress (ibid). Urban Land surface models are 

commonly used to model water and energy fluxes in urban areas (Sun & Grimmond, 2019). 

The specific model used in this thesis is The Surface Urban Energy and Water balance Scheme 

(SUEWS), which simulates both energy and water fluxes in urban areas (Ward et al., 2016) 

based on meteorological data, ground cover and a vector grid defining the area of interest 

(SUEWS Manual A, 2019). The model is able to simulate energy and water fluxes in cold 

climate cities (Järvi et al., 2014) which makes it suitable for modelling the Gothenburg area. 

The basics of SUEWS is the urban energy balance (Oke, et al., 2017) and the urban water 

balance (Ward et al., 2016). The output from the model is several types of energy fluxes as 

well as parameters related to water, such as precipitation, runoff and water storage (figure 5).  
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Figure 5. Input and output from SUEWS. Based on image from SUEWS Manual A (2019). 

 

4.1.1 SuPy 

SuPy (a version of SUEWS handled through Python) was used in this thesis due to easier 

handling and overview of the model, input parameters and runs. SuPys’ scientific thoroughness 

is guaranteed by SUEWS (ibid) and has been developed because of the increasing knowledge 

in Python among climate researchers, where SuPy has expanded the usability of SUEWS. 

Further information on how SuPy works can be found in Sun & Grimmond (2019). SuPy 

version 2021.3.30 was used in this thesis, which at the time was the most up to date version. 

The model running period was 2017-2018 with hourly resolution, where 2017 was used as a 

spin-up year in order for the model to stabilize (T. Sun & Grimmond, 2019) and 2018 was the 

year which was used to interpret results. Further in this thesis, SUEWS will be used as the 

name of the model except when dealing specifically with calculations and other settings that 

have been done outside SUEWS. In these cases, the name SuPy will be used.  
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4.2 Data and data processing 

4.2.1 Meteorological data  

The meteorological data set, retrieved from the Swedish Meteorological and Hydrological 

Institute (SMHI) from the station Gothenburg A, was processed in order to fit the format of 

SUEWS. For this thesis work, the SUEWS minimum requirement regarding meteorological 

variables as input data have been used (table 1). 

 

The data was downloaded separately for each parameter (SMHI n.d.). The files were merged 

into a text file covering all parameters on an hourly resolution. Missing data was interpolated 

through a linear interpolation method (Pandas Manual, 2021) up to a maximum of 5 hours in 

the event of missing data.  

 

Table 1. Required meteorological input data in SUEWS (UMEP Manual B, 2020) 

Variables  

Wind speed (m/s) 

Air temperature (°C) 

Relative Humidity (%) 

Barometric pressure (kPa) 

Incoming shortwave radiation [W m-2] 

Precipitation(mm) 

 

4.2.2 Elevation Models   

Terrain models were used in order to obtain topographic attributes, building and vegetation 

heights of the study area (See Reddy, 2018). All three elevation models in this thesis are 

retrieved by LiDAR measurements and have then been converted into raster files of a resolution 

of 1 meter. Three different elevation models were used, Digital Elevation Model (DEM) which 

is a representation of the ground surface elevation, Canopy Digital Surface Model to obtain the 

height of vegetation within the city and the Digital Surface Model (DSM) showing the height 

of objects in relation to the ground elevation.  

 

Kvillebäcken is an area of development and new buildings have been added since the DSM 

was first created and it had to be updated in order to represent the area today. Then the height 

of the buildings was measured using a Nikon Laser Forestry Pro. This tool measures angles 
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and horizontal distances, allowing for easy height measurements at the building site (Nikon, 

n.d.). Every building was measured three times and an average of these three measurements 

were calculated. However, due to the dense building pattern there were some issues of 

measuring the highest point of the roof of those buildings having a gable roof (about 1/3 of the 

buildings). Instead, all buildings were measured where the lower part of the roof meets the 

wall, to have equal measurements on all buildings.  

 

Further pre-processing of the data was necessary in order to obtain morphometric parameters 

later used in SUEWS, such as building height, plan area index and vegetation height. The land 

cover data was processed in a similar way to retrieve the fraction of every land cover type for 

the chosen area (table 2).  

 

4.2.3 Land cover data 

The land cover data used is an updated version of the land cover raster created by Johansson 

(2017) and it uses seven different classes (table 2) (SUEWS Manual A, 2019). Due to the 

rebuilding of Kvillebäcken during the last years the land cover had to be updated, where the 

separate land cover classes were retrieved differently.  

