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Abstract 
 
Keywords:  climate-sensitive urban design; urban heat island (UHI); heat mitigation; local climate 

zone (LCZ); Northwestern Europe 

Many urban and suburban areas experience higher temperatures than their outlying rural 

surroundings. This difference in temperature is what constitutes an Urban Heat Island (UHI). UHIs 

result from man-made modifications of the natural environment. The replacement of vegetation, soil 

and water with concrete, brick, asphalt and metal reduces evapotranspiration, increases the storage 

and transfer of sensible heat and decreases air movement. Problems that are associated with the 

urban heat island phenomenon include atmospheric pollution, increased morbidity and mortality, a 

decreased thermal comfort and an increase in energy consumption. For these reasons, it is desirable 

to mitigate the UHI effect. 

Models and tools to predict the effect of UHI mitigation measures can assist the urban planner to 

incorporate these in urban design. A number of numerical (simulations) and empirical (observational) 

models have been constructed to date. Empirical models are most likely to be of use to urban planners.  

However, such a model does not yet exist for Northwestern Europe. As a testbed for a potential, more 

comprehensive study in the future, the aim of this research is to empirically investigate the relationship 

between the Urban Heat Island Intensity (UHII) and the implementation of mitigation measures, in 

terms of land use characteristics, of urban environments in Northwestern Europe.  

Firstly, in order to be able to select relevant data on which the analyses will be conducted, an inventory 

of UHI mitigation measures has been provided. Mitigation measures of interest have been divided in 

five categories: vegetation (urban parks and gardens, street trees, green roofs and walls), open water 

(rivers, ponds, lakes and fountains), built form (low building density and street design that promotes 

ventilation), material (high albedo materials and porous paving) and anthropogenic sources (improved 

thermal insulation of buildings and car-free zones). 

Secondly, the required data has been gathered. UHII data has been retrieved from the scientific 

literature. Seven studies, corresponding to seventeen locations, were found to be of use in the 

analyses. The corresponding land use data has been collected on two spatial scales: the micro scale 

and the local scale. For both spatial scales, the percentages of impervious surfaces, vegetation and 

open water, have been calculated. For the smallest spatial scale, the number of street trees and the 

width and orientation of the adjacent street have been estimated. On the largest spatial scale, the 

urban density (inhabitants per ha) of the neighbourhood has been chosen as an indicator for building 

density. In addition, the urban areas have been classified in Local Climate Zones (LCZ). Finally, data 

with regard to wind direction, wind speed, temperature, precipitation amount and cloud cover have 

been retrieved to account for the influence of weather on the UHII. 

Thirdly, the relationships between the UHII and land use characteristics were analysed. It was found 

that the UHIIs of cities in the Northwestern European oceanic climatic zone cannot be generalised 

based on the LCZ classification. Rather, the LCZ classification should be used on the city scale, to 

account for the influences of the wider urban environment on the UHII. However, potentially large 

local sources of (anthropogenic) heat, such as the presence of a busy motorway junction, should still 

be taken into account when applying the LCZ classification as a means to estimate the UHII. The results 

of bivariate analyses indicate that generalizing the UHIIs of urban areas in Northwestern Europe based 

on land use characteristics is not possible. However, the analyses show that a number of UHI mitigation 

measures may be able to reduce the UHII, such as street trees, a low building density and open water.   
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1. Introduction 
 
Firstly, the background of the Urban Heat Island (UHI) phenomenon and problems related to it will be 

discussed. Secondly, past efforts to establish models and tools to predict the heat island intensities of 

urban areas will be discussed. These are categorized in numerical models and empirical models. The 

Local Climate Zone (LCZ) classification will be briefly discussed as a means to guide heat island studies. 

Subsequently, the aim of this research will be discussed. This introductory chapter will be concluded 

with the methodology. 

