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Abstract  

 

Urban Heat Islands is a well-known phenomenon that has been observed in most cities 

around the globe. It is a night-time phenomenon occurring on calm and clear nights and is 

defined as the temperature difference between an urban area and its rural surroundings. As 

air temperatures are getting higher due to climate change, along with a global trend of 

urbanization, there is a need to identify the risks of urban heat to implement heat-mitigating 

measures. One method for modeling Urban Heat Islands is the Urban Weather Generator 

(UWG). This study aims to investigate the characteristics of the UWG and evaluate how well 

it performs in the city of Gothenburg, Sweden. A sensitivity analysis of the different input 

parameters was performed, as well as a model evaluation where modeled data was 

compared to observed air temperatures from five different sites around Gothenburg. 

Building density is the parameter that most influenced the modeled air temperatures, while 

vegetation had a low effect on the modeled results. The results of the model evaluation 

showed that the model estimates urban air temperatures well in built-up dense areas, while 

areas with a high fraction of vegetation were not captured efficiently by the model. In these 

areas, the modeled air temperature was higher than the observed. Therefore, one can 

conclude that the model performs well in estimating air temperatures in typical urban 

environments, while it needs improvements in capturing the mitigating effects of urban 

vegetation.  
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1 Introduction  

1.1 Background  

Most people can probably relate to the feeling of wanting to escape the unbearable heat of 

the city on a hot summer day, perhaps seeking relief in the countryside or by the coast. In 

fact, most urban areas experience higher air temperatures than rural. The average 

temperature difference is about 1-3 °C higher in urban areas, but this difference can be up to 

12 °C in large cities under certain weather conditions (Grimmond, 2007; Oke et al., 2017). 

This phenomenon is called the Urban Heat Island (UHI) and has been observed in many cities 

around the world. The UHI is defined as the difference in temperature between an urban 

area and its rural surroundings. The differential cooling rates of the urban and rural sites 

during the evening and early night cause this temperature difference, making the UHI a 

nocturnal phenomenon (Oke et al., 2017). The UHI forms due to a combination of 

circumstances, mainly the urban geometry, lack of vegetation, meteorological factors, 

anthropogenic heat release, and the urban materials affecting the thermal admittance 

(Santamouris et al., 2017). 

According to The Intergovernmental Panel on Climate Change (IPCC), it is virtually certain 

(more than 99% probability) that the extensive release of greenhouse gases already has 

caused an increase in mean air temperatures as well as extreme heatwaves in most parts of 

the world, a trend that will continue over the 21st century (IPCC, 2021). The UHI has been 

identified as intensifying the heat extremes in urban areas (IPCC, 2021). The increase in 

urban temperatures has been shown to increase mortality and morbidity, especially in 

vulnerable groups such as old adults (Mirzaei et al., 2012; Santamouris et al., 2017). With the 

UHI being more distinct during the night, nighttime recovery is harder during heat waves, 

and the risk for heat stress-related diseases and mortality increases for people in the city, 

especially among the most vulnerable groups (Fischer et al., 2012). The UHI can increase a 

building’s cooling need by up to 100%, and in combination with other factors, such as 

climate change and a growing urban population, the cooling demands will increase 

significantly globally over the coming years (Santamouris et al., 2017). In Sweden, not many 

dwellings have air-conditioning, since it has not been necessary due to the mild climate. 

Nevertheless, with a more urbanized population living in dense cities, along with higher 

mean air temperatures and the high risk of more intense and frequent extreme heat events, 
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the demand for heat-mitigating measures will increase even in countries such as Sweden 

(IPCC, 2021; Thorsson et al., 2011). Therefore, there is a need to locate the largest 

magnitudes of the UHI, in order to identify the people at risk of heat stress, as well as locate 

the largest needs for cooling measures.  

Measuring the magnitude of the UHI is usually challenging, as it requires a comprehensive 

use of observational stations measuring air temperatures for a long period of time (Hardin et 

al., 2018). Since the urban characteristics vary within the city, there will be intra-urban 

differences of the UHI. Therefore, only one or a few observational stations are not enough to 

capture the variations of the city (Smoliak et al., 2015). Thus, a well-functioning model to 

predict air temperatures would significantly help examine the UHI. In 2013, Bueno et al. 

proposed a new model that predicts the UHI on a local scale, the Urban Weather Generator 

(UWG). Since then, the model has been evaluated for cities such as Basel, Toulouse, and 

Singapore where the modeled data has been compared to observed data with satisfactory 

results (Bueno et al., 2013, 2014; Yang, 2016). This master thesis presents an evaluation of 

the UWG in the context of Gothenburg, Sweden.

1.2 Aim

This study aims to investigate the characteristics of the UWG and evaluate how well it 

performs in the city of Gothenburg, Sweden.

1.3 Research questions

- What parameters influence the UWG and how sensitive is the UWG to changes of these?

- How well does the UWG compare with observed temperature data to predict the UHI?

2 Theoretical background

2.1 The Urban Heat Island

The first acknowledgment of how urban areas affect climate on a local scale dates back to 

the early 19th century, with observations made by Howard (1833). Since then, the UHI has 

become a well-known phenomenon and is recognized in most urban areas (Grimmond, 

2007). The definition of the UHI as the difference in temperature between an urban and a 

nearby rural area can be expressed in different ways. The UHI average intensity is the 
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average UHI over the night, whereas the maximum or minimum UHI is when the difference 

is the highest or lowest in absolute terms (Hardin et al., 2018).  

This section presents the theoretical framework for the different types of UHI: s, the 

parameters influencing the UHI, and the temporal variations of the UHI. It also presents an 

introduction to the model evaluated in this study; the Urban Weather Generator (UWG).  

2.1.1 Different types of UHI  

Four different types of UHI:s are defined by Oke et al. (2017) and presented in TABLE 1. The 

need for different definitions of the UHI phenomenon is explained by the various heat 

capacity and rates of heating and cooling between surface, subsurface, and atmosphere in 

urban and rural areas, respectively (Oke et al., 2017). The UHI in the canopy layer (see TABLE 

1), namely the height between the urban ground and the average rooftop/tree height, has 

the greatest effect on human heat stress and is therefore important to study (van Hove et 

al., 2015). This study focuses on the Canopy Layer Urban Heat Island, which further in this 

paper will be referred to as the Urban Heat Island (UHI). 

Table 1. Different types of UHI:s as described by Oke et al. (2017). 

Types of UHI Description 

Urban Canopy Layer Urban Heat Island The difference between air temperature 
in the urban canyon1, and the equivalent 
height in the surrounding rural area. 

Boundary Layer Urban Heat Island The difference between air temperature 
in the urban boundary layer, which is the 
layer defined as the warmer area above 
the city, influenced by the urban 
characteristics2, and the equivalent 
height in the surrounding rural area. 

Surface Urban Heat Island The difference in surface temperature 
between the urban and rural areas. 

Subsurface Urban Heat Island The difference in subsurface temperature 
of urban and rural areas. 

 
1 The micro-scale structure where the street is flanked by urban (tall) buildings, creating a canyon-like 
environment 
2 Approximately 1-2 km deep during day, while reduced to 100s of meters during night  
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2.2 Parameters influencing the UHI 

Many cities are experiencing an urbanization process, a process which inevitably is 

accompanied by a drastic change in land cover due to a heavy increase in population; 

vegetation is replaced by impervious surfaces such as roads and buildings. Consequently, 

urban areas experience lower rates of evapotranspiration, less reflected solar radiation due 

to the lower albedo of urban materials like asphalt and concrete, greater heat storage, and 

less wind as the built-up areas are blocking these (Coutts et al., 2007; Oke et al., 2017). 

These are all examples of the parameters that influence the formation of a UHI.  

The following presented parameters regulating the UHI intensity are a compilation of the 

main findings of different literature, not covering all potential factors. Therefore, the 

parameters presented here might not be influential in all circumstances or regions. Also, the 

relationship between these regulating factors is intricate (Grimmond, 2007). 