 

Table 2. Land cover types in land cover layer and the corresponding fraction in the Kvillebäcken Base Scenario.  

Land cover type Fraction of each land cover 

Paved 0.445 

Building 0.319 

Evergreen tree 0 

Deciduous tree 0.041 

Grass 0.162 

Bare ground 0.012 

Water 0.021 

 

Evergreen trees were removed from the land cover since there are only a few of those in the 

whole research area and their impact is seen as negligible. Deciduous trees were added to the 

land cover layer based on a digitalization of vegetation in Kvillebäcken made by Wing (2021). 

Grass and other vegetation elements such as green roofs and raingardens were also taken from 

this source (ibid.). Buildings were added into the land cover layer using the difference between 
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the DSM and the DEM layer. Water, which only is present in the stream that runs through the 

area, was used from the unaltered land cover data set since the stream has kept its original 

shape during the rebuild of the area. Bare soil was manually added and is only present at a few 

walking paths and similar features. Lastly, paved was retrieved as a residual, by filling all 

empty areas not covered by another land cover class.  

 

4.2.4 Population  

Kvillebäcken is mainly a residential area and therefore the population is estimated to peak at 

nighttime when people are home from daytime occupation. Data from the statistical analysis 

department of the City Executive Office of Gothenburg was used to identify daytime and 

nighttime populations, where the Kvillebäcken population more than tripled at nighttime which 

affects the anthropogenic heat flux (Table 3).  

 

Table 3: Estimated daytime and nighttime population in Kvillebäcken per hectare.  

Population Daytime / ha Population Nighttime / ha 

82.5  295.3 

 

4.3 Creating Scenarios 

In order to model the effect of a larger share of rain gardens and green roofs, scenarios for the 

different BGIs had to be set. The first scenario is referred to as the Base Scenario (table 4) and 

is the best possible representation of Kvillebäcken, but without any BGI other than the grass 

following the land cover settings. Important to note is that two types of BGI are modelled 

separately, meaning that when investigating building runoff to rain gardens and grass areas, 

this is done assuming that there are no green roofs in Kvillebäcken. 

 

Table 4. Parameter settings for the Base Scenario (See Suews Manual B, 2019). 

Parameter Setting 

Albedo 0.15 

Emissivity 0.91 

Water storage 0.25 mm 

Wet threshold 0.25 mm 

State Limit 0.25 mm 
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For example, regarding albedo and emissivity on roof material and soil aspects looking at rain 

gardens. To investigate scenarios where areas to a larger or smaller extent are covered by either 

of the two types of BGI investigated in this thesis, the scenarios were put to describe the effect 

of 100% coverage of either green roofs or rain gardens. For lower scenarios, such as 25% 

coverage, 50% coverage or 75% coverage a weighted average was used. For example, when 

looking at a coverage of 75% green roofs (out of the total roof area), 75% of the output of a 

SuPy run is taken from the scenario of 100% green roofs and 25% of the result is taken from 

the Base scenario (figure 6).  

 

 

Figure 6. Illustration of how weighted average was calculated (example showing 75% green roof) after a run in 

SuPy. The same method was used for all scenarios of different amounts of green roof coverage was calculated. 
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4.3.1 Green Roofs 

Settings to model extensive green roofs mainly relate to the albedo, emissivity and water 

storage capacity of green roofs. This means that the model shows what effect a green roof has 

on the energy partitioning in urban areas, when changing surface and water storing factors from 

a more standard roof into a representation of a green roof (Table 5).  

 

Table 5. Parameter settings for a green roof (Suews Manual B, 2019). 

Parameter Setting 

Albedo 0.2 

Emissivity 0.95 

Water storage 1.9 mm 

Wet threshold 2 mm 

State Limit 1.9 mm 

 

This method to model green roofs does not account for the cooling effect of transpiration from 

plants in the way an actual green roof is assumed to function. The modelled green roof has a 

higher capacity to store water compared to ordinary roofs, which increases the potential 

evaporative cooling. This way of modelling green roofs does not represent the exact effect an 

actual green roof would give but since the evapotranspiration tend to be low or negligible from 

extensive green roofs in arid conditions, it can still be argued to give an idea of how these 

installations affect the energy partitioning (Van Mechelen et al., 2015). In order to have a 

comparison and set the effect of green roofs into a context, the effect of a high albedo white 

roof has also been investigated.  