 

1.1. Background 
 
Urban planning guides the orderly development of settlements. Urban climatology is a vital aspect of 

urban planning. It is concerned with the study of the climate effect of urban areas and the application 

of the knowledge acquired to the better planning and design of cities (Mills, 2014): understanding the 

microclimates between buildings helps the urban planner to manipulate these spaces in order to 

create better environments for humans (Erell, Pearlmutter, & Williamson, 2011).  

The need for climate-sensitive urban design is also stressed by Carmona, Tiesdell, Heath & Oc (2010), 

who regard (climatic) comfort as a prerequisite for successful places. Various studies show that 

comfortable microclimates increase the number of people present in an urban space (Gehl, 2011; 

Zacharias, Stathopoulos, & Wu, 2001) and that both too cold and too warm conditions have a negative 

influence on the emotional state of people (Eliasson, Knez, Westerberg, Thorsson, & Lindberg, 2007). 

It is known that urban climates differ from rural climates. In this context, one of the most studied 

phenomena is the Urban Heat Island (UHI) effect: the phenomenon that many urban and suburban 

areas experience elevated temperatures compared to their outlying rural surroundings (Akbar, Azizi, 

Abad, & Moghbel, 2013). See figure 1.1. 

Urban heat islands may be observed both at the surface (surface heat islands, SHI) and in the 

atmosphere in and above the city (atmospheric heat islands). The latter type may be sub-divided into 

canopy-layer heat islands (CLHI) and boundary-layer heat islands (BLHI). The CLHI is observed in the 

layer of air closest to the surface in cities, extending upwards to approximately the mean building 

height. The BLHI forms a dome of warmer air that extends downwind of the city (Erell et al., 2011, p. 

69). In contrast to the surface UHI, the atmospheric UHI is mainly a nocturnal phenomenon; it is often 

weak during the day and becomes more pronounced after sunset (van Hove et al., 2015). 

Figure 1.1: Generalized cross-section of a typical UHI (Erell, Pearlmutter, & Williamson, 2011, p. 68) 
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The urban heat island intensity (UHII) is an indicator quantifying the UHI phenomenon. It is calculated 

as the (spatially-averaged) surface or air-temperature difference between an urban area and 

surrounding rural area(s): (∆Tu-r) (Kim & Baik, 2005; Memon, Leung, & Liu, 2008). Air-temperature 

based (or atmospheric) UHII is typically determined from weather station data, whereas surface-

temperature based UHII is usually determined from satellite imagery (Memon, Leung, & Liu, 2009). 

When ∆Tu-r is positive, the term urban heat island is used. When ∆Tu-r is negative, the term urban cool 

island (Erell et al., 2011) or urban cold island (Acero, Arrizabalaga, Kupski, & Katzschner, 2012) (UCI) is 

used. 

Since the UHI phenomenon was first investigated by Howard (1833), its causes have been studied 

intensively to date. These will be briefly discussed in section 1.1.1. In section 1.1.2, an overview of the 

problems associated with the UHI phenomenon will be provided. Sections 1.1.3 and 1.1.4 will discuss 

numerical and empirical models that have been constructed hitherto, respectively.  

 

1.1.1. Factors contributing to the UHI effect 
 
The factors that affect the intensity of the urban heat island have been accommodated in the 

categories ‘urban form’ and ‘urban function’ by Mills (2014). In addition, Erell et al. (2011, pp. 72-75), 

distinguish the category ‘weather and geographic location’. 

The building density, properties of urban materials and the reduced amount of vegetation in urban 

areas are of interest in the category urban form. Solar energy gets trapped in between buildings due 

to multiple reflection and absorption, which reduces the urban albedo and increases the amount of 

heat stored in the urban fabric (Erell et al., 2011). The emission of long-wave radiation to the sky is low 

due to the reduced sky-view factor (SVF) in urban areas (Unger, 2004), thereby inhibiting the rate of 

cooling after sunset. Furthermore, wind speeds in urban areas are often strongly reduced (Allegrini, 

Dorer, & Carmeliet, 2015), impairing ventilation cooling. 