2.2.1 Urban geometry  

Urban geometry has a strong connection to the intensity of the UHI (Chow & Roth, 2006; 

Erell & Williamson, 2007; Holmer et al., 2007; Konarska et al., 2016). This includes the 

density of the urban buildings, usually measured as the Height-to-Width ratio (H/W ratio), or 

the sky-view factor (SVF) (Erell & Williamson, 2007). The Height-to-Width ratio is measured 

as the mean height of the buildings on both sides of a street, divided by the mean width of 

the street (Lindberg, 2007). The sky-view factor is related to the H/W ratio and is a value 

between 0-1, in basic terms indicating the fraction of the sky that is observed from the 

ground. A reduced sky-view factor suggests an obstruction in form of buildings or trees 

(Konarska et al., 2016). 

A lower sky-view factor and/or a higher H/W ratio reduces the emissions of long-wave 

radiation to the atmosphere (increasing the heat storage), while the daytime absorption of 

short-wave radiation is also higher due to reflections between the buildings and the street. 

Therefore, the city provides an overall higher potential for heat absorption due to the many 

surfaces available (Erell & Williamson, 2007). In a study of intra-urban cooling rates in 

Gothenburg, Konarska et al., (2016), found the SVF to be the most important factor in 

slowing down nighttime cooling rates. Similarly, Holmer et al. (2007) found the influence of 

SVF and heat capacity of buildings as important factors influencing the cooling rates of the 

first phase of the night in Gothenburg. Besides the uneven warming and cooling of urban 
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canyons, Lindberg (2007) describes how urban geometry also influences wind speed. The 

built-up areas are usually blocking the winds and slow them down, whereas in rarer cases, 

the design of the buildings creates wind tunnels and thereby increases the wind speed 

(Lindberg, 2007).  

2.2.2  Heat storage, thermal properties, and albedo  

Other important factors contributing to the UHI are the properties of the materials that are 

exposed to solar radiation, in terms of their heat storage capacity, permeability, and albedo 

(Coutts et al., 2007).  

The heat storage of cities is larger than in rural areas, and this is mainly restricted to three 

properties of the urban areas; the thermal properties of the urban materials, access to 

moisture, and urban geometry (Oke et al., 2017). The urban materials (such as asphalt, 

concrete, steel et cetera) usually have higher thermal admittance and heat capacity, creating 

larger heat storage and delayed release of heat compared to vegetation (Oke et al., 2017). A 

high amount of impervious surfaces, namely surfaces that do not hold water (such as 

buildings, pavement, and asphalt), will decrease evaporation, leading to less cooling (Kuttler, 

2008; Tam et al., 2015). When wet, these surfaces transfer some of the sensible heat into 

latent heat through evaporation, but this effect is not long-lasting due to the efficient run-off 

of these surfaces (Kuttler, 2008; Oke, 1982). The soils of the rural areas both infiltrate and 

evaporate water, and the permeability is higher than that of the urban materials (Oke et al., 

2017). However, wet soils have higher thermal admittance than dry, creating a slower 

nocturnal cooling (Oke et al., 2017), while it contributes to greater evaporative cooling 

during the day (Konarska et al., 2016). Ramírez-Aguilar and Lucas Souza (2019) found that an 

area with less than 40 % pervious (vegetated) surfaces, had the largest UHI intensities, 

indicating the importance of urban greenery.  

To compensate for the lack of pervious materials in the city, it is often suggested to instead 

increase the surface albedo of the urban materials (Erell et al., 2014). Albedo, which is a 

measure (between 0-1) of a surface’s ability to reflect radiation, is potentially a large 

mitigator of especially surface temperature since it also decreases the absorption of solar 

radiation (Coutts et al., 2007; Taha, 1997). Light surfaces, such as snow, have a high ability to 

reflect solar radiation to the atmosphere, while many of the urban surfaces are 

characterized by darker colors and therefore reflect less of the available radiation (Taha, 
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1997). Coutts et al. (2007) examined the impact of urban density on the energy balance and 

found a relationship between the Height-to-Width ratio and larger air canopy temperatures. 

However, a lower albedo sometimes had a larger effect on the air canopy temperatures than 

the H/W ratio.

2.2.3 Vegetation

Vegetation influence the UHI both by its shading effects (mainly from trees) and 

evapotranspiration (evaporation and transpiration), turning sensible heat into latent heat, 

which is a cooling process (Coutts et al., 2007; Konarska et al., 2016; Tam et al., 2015). In a 

study of cooling rates of different sites in Gothenburg, Konarska et al. (2016), found that the 

parks were generally cooler than urban areas, where the greatest temperature difference 

was found on the hottest days of the summer season. Furthermore, Spronken-Smith & Oke 

(1998) studied the heating and cooling of parks and found that during daytime, parks with a 

lot of high trees that shade big areas are often cooler compared to open vegetated areas, 

such as lawns. This is explained by the fast heating of open spaces, which can be even 

warmer than their (urban) surroundings (Spronken-Smith & Oke, 1999). However, during 

nighttime, the effect of high trees in parks is usually reversed, where these parks tend to

cool slower than the open areas with low growing vegetation. It is believed that the tree 

canopies, similar to the urban canyon, block both winds and outgoing longwave radiation 

(Konarska et al., 2016).

2.2.4 Anthropogenic heat release and population density

Certainly, the city has a higher amount of anthropogenic heat sources, which all contribute 

to the warmer temperatures of the city (Grimmond, 2007). Sailor and Lu (2004) describe 

three general types of anthropogenic heat sources; heat from the transportation systems 

(vehicles); heat from the building sector, which is measured both as electricity consumption 

and heat from gas or fossil fuels; and heating due to human metabolism. These three 

contributing factors also have a temporal and spatial variance, such as in the seasonal need 

for use of warming and cooling of buildings, or the daily patterns of traffic/commuting, 

which can affect the daily and seasonal variance of the UHI (Sailor & Lu, 2004). Variations of 

heat release are also seen between different types of building use, such as industrial, 

commercial, or residential buildings (Tam et al., 2015).
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The population density is often highlighted as a contributing factor to more intense UHI:s. 

However, it can be argued that this effect is rather an indirect effect where the urban 

geometry and lack of urban greenery is a reflection of the population density, which has 

been identified by for instance Park (1986) and Ramírez-Aguilar and Lucas Souza (2019). 

Ramírez-Aguilar and Lucas Souza (2019) compared both (high) SVF and (low amount of) 

permeable surfaces and these were highly correlated with both high UHI intensities and a 

high population.   

2.2.5 Weather and climate  

Nights with clear skies and calm winds most likely experience the most intense UHI:s (Oke et 

al., 2017). During these circumstances, there is a higher rate of radiative cooling than on 

cloudy nights (especially in rural and open sites), and the absence of winds leads to a low 

mixing of air (Oke et al., 2017). Also during the day, clear skies contribute to the UHI, when 

the urban surfaces are exposed to radiative heating (Grimmond, 2007). Moreover, the 

volume and thickness of the cloud cover, as well as the type and height of it influences the 

UHI. A low cloud cover of stratus type would decrease the UHI effect more than thinner 

clouds at higher altitudes (Morris et al., 2001). Park (1986) observed how high wind speed 

(above 11.1 m/s) was the main interrupter of UHI intensities in Seoul, South Korea. Above 

this wind speed, the phenomenon was not found. Morris et al. (2001) found that wind speed 

above 5 m/s, together with cloud formation, lowered the UHI effect. Several studies have 

confirmed the influence of the sea breeze (e.g. Salvati et al., 2017; Santamouris et al., 2017). 

Coastal cities do experience a UHI, but the intensity is decreased by the transportation of 

cool air from the sea into the city (Santamouris et al., 2017). However, when studying the 

UHI in Barcelona, Spain, Salvati et al. (2017) found this mitigating effect mainly on the roof-

top level in the city, and on the reference rural (airport) site. The sea breeze was not able to 

decrease the air temperatures at street level, due to the blocking effect of buildings (Salvati 

et al., 2017).  