 

4.3.2 Rain gardens 

Since rain gardens are constructed at ground level, these were modeled as grass but with 

parameters changed into a more suitable way for how rain gardens are built in regard to soil 

type, soil depth and type of vegetation. Albedo, emissivity and soil characteristics were 

changed in order to achieve a modeled rain garden (Table 6.). Further, an increased share of 

runoff from building roofs were also led to these rain gardens in order to investigate how 

increased water availability in this type of BGI can potentially increase the latent heat flux.  
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Table 6. Parameter settings for a rain garden (Suews Manual C, 2019). 

Parameter Setting 

Albedo 0.18 

Emissivity 0.94 

Water storage 2.3 mm 

Wet threshold 1.8 mm 

State Limit 1.9 mm 

 

4.3.3 Scenarios for increased BGI and high albedo roofs 

The present BGI in Kvillebäcken differs between the two types, where quite a large proportion 

of the roof area is already covered by green roofs but only 3% of the total ground vegetation is 

made up by rain gardens. The two also differ in the space they take up in the urban environment, 

where rain gardens compete with all other interests on ground level while the roof area isn’t 

commonly competing with other interests. Therefore, they have been set to different scenarios 

that can be assumed to be reasonable for the two types of BGI (table 8).  

 

Since there already is quite a large share of green roofs in Kvillebäcken, one can assume that 

increasing these would be possible since most of the roof area that is not used for green roofs 

today is not used for any other purpose either. It can also be argued that if a similar area was to 

be built, which is likely according to the city’s plans for densification (Gothenburg 

Municipality, 2020) a larger proportion of green roofs is feasible. Due to this, the scenarios for 

increased green roofs have been set to 50%, 75% and 100% of roof area covered by green roofs 

(table 8). In order to compare the effects of installing green roofs, a high albedo roof has also 

been modelled. The high albedo roof is shown in a 100% scenario and can be compared to the 

effects of the 100% scenario of green roofs (table 7).  

 

Table 7. Parameter settings for a high albedo roof (Suews Manual B, 2019). 

Parameter Setting 

Albedo 0.6 

Emissivity 0.95 

Water storage 0.25 mm 

Wet threshold 0.25 mm 

State Limit 0.25 mm 
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For rain gardens, scenarios have been set lower since rain gardens today only make up a small 

part of the vegetation cover, which means that it is not reasonable that one would see 50% or 

75% of the ground vegetation cover being rain gardens. Therefore, scenarios have been set 

based on possible changes to current flowerbeds in Kvillebäcken. If all flowerbeds are included 

into vegetation cover, they, together with raingardens make up about 30% of the total ground 

vegetation in Kvillebäcken. It would be a large project, but through increasing the height of the 

flowerbed walls and lead precipitation runoff there, they would become rain gardens (table 8).  

 

4.3.4 Scenarios of changed land cover and increased water to BGI 

In Kvillebäcken today, about 10% of runoff from buildings is led to vegetation. In order to 

investigate how runoff from buildings can increase the latent heat flux from rain gardens, the 

model was also run with 100% of the runoff from buildings being led to each of the rain gardens 

scenarios. Further, to be able to compare the potential of rain gardens, scenarios of increased 

fractions of grass areas in Kvillebäcken were used to investigate whether only grass also has 

an effect on the latent heat flux. The fraction of grass in Kvillebäcken today is approximately 

16% of the total area. Scenarios used when increasing the grass area was 26% grass, 36% grass 

and 46 % grass out of the total area. For these scenarios to be created, it was necessary to 

decrease other areas. This was done by reducing the area covered by paved surfaces by the 

corresponding amount for each scenario. However, to increase the fraction of grass according 

to these scenarios is not a probable action in Kvillebäcken. It is however useful to look at in 

order to evaluate the effect of grass on latent heat and thereby possibly suggest a higher fraction 

of grass if more areas are built/rebuilt in the same style as Kvillebäcken. To investigate further 

what influence grass can have on the latent heat flux, more precipitation runoff from buildings 

were also led to grass areas. The three scenarios for grass were used, and 100% of building 

water was led to each to demonstrate the difference with more available water.  
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Table 8: List of scenarios and the corresponding short name used in plots.  