Materials commonly used in the urban environment, such as concrete and asphalt, have a low albedo 

(Salata, Golasi, Vollaro, & Vollaro, 2015) and a large thermal capacity and conductivity (Xian & Crane, 

2006), which intensify the UHI effect. Furthermore, urban areas generally have extensive impervious 

surfaces. In combination with efficient drainage, this results in a decrease in surface moisture available 

for evaporation, and hence to higher temperatures (Buyantuyev & Wu, 2010). Similarly, the reduced 

amount of vegetation in urban areas leads to a decrease in transpiration, thereby contributing to the 

UHI effect (Wong & Yu, 2005).  

For these reasons, high-density urban development is often associated with large UHI intensities. 

Debbage & Shepherd (2015) however, note that recent studies have reached the paradoxical 

conclusions that not only dense city configurations, but also urban sprawling can result in more intense 

UHIs. Urban sprawl can exacerbate UHIIs since it results in more land clearances, impervious surfaces 

and excess heat generated per capita when compared to higher density development (Stone, 2012). 

In the category urban function, the anthropogenic emissions of waste heat and water vapour are of 

interest (Mills, 2014). Sailor (2011) differentiates energy consumption from the associated emission of 

both sensible heat and moisture. Sensible anthropogenic heat emission can be directly through 

tailpipes, chimneys and air-conditioning or heating equipment, or indirectly by conduction through a 

building envelope and then convection and radiation into the urban environment. Heat removed from 

buildings exhausted through evaporative cooling equipment, and the chemical reactions that occur in 

the combustion of hydrocarbon fuels in motorized vehicles are sources of anthropogenic moisture.  
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Finally, weather, in particular wind and cloud cover, affects the intensity of heat islands. Heat island 

magnitudes are largest under calm and clear weather conditions (Arnfield, 2003). Geographic location 

dictates the regional climate and topography of the area in which the city is situated. Regional or local 

weather influences, such as local wind systems, may impact heat islands (Erell et al., 2011).  

 

1.1.2. Problems associated with the UHI phenomenon  
 
Problems that are associated with the UHI phenomenon include atmospheric pollution, increased 

morbidity and mortality, a decreased thermal comfort and an increase in energy consumption.  

A number of studies have focused on the association between the UHI phenomenon and air pollution. 

Elevated temperatures facilitate the chemical reactions of nitrogen oxides (NOX) and volatile organic 

compounds (VOC) into ozone (O3) (Jing et al., 2014). Ozone is one of the main components of urban 

smog (Wang, Berardi, & Akbari, 2015) and high concentrations of ozone aggravate asthma and other 

respiratory conditions (Jing et al., 2014).  

Apart from the adverse health effects caused by air pollution (e.g. Yang & Omaye, 2009), heat-related 

illnesses such as heat strokes or heat exhaustion are of major concern (Kleerekoper, van Esch, & 

Salcedo, 2012). The heat wave that hit Chicago, Illinois in 1995 is believed to have caused between 550 

and 800 heat-related deaths (Changnon, Kunkel, & Reinke, 1996; Klinenberg, 2003). In Europe, the 

summer of 2003 was particularly hot. Estimates of the cumulative heat-related deaths of sixteen 

European countries range from 27,000 to 70,000 (Robine et al., 2008).  

Energy consumption contributes to the UHI effect (section 1.1.1). In turn, higher urban temperatures 

lead to an increase in energy consumption for cooling and air-conditioning, particularly during summer 

(Mavrogianni et al., 2011; O’Malley, Piroozfarb, Farr, & Gates, 2014), as thermal comfort in many 

commercial and residential buildings is tried to be maintained. However, the heating load during 

winter is likely to be reduced as a result of the UHI effect (Hadley, Erickson, Hernandez, Broniak, & 

Blasing, 2006).  

For the reasons outlined above, it is desirable to mitigate the UHI effect. Furthermore, due to climate 

change (and associated heat waves) and urbanization, the problems associated with the UHI 

phenomenon are likely to worsen (van Hove et al., 2015). On the other hand, although cities are known 

to be large sources of greenhouse gas emissions (Seto & Shepherd, 2009), the effect of the UHI on 

global warming is believed to be small (Jacobson & Ten Hoeve, 2012). 