As already discussed, many studies of cities in temperate climates have confirmed that one 

of the most influential factors of the UHI is urban geometry. Thus, other factors have been 

suggested to have a stronger influence on the cooling rates in other types of climates, such 

as vegetation in hot, semi-arid cities (Konarska et al., 2016). Chow and Roth (2006) studied 

the UHI in Singapore (tropical hot/dry climate) and did not find the urban structure as the 
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most influential factor by itself. The authors also argue that a higher H/W ratio does not 

necessarily increase the canyon heat storage, since it is providing it with shade, decreasing 

the absorption of incoming solar radiation during the day. Similarly, Ramírez-Aguilar and 

Lucas Souza (2019) studied the UHI in Bogotá, Colombia (tropical climate) and found the 

highest UHI intensities for building heights between 4-10 meters while building heights over 

13 meters did not increase the urban-rural temperature differences.  

2.3 Temporal variations of the UHI  

2.3.1 The nighttime urban heat island  

In the urban canopy layer, the highest air temperatures are usually reached during the mid 

or late afternoon (Soltani & Sharifi, 2017; Tam et al., 2015). However, the air temperature 

difference between the city and its rural surroundings is usually highest during the night, 

making the UHI a nocturnal phenomenon. The warm air stays longer in the urban structures 

during late evening and early night, while the radiative cooling is faster in the countryside 

(Erell & Williamson, 2007; Oke et al., 2017; Soltani & Sharifi, 2017). As suggested by several 

authors (e.g. Erell & Williamson, 2007; Holmer et al., 2007; Konarska et al., 2016; Onomura 

et al., 2016), the nocturnal pattern of the UHI can be divided into two main phases. During 

the first phase, the cooling rates are faster in rural areas where the heat storage is lower 

than in an urban area, and the outgoing long-wave radiation is not blocked by built-up areas. 

The cooling rate of the urban site is slower and can be explained by the characteristics of the 

built-up area, such as the sky-view factor and Height-to-Width ratio, which influences the 

release of the stored long-wave radiation, which in turn is affected by the urban material’s 

thermal admittance (Chow & Roth, 2006; Erell & Williamson, 2007; Holmer et al., 2007; van 

Hove et al., 2015). The second phase of the night is characterized by a more even cooling of 

the urban and rural sites, usually lasting until sunrise, and is not dependent on the site 

features (Holmer et al., 2007). Haeger-Eugensson & Holmer (1999) suggested that this phase 

is characterized by the UHI circulation caused by the urban-rural pressure gradient, which 

enhances the urban cooling rate when the cooler rural air is being fused with the urban air. 

However, this effect is not always present and does not completely explain the late 

nocturnal patterns of the UHI (Holmer et al., 2007). Holmer et al. (2007) suggest that this is 

rather a result of the characteristics of the air layer above the rooftop and therefore the 

cooling is no longer influenced by the urban geometry in this phase of the night.  
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The literature on when the UHI intensity is greatest is not consistent, 1-2, 2-3 hours, or 3-5 

hours after sunset are suggested (Erell & Williamson, 2007; Kuttler, 2008; Onomura et al., 

2016). This varies due to different factors such as climate, size of city and population, and 

the (urban) attributes of that specific area (Kuttler, 2008; Onomura et al., 2016).  

2.3.2 The daytime urban cool island 

The daytime proceeding of air temperatures usually, but not always, shows a pattern where 

urban areas are cooler than the surrounding rural areas. This phenomenon is called the 

Urban Cool Island (UCI), which is much less researched than the UHI (Erell & Williamson, 

2007; Oke et al., 2017). After the second phase of the night, characterized by the even 

cooling of both urban and rural sites, the sun starts to rise. At this point, the rural areas are 

usually cooler, but the incoming solar radiation generates fast surface heating in these areas 

since these are usually more open compared to the shaded urban canyons (Oke et al., 2017). 

This creates a UCI reaching its maximum around noon or a few hours later (Chow & Roth, 

2006; Erell & Williamson, 2007). The intensity of the UCI is usually much weaker than the 

UHI but typically occurs on sunny and calm days in cities with dense urban geometry and a 

low proportion of anthropogenic heating (Erell & Williamson, 2007).  

2.4 Urban Weather Generator (UWG) 

2.4.1 Model description 

The Urban Weather Generator (UWG) was originally developed by Bueno et al. (2013) and 

estimates air temperatures and relative humidity on a local urban scale, based on 

meteorological data from a nearby rural weather station. The model is based on four 

components – (i) the Rural Station Model, (ii) Vertical Diffusion Model, (iii) Urban Boundary 

Layer Model, and (iv) Urban Canopy and Building Energy Model (FIGURE 1). With the input of 

observed meteorological data from a rural station, The Rural Station Model (i) produces rural 

sensible heat fluxes which go into the Vertical Diffusion Model (ii). This component uses the 

rural meteorological data as well as the sensible heat fluxes calculated by the Rural Station 

Model (i). The Vertical Diffusion Model (ii) computes the vertical potential air temperatures 

of the rural site, which goes into the Urban Boundary Layer Model (iii) which calculates the 

air temperatures of the urban boundary layer, differentiated by day and nighttime. This part 

of the UWG is also provided with data on the urban sensible heat fluxes generated by the 

Urban Canopy and Building Energy Model (iv). The Building Energy Model incorporated in 
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this fourth component of the UWG calculates the heat waste of buildings (Bueno et al., 

2012). The Urban Canopy and Building Energy Model (iv) calculates the canyon air 

temperature of the urban area, based on the input meteorological data and the air 

temperatures of the urban boundary layer calculated by the Urban Boundary Layer Model 

(Bueno et al., 2013).  

 

Figure 1. UWG model description, from Bueno et al., (2013) 
 

The model has been improved by Nakano et al. (2015), who identified the key input 

parameters for the model to simplify the process. Furthermore, Yang (2016) proposed a 

simplification of the radiative exchanges calculated by the model, as well as introducing an 

improved Building Energy Model. This new building energy model uses 16 different building 

types, which can be classified as built before the 80s, after the 80s, or newly constructed. 

These different building types are accounted for different types of usages (including 

electrical lighting, hot water use, residency), energy consumption, albedo, and emissivity, 

amongst other parameters, and are based on typical US building types classified by the US. 

Department of Energy (Yang, 2016).  



11 
 

More details on the simulations calculated by the UWG model used in this study can be 

found in Bueno et al. (2013), Nakano et al. (2015), and Yang (2016).  

2.4.2 Model Implementation  

As input, the UWG requires an EnergyPlus Weather (epw) file of the rural reference station, 

with hourly data from one year of parameters such as air temperature, relative humidity, air 

pressure, radiation, and wind (all the required parameters are presented in TABLE 3). The 

model also makes use of a text file that describes the characteristics of the urban area, such 

as landcover, morphology (average building height, building density, and wall area), and 

building types (Nakano et al., 2015). The model output is a new weather file (epw-file) for 

each grid calculated by the model with altered values of the air temperatures and relative 

humidity.  

For this study, the UWG incorporated in the Urban Multi-Scale Environmental Predictor 

(UMEP) has been used (Lindberg et al., 2018). UMEP, combining several models and 

methods, is a tool developed for use in a range of climate-related research, where data can 

be used for pre-processing, processing, and post-processing. Developed as an open-source 

tool, it is accessible through QGIS. For this study, the model has been used with QGIS 3.22 

version. A flowchart of the UWG model implemented in UMEP is presented in FIGURE 2. 

 

Figure 2. Flowchart of the UWG model and input data used in this study. The grey boxes represent 
input geodatasets, and the white boxes represent other types of input data. The yellow, orange, and 
red boxes represent the pre-processor, processor, and post-processor plugins in UMEP, respectively. 
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As already mentioned, the UWG requires an epw-file and a text file as input. For this study, 

the text file was prepared using three pre-processing tools incorporated in UMEP (Lindberg 

et al., 2018); 

1. Morphometric Calculator (grid) – using a DEM and a DSM, this tool calculates the 

morphometric parameters (building height, building density, Vertical to Horizontal) 

required for the UWG. 