Scenario short name Scenario full name Comment 

base Base Scenario 0% rain gardens and 0% 

green roofs 

rg_30 30 % rain garden % rain gardens of all 

vegetation 

rg_10 10 % rain garden % rain gardens of all 

vegetation 

rg_3 3 % rain garden % rain gardens of all 

vegetation 

rg_30_water 30% rain garden plus water 100% of building runoff led 

to 30% rain garden coverage 

rg_10_water 10% rain garden plus water 100% of building runoff led 

to 10% rain garden coverage 

rg_3_water 3% rain garden plus water 100% of building runoff led 

to 3% rain garden coverage 

gr_100 100% green roof 100% green roof coverage 

gr_75 75% green roof 75% green roof coverage 

gr_50 50% green roof 50% green roof coverage 

gr_25 25% green roof Green roof coverage today 

in Kvillebäcken 

gr_white 100% high albedo roof 100% high albedo roof 

coverage 

grass_26 26% of land cover is grass Land cover fraction grass 

increased to 0.26 

grass_36 36% of land cover is grass Land cover fraction grass 

increased to 0.36 

grass_46 46% of land cover is grass Land cover fraction grass 

increased to 0.46 

grass_26_water 26% of land cover is grass 

plus water 

Building runoff led to 0.26 

grass fraction 

grass_36_water 36% of land cover is grass 

plus water 

Building runoff led to 0.36 

grass fraction 

grass_46_water 46% of land cover is grass 

plus water 

Building runoff led to 0.46 

grass fraction 
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4.3.5 Case study periods 

The meteorological periods were chosen based upon the amount of precipitation and time in 

between rain events. The dry period (2018-07-16 to 2018-07-23) is a part of a heatwave with 

an extended period of unusually hot temperature for Gothenburg together with a low amount 

of precipitation during the summer of 2018 (figure 7A). The wet period is from the same year, 

but in October (2018-10-02 to 2018-10-08) when precipitation was more frequent (figure 7B). 

The case study periods were chosen to show a week at two specific time periods during 2018 

since it can show a detailed pattern on a short time scale such as 24 hours. However, it also 

displays the time it takes for the effect of a rainfall to disappear. 

 

Figure 7. The meteorological periods selected for this thesis work, where A illustrates the dry period and B 

represent the wet period.  

 

 

  

A 

 

B A 
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5. Results 

This section presents the results from running SuPy with the different scenarios. It displays the 

energy partitioning in Kvillebäcken with the current extent of rain gardens and green roofs, and 

how changes regarding these structures can have an effect, mainly on the QE energy flux but 

also to a certain extent on the QH energy flux. Plots are presented either as the latent heat flux 

(QE) or the sensible heat flux (QH) divided by the Available Energy (AE), giving the fraction 

of QE or QH in relation to AE or as watts per square meter (Wm^-1). 

 

5.1 Overview of Model run  

The model run for 2018 (figure 8) displays the changes in the Surface Energy Balance over the 

year, where the incoming net radiation (Q*) and sensible heat (QH) peaks during June and July, 

whereas the latent heat (QE) reaches the highest values later during the year, during August and 

September. The Surface Water Balance displays the unusually dry spring and summer with 

little precipitation (figure 11). Evaporation and latent heat increase during August when 

precipitation is increasing.  

 

 
Figure 8: Model output showing Surface energy balance and Surface water balance of 2018 presented as monthly 

average for each flux.  
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5. 2 The energy partitioning of Kvillebäcken  

5.1.1 Rain Gardens 

QE reaches the peak value as a direct effect of a rainfall event, which has a decreasing influence 

on the QE fraction during up to 24 hours. The difference between the Base scenario and 3% 

rain garden is only at its largest barely 1% (0,01), meaning that the current extent of rain 

gardens in Kvillebäcken has little influence on the latent heat flux (figure 9b).  

 

The effect of an increased area of rain gardens in relation to other vegetation, there is for the 

dry period an evident effect of rainfall on the partitioning of QE. The effect disappears quickly, 

within 24 hours of the rain event. Without precipitation, the rain gardens do not have an effect 

on the QE fraction. For scenarios with 10% rain gardens and 30% rain gardens, the rise in QE 

is larger but does not last for a longer period of time (figure 9b). For the wet period, the fraction 

of QE is more constant due to more frequent precipitation events. However, the difference from 

the Base scenario is smaller which likely is an effect of the cooler temperatures during this 

period, giving a smaller rate of evaporation (figure 10).  