2. Land Cover Fraction (grid) – calculates the land cover fraction of each grid. For this 

study, an already classified Land Cover raster layer has been used, otherwise, this can 

be prepared using the “Land Cover Reclassifier”-plugin in UMEP.  

3. UWG Reclassifier – reclassifies buildings into UWG format. Requires a vector layer of 

building types on a neighborhood scale. This parameter is optional and if not applied, 

all buildings are set to “Mid-rise Apartment” by default. 

These three parameters, together with a polygon grid layer (which can be prepared in any 

GIS program), are then used in the “UWG Prepare” to create the text file required for the 

UWG. In this plugin, the climate zone of the study area is also set, where there are 16 

different climate zones available.  

All the simulations run by the UWG in this study were set to a simulation time step of 150 

seconds, except for the Slottsskogen area (more information on the different study sites is 

found in section 3.4) which was run with a simulation step of 100 seconds. The climate zone 

for Gothenburg was set to 4C (Mild; Marine).  

3 Method 

This study is using a quantitative method on assessing how well the UWG predicts the UHI in 

the city of Gothenburg and what parameters influence the model. The UWG requires 

meteorological data of a rural site, as well as ground cover and morphological information, 

and optionally, a layer of building classifications. All data has been processed by the Urban 

Weather Generator (UWG) where a sensitivity analysis and a model evaluation have been 

carried out. The following section presents an introduction of the study area, along with a 

description of the data used in this study and how this has been collected, processed, and 

analyzed.  



13 
 

3.1 Study area 

The area of interest for this study is the city of Gothenburg (57°42′N, 11°58′E), Sweden’s 

second-largest city located on the west coast of the country (FIGURE 3). The city was 

inhabited by about 588 000 people by the end of 2021 (Statistiska Centralbyrån, 2022). The 

population is expected to grow by about 120 000 people by 2040, with some uncertainties 

regarding immigration and domestic movements, where the covid-19 pandemic will or 

already has been affecting the moving patterns (Stadsledningskontoret, 2022). The built-up 

areas of the central parts of the city have a typically old European structure and are 

characterized by mid-rise, dense buildings, narrow streets, and a low fraction of vegetation 

(Konarska et al., 2016; Thorsson et al., 2011). There are some urban parks, but more 

vegetation is found further out from the city center. With the expected increase of 

inhabitants in the city there is a pronounced goal from local politicians to densify the city. 

The plan from the authorities is to constrain the urban sprawl to concentrate development 

in the already urbanized areas (Vilhelmson & Elldér, 2021). This type of development has 

already been seen in some of the central parts, for instance in “Nya Kvillebäcken”, where the 

built-up area is characterized by its densely placed high-rise apartment buildings and a low 

fraction of vegetation. 

3.1.1 Climate of Gothenburg  

Gothenburg is a high-altitude city with a temperate, marine climate (Konarska et al., 2016; 

Thorsson et al., 2011). The length of the day varies around the year, from about 6 h in the 

winter and 18 h in the summer (Konarska et al., 2016). The annual average temperature is 

8.9 °C, while the average air temperature for winter (December to February) is 1.2 °C and 

17.2 °C for summer (June to August), based on temperature measurements between 1991-

2020 (SMHI, n.d.). The annual average air temperatures have increased by 1.4 °C, compared 

to the period of 1961-1990 when the annual mean air temperature was 7.5 °C (SMHI, n.d.).  

3.2 Data collection 

This section presents the different types of data used for this study, which have been 

distinguished as geospatial ground data, meteorological data, and observed data.  

3.2.1 Geospatial ground data 

An overview of the geospatial datasets used in this study is presented in TABLE 2. 
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The UWG requires indicators of urban morphology which in this study have been calculated 

from three sets of raster ground data: a Digital Elevation Model (DEM), a Digital Surface 

Model (DSM), and a set of Land Cover data. The DEM represents the bare surface, without 

vegetation and buildings, while these are included in the DSM. The Land Cover raster layer is 

based on LiDAR data processed by Johansson (2018) and divided into seven classes; water, 

buildings, paved, bare soils, grass, deciduous, and evergreen trees. More information on 

how this layer was processed is found in Johansson (2018).  

A vector layer, consisting of building types is also used as input to the model. For this study, 

this layer is based on a vector layer “Urban Typology” (Bäcklin, 2020) consisting of building 

types that are found in Gothenburg, which was merged with data from the Urban Atlas 

(2018) to cover the parts that are not classified in the “Urban Typology” layer. These were 

then classified accordingly to the 16 classes found in the UWG, and in this case study, the 

main classification types used were “Mid-rise Apartment” and “Warehouse”. 

Table 2. Geospatial datasets used for this study. 

Dataset Resolution Source Information/modifications Application 

DSM, Digital 
Surface Model 

1 m The City of 
Gothenburg 
(2010). 

This layer was merged with an 
updated DSM of “Kvillebäcken” 
from 2018.  

Morphological 
calculations to use 
as input in the 
UWG.  

DEM, Digital 
Elevation 
Model 

1 m The City of 
Gothenburg 
(2010). 

 Morphological 
calculations to use 
as input in the 
UWG.  

Land Cover 1 m Johansson (2018). Raster layer consisting of 7 types 
of ground cover; water, buildings, 
paved, bare soils, grass, 
deciduous, and evergreen trees.  

Calculating Land 
cover fractions to 
use as input in the 
UWG.  

Urban Atlas 
2018 

Vector data Copernicus Land 
Monitoring 
Service (2018).  

Merged with the values of the 
dataset “Urban Typology”. 

Input in the UWG. 

Urban typology Vector data Oskar Bäcklin, 
PhD Student at 
University of 
Gothenburg 
(2020). 

Vector layer with polygons 
representing different building 
types on a neighborhood scale. 

Input in the UWG. 

Polygon grid 
layer of central 
Gothenburg 

500x500 m 

(squares) 
Prepared in QGIS.  Input in the UWG. 

Polygon grid 
layer of 5 
weather 
stations 

100 m radius 
(circles) 

Prepared in QGIS.  Input in the UWG. 
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3.2.2 Meteorological data 

To generate urban air temperatures, the UWG makes use of yearly meteorological data from 

an adjacent rural station, as presented in TABLE 3. All data was gathered for the year 2021. 

The UWG model uses an EnergyPlus Weather (epw) file format when running, thus the 

values of TABLE 3 were converted into this file format. Data needing processing and/or 

calculations are presented below TABLE 3.  

Table 3. Meteorological data for 2021, used as input for the UWG model. 

Type of data Source m above 
sea level 

Temporal 
resolution 

Unit UTC 

Air temperature SMHI Landvetter 
station (SMHI, 2021) 

154  Hourly °C 0 

Dewpoint temperature  Calculated based on 
SMHI data (2021) 

  °C 0 

Relative Humidity SMHI Landvetter 
station (SMHI, 2021) 

154 Hourly % 0 

Air pressure GVC station 72 10-minute Pa +1 

Longwave radiation - Ldown GVC station 72 10-minute w/m2 +1 

Global shortwave radiation - 
Kdown 

GVC station 72 10-minute w/m2 +1 

Direct shortwave radiation - Kdir Calculated based on 
GVC data 

  w/m2 +1 

Diffuse shortwave radiation -  
Kdiff 

GVC station 72 10-minute w/m2 +1 

Wind direction - Wdir GVC station 72 10-minute °  +1 

Wind speed - Ws GVC station 72 10-minute m/s +1 

Soil temperature Muñoz Sabater 
(2021) 

 Hourly °C   0 

 

The Landvetter station is used as the rural reference station that the UWG uses to produce 

urban air temperatures. This data is provided by the Swedish Meteorological and 

Hydrological Institute (SMHI, 2021) and is observed on an hourly basis. The weather station 

is placed close to the Landvetter Airport, which is located in Härryda municipality, 

approximately 20 km east of Gothenburg. The station on Landvetter Airport is located at an 

altitude of 154 meters above sea level.  

Missing data from the Landvetter Station was interpolated using linear interpolation. 42 

values were missing from the temperature dataset, and 45 values were missing from the 
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relative humidity dataset. The missing values were primarily found in January, and therefore 

do not affect the analysis of this study, which is performed in July.  

The dewpoint temperature was estimated with the following equation suggested by 

Lawrence (2005): 

td = t − (
100−RH

5
) 

Equation 1. Dewpoint temperature. 
 

Where td is the dewpoint temperature in degrees Celsius, t is the air temperature in degrees 

Celsius and RH is the relative humidity expressed as a percentage (Lawrence, 2005).  

Data on air pressure, incoming short- and longwave radiation, diffuse shortwave radiation, 

wind direction, and wind speed were gathered from the rooftop station of the Department 

of Earth Sciences (GVC), at the University of Gothenburg. The station is located 72 meters 

above sea level. These 10-minute data were averaged for each hour, i.e., the values for 

10.00 were averaged based on the 9.10-10.00 values.  

The direct shortwave radiation was calculated according to an equation proposed by 

Lindberg et al. (2016): 

Kdir =
(Kdown − Kdiff)

sin η
 

Equation 2. Direct shortwave radiation. 
 

Where Kdir is the direct shortwave radiation, Kdown is the global solar radiation, Kdiff is the 

diffuse solar radiation and η is the altitude of the sun expressed in radians (Lindberg et al., 

2016). The altitudes were calculated using the SOLWEIG model (Lindberg et al., 2008), which 

is a model used for estimating radiation fluxes and mean radiant temperature. Since 

EQUATION 2 is sensitive to low numbers of the sun altitude (and generates unreasonably high 

numbers in these cases), all values of Kdir above 1400 were set to equal the values of Kdiff 

instead.  

Data on soil temperature (Muñoz Sabater, 2021) was downloaded from the Copernicus 

Climate Change Service (C3S) Climate Data Store. The soil temperature was downloaded for 
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three depths (0.035, 0.175, and 1.93 m) for June to October of 2021, and then averaged for 

each month. For the rest of the year default values were used.  

3.2.3 Observed temperature data  

To be able to evaluate how well the UWG model compares with actual temperature data, an 

observed dataset of air temperature is required. During the summer of 2021, the Göteborg 

Urban Climate Group at the University of Gothenburg collected temperature data on 20 

different sites around Gothenburg (see FIGURE 3). Data were collected between June 28th and 

October 31st. Each sensor, of the type “Tinytag Plus 2” (sensor accuracy ±0.45°C) was placed 

at a height of around 2 meters and protected with a radiation shield. Air temperatures were 

measured every 10 minutes. 

 

Figure 3. Map of weather stations measuring air temperatures in Gothenburg in the summer of 2021. 
The blue points represent the stations selected for this study. The grid displays the larger area 
analyzed in this study, where more details are found in section 3.4. Basemap: Esri Light Grey 
(overview map) & Google Satellite. 
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3.3 Sensitivity analysis 

To evaluate which parameters are mostly considered by the UWG, a sensitivity analysis was 

performed on a variety of parameters. The reason for performing this analysis includes the 

identification of what parameters are the most important to collect for users of the model 

(Nakano et al., 2015). Several parameters were selected for this study, and each was signed 

a standard value, as presented in TABLE 4. Thereafter three or four tests were performed for 

each of the parameters where the standard values were kept except for the parameter 

tested. All the tests were run for the month of July 2021. This resulted in new hourly air 

temperatures which were averaged for the whole month. The values of each test and the 

resulting modeled mean air temperature are presented in section 4.1, TABLE 7. Since 

“Building Density”, “Grass cover” and “Tree Cover” all are a fraction of the total area of the 

ground, the sum of these cannot be more than 1. Some of the parameters were also tested 

together, including Building Density + Vertical to Horizontal and Grass Cover + Tree Cover to 

see if the impact was larger than changing them by themselves. Also, a test was performed 

where the ground cover was set to only grass, trees, or paved. However, as the model is 

written now, it was not possible to set the three building parameters (Height, Density, 

Vertical to Horizontal) to zero. Therefore, the ground cover was set to 0.99 for each of these 

tests. All the building types were separately tested and set to 1 whereas the rest were set to 

0 for each test.  

Table 4. Parameters used in the sensitivity test and their standard values. 

Parameters Standard 
Building Height 3 (m) 15 

Building Density4 (0-1) 0.3 

Vertical to Horizontal5 (ratio) 0.65 

Grass Cover (0-1) 0.1 

Tree Cover (0-1) 0.05 

LatGrass 6 (0-1) 0.4 

LatTree 7 (0-1) 0.6 

Height UBL 18 (m) 1000 

Height UBL 29 (m) 80   

 
3 Average building height (m) 
4 Horizontal building density 
5 Vertical to Horizontal ratio (façade area/urban area) 
6 Fraction of the heat absorbed by grass that is latent (goes to evaporating water) 
7 Fraction of the heat absorbed by trees that is latent (goes to evaporating water) 
8 Urban boundary layer height during day 
9 Urban boundary layer height during night 
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Building types (0-1) 
 

FullServiceRestaurant 0.4181 

Hospital 0 

LargeHotel 0 

LargeOffice 0.0224 

MedOffice 0 

MidRiseApartment 0.5121 

OutPatient 0 

PrimarySchool 0 

QuickServiceRestaurant 0 

SecondarySchool 0.0243 

SmallHotel 0 

SmallOffice 0 
StandAloneRetail 0 

StripMall 0 

SuperMarket 0 

Warehouse 0.0231 

 

3.4 Model evaluation 

To evaluate how well the UWG predicts urban air temperatures, observed data are 

compared to modeled data. From the weather stations presented in section 3.2.3, five of 

them were selected to use in the evaluation of the UWG. The selected stations represent 

different urban types with a variation in surrounding building attributes and fraction of 

vegetation, as presented in TABLE 5. A buffer zone with a 100-meter radius was created for 

each of the stations (the choice of this distance being suggested by for instance Eliasson & 

Svensson (2006)), presented in FIGURE 4. Then the UWG was run for each of these stations. As 

already described, the Landvetter station is located 154 meters above sea level. For this 

analysis, the Landvetter temperature was adjusted for height. Since the selected stations are 

located at various elevations the Landvetter temperature was adjusted down by 130 meters, 

i.e. 1.274 °C was added to the Landvetter air temperature data. This refers to the dry 

adiabatic lapse rate, which is the rate of cooling of a dry air parcel in a vertical direction, 

which is a reduction of  9.8 °C per kilometer of moving upwards in the atmosphere (Lutgens 

& Tarbuck, 2016). The relative humidity and dewpoint temperature were not changed.  

The satellite images of each study area are presented in FIGURE 4 with a description of each 

area’s urban setting in TABLE 5. The land cover and morphological parameters of each station 

are presented in TABLE 6. However, there was a slight discrepancy between the DSM and 

Land Cover raster layers for the Slottsskogen area, producing defective numbers. Therefore, 

the building density and Vertical-to-Horizontal values were manually set to 0.005. 
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Figure 4. The five selected areas of interest for this study. Basemap: Google Satellite.  
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Table 5. Description of weather stations selected for this study. 

Station 
Number 

 
Location 

 
Urban setting 

 A1 Vallgatan The city center of Gothenburg. Characterized by mid/high-rise 
dense buildings and a negligible fraction of vegetation.  

A13 Kvillebäcken Central Gothenburg. The eastern part of Kvillebäcken, also 
called “New Kvillebäcken”. Characterized by relatively newly 
built dense high-rise apartment buildings and a low fraction of 
vegetation. 