 

When looking at an increased fraction of rain gardens and how an increased amount of runoff 

from buildings affects the QE, it is evident that the QE fraction becomes larger when more water 

is led from buildings. The effect over time is however small and the difference in the rise of 

QE from the Base scenario remains less than 24 hours for all rain garden scenarios (figure 9b).  

 

The wet period follows the same pattern as the dry period, showing that rain gardens with 100% 

of building runoff increases the fraction of QE directly after a rainfall event but the effect is 

only short-term (figure 10). However, when comparing the different rain garden scenarios, it 

should be noted that these results show that a smaller amount of rain gardens but with a large 

amount of water led to it (ex. 10% rain garden with added water, red line) increases QE flux 

more than 30 % rain garden (purple line) directly after a rainfall event (figure 10b) during the 

wet periods. However, the relationship is the opposite a few hours after a rain event, where the 

scenario 30% rain garden contributes to a larger fraction of QE (figure 10b).  

 

During the wet period QE levels are similar to the dry period values. However, due to more 

consistent rainfall events the QE fraction is slightly higher than the base scenario for most days. 

This is in contrast to the dry period where QE levels remain the same for Base and 3% rain 

gardens within 24 hours after the last rain event (Figure 10b).  
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Figure 9. The effect of an increased surface area of rain gardens in the dry period, and also 100% of building 

runoff led to each scenario. A: Fraction of QE and B: difference from the base scenario. 

 

 

A 

B 



 
 

30 

 
Figure 10. The effect on QE fraction when the surface area of rain gardens is increased, in the wet period and 

100% of building runoff led  to each scenario. A: Fraction of QE and B: difference from the base scenario. 

 

 

 

  

B 

A 
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5.2.2 Green roofs 

The QE fraction is higher for the 25% scenario than the Base scenario during rain events and 

the effect lasts up to 24 hours, where the effect depends on the magnitude of the rain (Figure 

11 & 12). There is no rise of QE on days without rainfall (Figure 11b) during the dry period, 

demonstrating that green roofs do not increase evaporative cooling on days without 

precipitation in Kvillebäcken with current green roof coverage. For the wet period (figure 12), 

the pattern is similar to the dry period, but the effect of an increased QE fraction lasts slightly 

longer. The fraction of QE is more constant during the wet periods but is also an overall smaller 

fraction of AE, likely due to the lower temperatures of this period compared to the dry period, 

which decreases the evaporation possibilities for surface water.  

 

During the dry period there is an effect on the QE fraction after rainfall events, which is clearly 

increasing for each scenario of green roof coverage (figure 11 & 12). The effect is large directly 

after a rain event but decreases rapidly during the following 24 hours and ceases after that. 

During days of no precipitation there is no effect for any scenario on the QE fraction from green 

roofs. The QE increasing effect lasts the same period of time for all scenarios (figure 11 & 12).  

 

 

 



 
 

32 

 
Figure 11. Effect on QE using green roof scenarios during the dry period, modelling present green roof cover 

(25%) and increased scenarios of 50%, 75% and 100% coverage for the dry period. A: Fraction of QE for each 

scenario and B: difference of each scenario from the base scenario.  

 

 

A 

B 
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Figure 12. Effect on QE using green roof scenarios during the wet period, modelling present green roof cover 

(25%) and increased scenarios of 50%, 75% and 100% coverage for the wet period. A: Fraction of QE for each 

scenario and B: difference of each scenario from the base scenario. 

 

  

B 

A 
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5.2.3 Increased grass land cover fraction  

An increasing fraction of grass gives a clear increase in fraction of QE, and when building 

runoff is led to grass, it increases the fraction of QE further. The increased QE lasts about 24 

hours during the dry period (figure 13) and a little longer during the wet period (figure 14). 

Overall, during the wet period the pattern is similar where an increased amount of water led to 

all three scenarios increasing the QE fraction (figure 13 & 14). The QE fraction is kept at a 

higher overall level during the wet periods with frequent rain events (figure 14).  

 

 
Figure 13. Different scenarios of grass fractions in Kvillebäcken and how the QE fraction changes when leading 

100% of building runoff to these grass areas during the dry season. A: Fraction of QE with different grass fraction 

scenarios. B: Difference from each scenario to the base scenario (16% grass coverage). 
 

A 
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Figure 14. Different scenarios of grass fractions in Kvillebäcken and how the QE fraction changes when leading 

100% of building runoff to these grass areas during the wet season. A: Fraction of QE with different grass fraction 

scenarios. B: Difference from each scenario to the base scenario (16% grass coverage). 

  

A 

B 
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5.2.4 The effect of green and high albedo roofs compared 

This section compares the modelled effect of the different scenarios of green roofs to a scenario 

where Kvillebäcken would be built with roofs all painted white. The result for this comparison 

is shown as the energy flux in watts per square meter (Wm^-1) for QE and QH. The result (figure 

15 & 16) shows that there is a slight increase in QE compared to the Base scenario when using 

high albedo roofs during the dry period. The main effect of high albedo roofs is shown in a 

decrease of QH.   

 

Comparing the dry and the wet period, it becomes evident that during hot and sunny days the 

partitioning of energy into QE is small from both green and high albedo roofs (figure 15 & 16). 

This differs from the QH heat flux, which is highly reduced by high albedo roofs during the 

same conditions. The high albedo roof has the most effect during sunny and warm days, 

lowering the QH by approximately 50 Wm^-1. However, looking at the wet period there is only 

a slight reduction of the QH heat flux. The QE heat flux on the other hand is increased more 

during these conditions than during dry and warm conditions, meaning that green roofs have 

the largest cooling effect during wet conditions (figure 15 & 16). 
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Figure 15: The average of daily energy flux for latent heat (QE) and sensible heat (QH) during a completely dry 

period. The period shown is 2018-07-20 until 2018-07-25. A: QE flux, B: QE flux difference of scenarios from the 

Base scenario, C: QH flux, D: QH flux difference of scenarios from the Base scenario.  
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Figure 16: The average of daily energy flux for latent heat (QE) and sensible heat (QH) during the wet period. The 

period shown is 2018-10-02 until 2018-10-08. A: QE flux, B: QE flux difference of scenarios from the Base 

scenario, C: QH flux, D: QH flux difference of scenarios from the Base scenario.  
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6. Discussion 

6.1. Partitioning of latent and sensible heat in Kvillebäcken with current 

BGI 

The building structure of Kvillebäcken with a small fraction of vegetation, where the fact that 

Kvillebäcken is newly rebuilt and therefore the important evapotranspiration effect from large 

trees does not exist, gives a low overall latent heat flux. The current green roofs and rain 

gardens in Kvillebäcken have a limited influence on partitioning into latent heat, especially on 

days without precipitation (figure 9, 10, 11 & 12). During the dry period there are several days 

where there is no or a very small difference between the Base scenario and rain gardens and 

green roofs respectively, indicating that the current BGI in Kvillebäcken does not increase the 

partitioning of latent heat during these conditions. This is likely due to the building structure 

of Kvillebäcken with a large proportion of impermeable and dark surfaces, which mainly 

radiates sensible heat (Oke et al., 2017) contributing to warming of the nearby air.  

 

6.2. Influence of rain gardens and additional water to green surfaces 

Rain gardens are mainly built to retain runoff, to not overload the storm water systems (SMHI, 

2018) but can evidently also have a small influence on the energy partitioning in an urban area. 

When increasing the surface area of rain gardens, there is a slight increase in the latent heat 

flux. The difference is at its maximum for the scenario with 30% rain gardens and differ 

approximately 25% from the Base scenario during days following a rain event (figure 9 & 10). 

The effect is short-term but it is evident that rain gardens to some extent have the potential to 

affect the latent heat flux, like all other vegetation in the urban area (Meili et al., 2020). This 

result is expected because of the rain garden’s purpose of retaining excess water (SMHI, 2018), 

leading to an increased moisture availability and therefore also leading to potential for an 

increased latent heat flux. The strongest increase of the fraction of latent heat occurs after 

rainfall, but the largest need for urban cooling is during dry and warm periods (Gunawardena 

et al., 2017). When all building runoff is led to vegetated areas, and also to rain gardens, the 

increase of latent heat is enhanced further in comparison to the Base scenario. Again, this is a 

result of the increased water availability at the surface which increases the possibility for water 

to evaporate and thereby energy is partitioned into latent heat (Oke et al., 2017).  
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6.3. Influence of increased green roof cover  