A6 Backaplan Central Gothenburg. Area mostly consisting of parking lots 
and warehouses or department stores. Low fraction of 
vegetation.  

A20 Kungsladugård House in Kungsladugård, located about 3 km from the city 
center. Area characterized by residential low-rise houses. 
Gardens with grass lawns and trees. 

A17 Slottsskogen  Central Gothenburg. Urban park, vegetation type varies 
between grass lawns and mostly deciduous trees. The 
weather station is located near the pond in the park.  

 

Table 6. UWG input values of the main parameters of the 5 selected stations, calculated by “UWG 
Prepare” in UMEP.  

 

The output was then analyzed for a shorter period of time (see results in section 4.2.1). This 

period was chosen as July 20th-28th, which had relatively high air temperatures, and a 

mixture of weather conditions. Air temperatures of Landvetter, wind direction, wind speed, 

and radiation of this period, are presented in FIGURE 5. The conditions for the formation of a 

UHI are most ideal on the first nights, from the 20th to the 25th, where there was low wind 

speed during the night and no cloudiness either day or night (except on the night of the 23rd 

– 24th). The later part of this time period has more clouds and is windier during the night.  

A statistical analysis for the whole month of July was also performed (results in section 

4.2.2). The difference in air temperatures (i.e. the UHI intensity) between the rural reference 

and the observed/modeled data was averaged for each night, when incoming shortwave 

radiation was <5 w/m2. The results are then presented as boxplots where the average UHI 

intensities of the observed data and the modeled data are compared to each other. The 

Vallgatan Kvillebäcken Backaplan Kungsladugård Slottsskogen

Building Height 14.61 18.461 6.909 6.942 6.744

Building Density 0.658 0.399 0.381 0.205 0.005

Vertical to Horizontal 0.776 1.234 0.199 0.374 0.005

Grass Cover 0.013 0.083 0.048 0.155 0.223

Tree Cover 0.021 0.087 0.033 0.302 0.465
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maximum UHI intensity for each night was also analyzed but showed similar patterns to the 

average UHI intensities and is therefore presented in Appendix A.  

 

Figure 5. Air temperatures, wind conditions, and incoming short- and longwave radiation for the 
analyzed period of July 20th-28th 2021. 

Finally, a 500-m grid was constructed for a larger part of central Gothenburg, and the model 

was run for July for this larger grid as well (results in 4.2.3). The purpose of this analysis is to 

see how the model performs on a larger scale, and if this result can be connected to the 

result of previously mentioned analyses. 
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4 Results 

4.1 Sensitivity analysis 

The result of the sensitivity analysis is presented as the modeled mean air temperature for 

July 2021 in TABLE 7. A standard test with the values of TABLE 4 was performed where the 

resulting modeled mean air temperature was 19.59 °C.  

Table 7. Results of the sensitivity analysis, expressed as the modeled average air temperatures for July 
 

Test 1 Test 2 Test 3 Test 4 

Building Height (m) 5 10 20 25 

Modeled mean air temperature July (°C) 19.48 19.53 19.66 19.74 

Building Density (0-1) 0.1 0.5 0.7 0.85 

Modeled mean air temperature July (°C) 19.45 19.81 20.19 21.05 

Vertical to Horizontal (ratio) 0.3 0.9 1.2 1.4 

Modeled mean air temperature July (°C) 19.58 19.60 19.61 19.62 

Grass Cover (0-1) 0.05 0.2 0.4 0.6 

Modeled mean air temperature July (°C) 19.59 19.58 19.58 19.57 

Tree Cover (0-1) 0 0.1 0.3 0.6 

Modeled mean air temperature July (°C) 19.59 19.59 19.59 19.59 

LatGrass (0-1) 0.2 0.6 0.8 1 

Modeled mean air temperature July (°C) 19.57 19.61 19.64 - 

LatTree (0-1) 0.2 0.4 0.8 1 

Modeled mean air temperature July (°C) 19.59 19.59 19.59 - 

Height UBL 1 (m) 900 950 1050 1100 

Modeled mean air temperature July (°C) 19.59 19.59 19.59 19.59 

Height UBL 2 (m) 60 70 90 100 

Modeled mean air temperature July (°C) 19.52 19.55 19.59 19.62      

Building Density + Vertical to Horizontal 
    

Building Density (0-1) 0.1 0.5 0.7 0.85 

Vertical to Horizontal (ratio) 0.3 0.9 1.2 1.4 

 19.45 19.82 20.20 21.07      

Grass Cover + Tree Cover 
    

Grass Cover (0-1) 0.05 0.2 0.4 
 

Tree Cover (0-1) 0 0.1 0.3 
 

Modeled mean air temperature July (°C) 19.59 19.58 19.57       

Vegetation/paved 
    

Paved (0-1) 0.99 0 0 
 

Grass Cover (0-1) 0 0.99 0 
 

Tree Cover (0-1) 0 0 0.99 
 

Modeled mean air temperature July (°C) 19.41 19.34 19.40       

Building types (0-1) 
    

FullServiceRestaurant 1 
   

Modeled mean air temperature July (°C) 19.79    

Hospital 1 
   

Modeled mean air temperature July (°C) 19.53    

LargeHotel 1 
   

Modeled mean air temperature July (°C) 19.54    
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LargeOffice 1 
   

Modeled mean air temperature July (°C) 19.48    

MedOffice 1 
   

Modeled mean air temperature July (°C) 19.49    

MidRiseApartment 1 
   

Modeled mean air temperature July (°C) 19.45    

OutPatient 1 
   

Modeled mean air temperature July (°C) 19.53    

PrimarySchool 1 
   

Modeled mean air temperature July (°C) 19.49    

QuickServiceRestaurant 1 
   

Modeled mean air temperature July (°C) 19.81    

SecondarySchool 1 
   

Modeled mean air temperature July (°C) 19.48    

SmallHotel 1 
   

Modeled mean air temperature July (°C) 19.50    

SmallOffice 1 
   

Modeled mean air temperature July (°C) 19.48    

StandAloneRetail 1 
   

Modeled mean air temperature July (°C) 19.46    

StripMall 1 
   

Modeled mean air temperature July (°C) 19.48    

SuperMarket 1 
   

Modeled mean air temperature July (°C) 19.46    

Warehouse 1 
   

Modeled mean air temperature July (°C) 19.42    

 

The result of the sensitivity test for Building Height shows that changing the parameter did 

not affect the result namely compared to the standard test. The mean of all tests is within a 

range of 0.15 °C compared to the standard value. The Building Density test had the most 

substantial effect compared to the standard value of all the sensitivity tests. The greatest 

difference is seen in Test 4, which has an almost 1.5 °C higher mean than the standard test. 

The sensitivity test for the Vertical to Horizontal parameter shows no notable difference 

from the standard values. The range of the mean for all tests is within 0.03 °C from the mean 

of the standard values. When changing the Building Density and Vertical to Horizontal 

parameters simultaneously, this did affect the modeled air temperatures compared to the 

standard test. However, compared to the results when changing only Building Density, there 

is not a much larger effect. 

The sensitivity test of changing the Tree Cover and Grass Cover did not have any substantial 

effects on the modeled air temperature. The mean is not changed at all for the Tree Cover 

tests, while the mean of the Grass Covered altered marginally in three of the tests, with the 
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highest decrease for Test 4, of 0.02 °C. Also, changing these parameters synchronously did 

not have a large effect on the air temperatures either. 

The sensitivity test for when the ground is 99 % covered by grass, paved, and trees, 

respectively, results in a marginally lower mean for all three tests compared to the standard 

values. The lowest mean has the grass cover, 0.25 °C lower than the standard mean.  

Changing the different Building types resulted in a maximum difference of 0.22 °C higher 

mean (for “QuickServiceRestaurant”) than the standard test. The “Warehouse” lowered the 

mean air temperatures the most, by 0.17 °C. 

4.2 Model evaluation 

The results of the model evaluation are presented in sections 4.2.1, 4.2.2, and 4.2.3.  