Increasing the green roof cover in Kvillebäcken increases the latent heat flux, where the effect 

lasts up to 24 hours. The greatest effect is reached by the scenario where green roofs cover 

100% of the roof area. To implement green roofs on a building goes in line with what Oke et 

al. (2017) discusses on how neighborhoods should work to enhance or at least not worsen their 

surrounding microclimate, where green roofs can be seen to compensate for parts of the low 

urban latent heat flux (ibid.). The effect of increasing green roofs is smaller than changing land 

use from paved to grass, however it can be argued that since roof areas rarely compete with 

other interests of the city it is a more realistic measure to consider. When incorporating BGI in 

urban areas, it is preferable to retrofit already existing structures rather than creating new areas 

which compete with other interests in the urban environment (Calheiros & Stefanakis, 2021). 

Due to the availability of roof space it is also reasonable to suggest 100% green roof coverage 

or at least a large proportion of the total roof area in a similar future building project. The result 

demonstrates a clear difference between the scenarios, where 100% green roof coverage gives 

the larger increase of latent heat, beneficial for the reduction of temperatures in Kvillebäcken.  

 

Looking at the green roof effect on the latent heat flux during the two periods of different 

weather conditions it is evident that green roofs have a larger influence during periods of more 

precipitation and that they do not have any effect during periods of drought (figure 11 & 12). 

This means that during heatwaves (which the July Case study period is an example of) when 

cooling is needed the most, green roofs have little or no effect on increasing the latent heat 

flux. Extensive green roofs generally have a higher drought tolerance than the other types of 

green roofs due to the selection of drought tolerant plants (Nagase & Dunnett, 2010). However, 

they can only withstand drought to a certain extent before the transpiration decreases and 

eventually the plants die meaning that the green roof no longer contributes to increasing the 

latent heat flux through transpiration (Al-Busaidi, Yamamoto, Tanak & Moritani, 2013). 

During periods of dry and hot weather, green roofs therefore do not contribute to cooling and 

it does not decrease heat stress and UHI efficiently in Kvillebäcken. The same result applies to 

all scenarios of green roof coverage, contradicting previous research, for example what Sun, 

Grimmond and Ni (2016) presents for a warm temperate monsoon climate.  
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6.4. Green roof and high albedo roof comparison 

During hot and dry conditions green roofs have a low potential to increase latent heat and 

thereby to reduce urban temperature. High albedo roofs seem to have the largest effect on 

reducing the sensible heat flux during these conditions, which can lower the temperature in 

periods of extreme heat. Taken together with the lower cost of installation and small need for 

maintenance, cool roofs can according to the result of this thesis be more efficient when it 

comes to temperature reduction in urban areas (EPA, n.d). However, the high albedo roof lacks 

the multifunctionality of the green roof, such as aesthetic, ecosystem and rain retention values 

which makes the reasoning of Oke et al. (2017) regarding a mix of different solutions applicable 

on the Kvillebäcken example. A combination between high albedo roofs and green roofs could 

give a maximal effect with a variety of benefits.  

 

6.5. Influence of land cover change – increased grass and decreased paved areas  

Results of an increased fraction of grass in Kvillebäcken show an effect on the latent heat flux 

which is notable. It follows the pattern of other BGI, and the effect does not last long after 

rainfall events (figure 13 & 14.). Even though the effects of an increased grass fraction, and as 

a result also less paved surface, gives quite a large effect on the latent heat flux it can be 

questioned whether it is actually a reasonable scenario for an area like Kvillebäcken. The 

scenarios demand a drastic change in how the area is built and even if the amount of grass 

could be increased somewhat, it is not likely that almost 50% of the surface area in 

Kvillebäcken would be made up of grass. Grass competes with many other interests on ground 

level and in an urban environment, such as roads and buildings, and cannot extend into these 

fractions since they are the foundation of urbanity. The results suggest that for future 

constructions of areas similar to Kvillebäcken should focus on maximizing grass areas where 

possible due to the high potential of energy partitioning into latent heat flux. This should be 

done together with other BGI for a maximal latent heat increase (Oke et al., 2017).   

 

Further, the effect on the latent heat flux of a change land cover is largest within the 24 hours 

after a rainfall event which suggests that water availability near the surface of soils is crucial 

in order for energy to be partitioned into latent heat in (Caporali & Civile, 1999). For the dry 

period, water becomes unavailable for evaporation within 24 hours, where some of the water 

most probably has evaporated giving an increased fraction of latent heat and some water 

becomes bound to the soil (Brogowski & Kwasowski, 2015). Moist grass surfaces give a higher 
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partitioning into latent energy, which could be distributed also to surrounding areas depending 

on the urban structure and wind circumstances (Oke et al., 2017).  