4.2.1 Temporal analysis of selected areas for 20th-28th of July 

An hourly comparison of observed and UWG data is presented in this section. The air 

temperatures of the rural reference (Landvetter) are also displayed to identify the UHI off 

each night.  
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Figure 6. Hourly values of rural, observed, and modeled data at the five selected stations, July 20th-
28th 2021. 
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At Vallgatan, the rural and urban observational data show that a UHI can be identified for all 

nights of the period. However, the modeled data underestimates the UHI effect on the 

nights of the 20th-21st, 22nd-23rd, 26th-27th, and 27th-28th of July. The maximum difference 

between modeled and observed data occurred on the night of July 22nd-23rd with a 

temperature difference of 2.75 °C.  

In Kvillebäcken, a UHI can be identified for all nights except on the 26th-27th. The model 

underestimates the UHI on the 20th-21st, 22nd-23rd, and 27th-28th, while it instead 

overestimates the UHI on the nights of 21st-22nd and 23rd-24th. On the 22nd-23rd the largest 

difference between UWG and observed data occurred, with an underestimation from the 

model of 3.03 °C.  

The modeled data of Backaplan show similar patterns as in Kvillebäcken, with under- and 

overestimations occurring on the same nights. Also, there is no observed UHI on the night of 

the 26th-27th. The largest maximum difference between observed and modeled is found on 

the 21st-22nd, where the modeled data was 3.55 °C higher than the observed.  

For Kungsladugård, there is a UHI observed on the nights of July 20th-21st, 22nd-23rd, and 27th-

28th. On the nights of the 21st-22nd, and 23rd-26th the UWG overestimates the UHI effect. The 

maximum difference between UWG and observed data, 4.02 °C, is found on the nights of 

21st-22nd. 

The effect vegetation has on air temperatures is clearest observed in Slottsskogen (but also 

Kungsladugård), where the observed data sometimes is lower than the rural reference. 

There is a small UHI effect on the 21st, 23rd, and 28th of July. Like Kungsladugård, the UWG 

overestimates the air temperatures on the 21st-22nd, and 23rd-26th, while it slightly 

underestimates the temperatures on the 27th-28th.  The maximum difference between 

modeled and observed data occurred on the 22nd with a temperature difference of 3.8 °C.   
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4.2.2 Statistical analysis of selected stations 

The average UHI Intensity for July is presented in this section.  

 

Figure 7. Boxplots of the average UHI intensity at night, of observed and modeled data at each of the 
study sites.  

The analysis of the whole of July shows that the modeled data somewhat underestimates 

the UHI intensity of Vallgatan. Both the median and mean for the modeled data are lower 

than the observed data at this site, where the mean is 0.7 °C lower.  

For Kvillebäcken, the UWG average UHI intensity is quite consistent with the observed data. 

The mean of the observed data is 1.46 °C while the mean of the observed data is 1.52 °C.  

For Backaplan the result indicates that the UWG makes a small overestimation of the UHI, 

although the medians of the two boxes are quite close to each other. However, the mean 

value is slightly higher for the modeled data, at about 0.3 °C.  

For Kungsladugård the modeled data is overestimating the air temperatures. The mean is 

almost 1 °C lower than the observed data. The highest UHI intensity of the observed data is 

1.97 °C while the highest value for the UWG is 3.6 °C. 

With a mean of 0.34, Slottsskogen has the lowest observed mean of the five selected 

stations, as well as the lowest maximum and minimum temperatures. This means that the 

UHI is least prevalent in this station out of the selected ones. The mean for the UWG is 1.30 

°C, so the UWG overestimates the air temperatures compared to the observed data. The 
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highest value of the observed data is 1.56 °C, while the highest value of the modeled data is 

3.2 °C.  

4.2.3 Modeling the UHI on a city-scale  

In this section, the results of the UWG simulations for a larger part of Gothenburg are 

presented (FIGURE 8), on the night of July 24th-25th. 

 

Figure 8. The average UHI on the night of July 24th-25th. Basemap: Google Satellite.  
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The largest modeled UHI:s are seen in grid 68, 90 and 91 which are all built-up dense areas in 

the city center. The lowest UHI:s, are found in areas with water and in open areas. These 

open areas (grid 75, 76, 86, 124) are both grass-covered and paved, and lack high and dense 

buildings. Larger parks such as Slottsskogen (which is found in approximately grid 47, 58, 59, 

60, 70, and 71) have a medium average UHI intensity using this scale.  

5 Discussion 

This section discusses the results of the sensitivity analysis and the model evaluation. It also 

discusses the limitations of this study and some suggestions for future research.  

5.1 Sensitivity analysis 

In the first published paper of UWG, Bueno et al. (2013) performed a sensitivity analysis 

where the Building Density, Vertical to Horizontal, and to some extent Vegetation 

parameters were the most influential. What the sensitivity analysis of this case study 

demonstrates is that the UWG is not very sensitive to the different parameters except for 

the Building Density TABLE 7. The different building types did not have a remarkable impact 

on the estimated air temperatures, where “QuickServiceRestaurant” and 

“FullServiceRestaurant” had the largest difference when compared to the standard test. 

Noticeable was also that vegetation was not significantly considered by the model. This is in 

accordance with the results from the model evaluation, where it seemed like temperatures 

at sites with a high fraction of vegetation generally were overestimated by the model. As 

presented in section 2.2.3, many studies have confirmed the mitigation effect vegetation has 

on air temperatures in an urban area. Therefore, the results of the sensitivity analysis were 

quite surprising. When changing the ground cover parameters to 99% there was a slight 

change where the grass cover lowered the temperatures the most. If only looking at night-

time temperatures this would not have been surprising, since tree canopies can trap some 

heat and radiation (Konarska et al., 2016). Though, this sensitivity analysis was performed on 

24-hour data, which would suggest a lowering of air temperatures where a lot of trees are 

present since they provide shade and evaporation during daytime (Spronken-Smith & Oke, 

1999). Summarizing the sensitivity analysis, it was foreseen that changing the building 

parameters would influence the results, but more surprising that the vegetation has such a 

small (or absent) effect, and that this also affects the performance results of the model. Also, 
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the different building types were not very sensitive when changed, which reduces the need 

for very detailed data.  

5.2 Model evaluation 

Generally, there seems to be a better agreement between observed and modeled data on 

the urban, built-up areas such as Vallgatan, Kvillebäcken, and Backaplan for the study period 

of 20th– 28th of July, in accordance with the results of Salvati et al. (2016), where also the 

urban built-up areas had the highest agreement with the UWG. Both Kungsladugård and 

Slottsskogen are mostly overestimated by the model. Looking at the box plots in FIGURE 7, 

where the UHI intensity was analyzed for July, they suggest the same patterns. Vallgatan is 

slightly underestimated, Kvillebäcken and Backaplan are quite consistent with the observed 

data, while Kungsladugård and Slottsskogen are overestimated. This section will present a 

discussion on possible explanations of these results.  

5.2.1 Urban geometry and vegetation 

Vallgatan, Kvillebäcken, and Backaplan are characterized by their urban features with a low 

fraction of vegetation. The air temperatures of Vallgatan are slightly underestimated by the 

model, but in general, the model follows the pattern of the UHI:s at these stations, at least 

looking at the whole month of July (FIGURE 7). For Kungsladugård, where there is a built-up 

area, but the fraction of vegetation is higher, and Slottsskogen has the highest amount of 

vegetation of all the areas of this study. It is quite clear that the model is not handling the 

presence of vegetation when calculating the urban temperatures, since both Kungsladugård 

and Slottsskogen are overestimated both on the period of 20th - 28th of July and for the 

whole month of July (FIGURE 6 and FIGURE 7). At least half of the days are overestimated, and 

the days that are not, are instead underestimated in the rest of the areas. As both 

Kungsladugård and Slottsskogen are characterized by a large fraction of vegetation, and the 

sensitivity analysis showed that the modeled data lacked consideration of vegetation, it can 

be assumed that it is the vegetation that affects the results of these areas. This is also in line 

with the results of Salvati et al. (2016), where the UWG was evaluated for Rome and 

Barcelona. The conclusion there was that the model did not consider the influence of 

vegetation sufficiently, which can be concluded in this study as well. Backaplan had both 

under- and overestimations looking only at July 20th-28th. This is a quite open area with lots 

of impervious surfaces, so instead of vegetation, there might be other factors influencing the 
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results of the model, such as wind speed or wind direction, the heat storage or the albedo of 

the buildings. Or, just that the area is more open and therefore the radiative cooling is faster 

than for the more built-up areas, and in that case, the model does not capture this 

sufficiently.  

5.2.2 Meteorological parameters 

5.2.2.1 Cloud cover 

Another factor that could explain the differences between modeled and observed data are 

the meteorological parameters and the fact that they are gathered from different weather 

stations. For instance, there is increased long-wave radiation on the nights of July 22nd-23rd, 

and 25th-28th, which indicates the presence of clouds on these nights. On the night of July 

22nd-23rd, the model is underestimating the air temperatures on all five study sites, and the 

model tends to underestimate air temperatures also on the nights of July 26th-27th and 27th-

28th at some sites. This would agree with the theoretical background, saying that the 

presence of clouds lowers the development of the UHI. However, the model is 

underestimating the air temperatures also on the 21st-22nd, where there is no cloudiness 

observed. Moreover, looking at the night of the 22nd-23rd, it is cloudy in Gothenburg (FIGURE 

5), which would suggest a lower UHI intensity, as considered in section 2.2.5, but there is a 

quite large observed UHI between the urban sites and the Landvetter data. If only looking at 

this parameter, the UHI effect actually seen implies that there were no clouds on the rural 

site. However, since input data come from both Gothenburg (the radiation data) and 

Landvetter (air temperature data), this might have affected the results. Furthermore, since 

the type and thickness of cloud cover (Morris et al., 2001) also affect the magnitude of the 

UHI this might be another explanation, which has not been analyzed in the scope of this 

study. In summary, the presence or non-presence of clouds by itself is not enough to explain 

the variations of the model output. 

5.2.2.2 Wind parameters 

Considering the wind parameters, winds are more or less westerly on the 20th- 24th, which 

one could assume would bring cool air from the ocean. It is also assumed that Backaplan, 

Kungsladugård, and Slottsskogen would be most affected by winds. In Vallgatan and 

Kvillebäcken, the winds are most likely blocked by the tall and dense buildings (Salvati et al., 

2017; van Hove et al., 2015). The model is overestimating the air temperatures on the 21st-



33 
 

22nd and 23rd-24th but not on the 20th-21st or 22nd-23rd in Backaplan, Kungsladugård, and 

Slottsskogen. Consequently, there is no clear pattern of how westerly winds affect the 

results. Results from the study by Salvati et al. (2016) suggest that the UWG does not 

consider the cooling effect of the sea breeze, a phenomenon that has not been examined in 

this study. However, just assuming that westerly winds in Gothenburg bring cooler air into 

the city, the short-time period examined in this case study does not bring any consensus on 

whether this is the case in Gothenburg.  

The days examined in this study were chosen as optimal days for UHI formation, therefore 

the wind speed of the nights is low (average wind speed of the five first nights is < 2 m/s 

while it is between 2.38-3.25 m/s on the last four nights) and cannot be assigned a large 

influence of the results. A final note is also that the wind direction and wind speeds might be 

different at the study sites than at the GVC station with a higher elevation. For more exact 

results, wind direction and wind speed should have been measured at each study site.  

5.2.3 Scale  

Looking at the analysis for the larger part of Gothenburg (FIGURE 8), the results are mostly as 

expected, where the most urban and dense areas have the highest UHI intensities, and the 

water, and the open areas are the coolest. The vegetated areas are modeled a low-medium 

UHI intensity in general. From what is known from the first part of the model evaluation, one 

could argue that the built-up areas should be even warmer (considering the results of 

Vallgatan), while the vegetated areas should be even cooler. Considering only the grids with 

the lowest UHI intensities, it seems like it is the absence of buildings rather than the 

influence of vegetation that creates the smallest UHI:s by the model.  

What is important to consider is that this model is mainly developed as a local scale model 

and that it has limitations in regards to capturing micro-scale properties (Bueno et al., 2014). 

Therefore, one should not expect a complete model from a micro-scale point of view, but a 

more general estimation of the air temperatures. This approach is mainly applicable to the 

built-up urban areas, whereas the model needs improvement in capturing the cooling effect 

of vegetation.  
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5.3 Method and data limitations  

There are some potential sources of errors that need to be taken into consideration when 

reflecting on this study and evaluating the model. For instance, the rural station is on a 

higher elevation, and although this was considered when running the model, the 

interconnected parameters of relative humidity and dewpoint were not adjusted for height. 

Also, the difference in location between Landvetter station (temperature and relative 

humidity) and the GVC station (i.e. the data of wind and radiation) could have affected the 

outcome. Differences in weather can be found along quite short distances, so for instance 

some cloudy days/hours in Gothenburg, are not necessarily seen in Landvetter at the same 

time. Also, since Landvetter is located more inland than Gothenburg, there are limitations 

when comparing it to observed data in Gothenburg, which should be more influenced by the 

ocean.   

Another limiting factor is that the rural station is placed on the airport of Landvetter. This 

could mean that there is an urban influence on the air temperatures also on this site, as 

found for instance in the airport of Rotterdam (van Hove et al., 2015). Other available 

options for use as a rural reference (such as observed temperatures of Åbyvallen or 

Slottsskogen) were also investigated, but the temperatures of Landvetter were estimated to 

have the least urban influence of these alternatives.  

Finally, there are some possible errors from the observed (Gothenburg) data as well. The 

sensors have an accuracy of ±0.45°C, which could have affected the outcome when 

compared to modeled data. Also, the location of the sensors could be impacted by very local 

microclimate and therefore have an impact on the results. For instance, the sensor at 

Vallgatan is located close to a wall, which could explain why the observed data there is 

higher than the modeled data. At Backaplan, the sensor is quite close to trees and the small 

river, which might also influence the observed air temperatures.  

5.4 Future research 

For future research, there is a need to further investigate how the UWG can be improved to 

predict air temperatures with the presence of vegetation. A new urban climate model called 

“the Vertical City Weather Generator (VCWG)” (Moradi et al., 2021) which combines 

components of the UWG with other climate models could also be analyzed and evaluated to 
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see if urban air temperatures are modeled more correctly. For instance, this model considers 

the influence of trees and vegetation to a greater extent (Moradi et al., 2021). 

Other parameters, such as the albedo of the buildings, relative humidity, and the thermal 

properties of specific materials, which have not been explored in the scope of this study, 

could also be of interest for further investigations. 

6 Conclusion 

In conclusion, this study has examined and evaluated the Urban Weather Generator, in 

terms of how well it predicts Urban Heat Islands in Gothenburg. A sensitivity analysis and a 

model evaluation have been carried out. The results of the sensitivity analysis indicate that 

the emphasis of the model is the building parameters, whereas vegetation is less considered 

by the model. The results of the sensitivity analysis are also reflected in the model 

evaluation, where vegetated areas are overpredicted by the model, whereas built-up areas 

are predicted more correctly. No clear relationship between the days when the model 

estimates inadequately and other parameters are seen. There is an indication that cloudy 

nights are more underpredicted by the model than cloud-free. Neither the wind direction 

nor wind speed can be assigned any significant influence on the results of this study, but in 

order to see these patterns, the data should have been analyzed for a longer period of time. 

Difficulties in finding these explanations could also be referred to the fact that the rural and 

urban areas are located at different distances from the ocean, as well as at different 

elevations above sea level. The results of this study could also conclude that the UWG 

performs better on rather urbanized areas, hence the performance of the model would be 

optimized in cities with a minor fraction of vegetation. 
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