 

6.5. Future research  

The effect of precipitation on the partitioning of energy is clearly visible for all scenarios and 

for both rain gardens and green roofs. This suggests that the water availability is the crucial 

factor for an increase of latent heat flux and that the BGI in Kvillebäcken has little or no effect 

in periods of drought. Water availability and cooling could be increased through irrigation of 

vegetated areas, which in studies of green roofs has been seen to increase cooling potential 

(Tsang & Jim, 2016; Van Mechelen et al., 2015). It would therefore be interesting to investigate 

the potential of BGI with irrigation in Kvillebäcken to understand the effect of a constant 

supply of water through irrigation and how that could increase the latent heat flux.  

 

Further, SUEWS works at a neighborhood scale but the effects on the heat fluxes seen in the 

smaller scale can have an effect also on a city scale (Susca et al., 2011). Through exchange 

between the atmospheric layers above the urban area, the effect of energy partitioning changes 

can affect other areas as well. Oke et al. (2017) demonstrate how the cooling effect of vegetated 

areas can be spread to the surroundings. Gunawardena et al. (2017) stated that BGI can increase 

the convection through an increased roughness and thereby increases the connection to the 

UBL which moves the cooling effect from a micro scale to a city-wide scale, meaning that the 

effect seen in Kvillebäcken potentially could reduce temperatures also in the neighboring parts 

of Gothenburg. Finally, assuming that several neighborhoods within an urban area increases 

both BGI presence and possibly also high albedo roofs, it will increase the all over latent heat 

flux of the urban area (Susca et al., 2011). Thus, more research is needed on how BGI can 

affect energy partitioning, not only on a micro scale but also on a city scale.  

 

6.6. Uncertainties 

This thesis has used an energy and water flux model as a method of investigating the potential 

of increasing the latent heat flux and reducing temperatures in Kvillebäcken. As for all models, 

it implies some simplifications of reality. One important parameter, plant transpiration, has 

been overlooked due to SUEWS modelling possibilities where the way green roofs are 

represented (section 4.1.7) does only use evaporation from green roofs and does not account 

for transpiration. Meili et al. (2020) states that this is an important parameter and the result in 
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this thesis could therefore be slightly underestimating the cooling potential of green roofs. It 

would be beneficial to compare the result in SUEWS to the way green roofs are modelled in 

Meili et al (2020), in order to investigate to what extent transpiration affects the temperature 

reducing effect of green roofs.  

 

Further, the result does not account for the combined effect of rain gardens and green roofs but 

models them separately. It would be beneficial to further investigate the interplay between the 

two types of BGI to see if the water retention of the green roof possibly could slow the water 

access to rain gardens down, and thereby prolong the effect from a rainfall event. It would also 

be useful to look at an extended period of time and to not use an anomalous year weatherwise. 

The result concludes that the effect of BGI on the latent heat flux during the unusually warm 

and dry period of 2018 was small, but it is also important to recognize that BGI could have a 

larger influence during a year that is more normal in temperature and precipitation amounts.  
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7. Conclusion 

Both rain gardens and green roofs have the potential to affect energy partitioning and can 

increase the fraction of latent heat in the urban environment, especially in wet periods. Both 

types of BGI have a low potential to affect the latent heat flux during periods of dry weather 

and are therefore not an efficient measure to lower temperatures during these conditions. Water 

availability and an increased latent heat flux is closely related, and measures to retain water at 

surface level is crucial in order for rain gardens, green roofs and grass areas to have a cooling 

influence through latent heat on the nearby air mass. The high albedo roofs have shown to be 

more efficient during periods of urgent need, such as during the heatwave period of July 2018 

where it efficiently decreases the sensible heat flux and thereby lower temperatures. However, 

a combination of BGI and high albedo surfaces would probably reach the largest overall 

benefits for an urban area that needs to counteract the issues of high temperatures enhanced by 

the urban structure and climate change. Finally, the effects on the energy partitioning from rain 

gardens, green roofs and high albedo roofs can have widespread effects on neighboring areas 

as well as the total Urban Energy Balance. 
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