Models and tools to predict the effect of mitigation measures can assist the urban planner to 

incorporate these in urban design, considering that the urban form is largely responsible for the UHI 

(section 1.1.1). The following sections will therefore focus on past efforts to establish models and tools 

to predict the heat island intensities of urban areas. These are categorized in numerical models and 

empirical models: numerical models simulate urban energy balance fluxes through the 

parameterization of urban surface processes, whereas empirical models attempt to reveal the linkage 

between the UHII and various descriptive factors of urban areas (Zhou, Rybski, & Kropp, 2013). 

 

1.1.3. Numerical models 
 
Numerical simulations have the advantage that different building configurations can be evaluated with 

regard to the improvement of the local microclimate. In the literature, the local urban microclimate is 

numerically studied with different degrees of complexity (Allegrini et al., 2015). 
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In many studies, the software ENVI-met is used, which is able to simulate the complex interactions 

between urban surfaces, vegetation and the atmosphere (Bruse & Fleer, 1998). Perini & Magliocco 

(2014) used ENVI-met to quantitatively investigate the influence of building density, building height, 

atmospheric conditions, amount and type of vegetation on temperature distribution and outdoor 

thermal comfort in a typical city area. They found that with the same building height, higher urban 

densities cause higher temperatures. With taller buildings, temperatures are lower due to their 

shading effect. Finally, they found that green areas on the ground are more effective compared to 

green roofs in reducing temperatures during summer.  

Taleghani, Kleerekoper, Tenpierik & van den Dobbelsteen (2014) used ENVI-met to compare the local 

microclimate for different urban morphologies (singular blocks, linear blocks and a courtyard block). 

They found that the courtyard provides a protected microclimate, which receives less solar radiation 

during summer than singular or linear urban forms. As a result, they advocate the usage of courtyards 

in urban settings in temperate climates, such as that of Western Europe.  

ENVI-met uses simplified numerical models and has a rather low spatial resolution (Allegrini et al., 

2015). Using more detailed computational fluid dynamics (CFD) simulations, a higher spatial resolution 

and more accurate models can be obtained. Toparlar et al. (2015) give an overview of 24 previous CFD 

studies on the thermal environment in urban areas, which illustrates that CFD is widely used in urban 

physics.  

The Mitigation Impact Screening Tool (MIST) was a screening tool to estimate the potential impacts of 

urban heat island mitigation strategies on US cities (Sailor & Dietsch, 2007). However, this tool only 

included albedo and vegetation mitigation strategies. Furthermore, MIST was shut down on July 1, 

2014, because the data and assumptions used in the tool were no longer believed to be accurate or 

relevant (Environmental Protection Agency, 2014). 

Bueno, Norford, Hidalgo & Pigeon (2013) propose an Urban Weather Generator (UWG) to calculate air 

temperatures inside urban canyons from measurements at an operational rural weather station 

located nearby. The UWG has been satisfactorily evaluated against field data from two cities: Basel, 

Switzerland and Toulouse, France. However, the model requires over fifty input variables, of which not 

all are readily available (MIT, 2014). 

Although numerical models (table 1.1) can be used to get accurate microclimatic results with a high 

spatial resolution, these models generally require a large amount of input data (Kolokotroni, Zhang, & 

Giridharan, 2009), are time-consuming to work with and require much computational power (Allegrini 

et al., 2015), which is costly. Considering that many urban planners are not trained to work with these 

models, empirical models may be more likely to be of practical use in urban design.  

 
Table 1.1: Commonly used numerical models 

CFD Tools 

Software Authors Tool Authors 

Envi-met e.g. Perini & Magliocco (2014); Taleghani et al. 
(2014) 

MIST Sailor & Dietsch (2007) 

Phoenics e.g. Radhi, Fikry, & Sharples (2013) UWG Bueno et al. (2013) 

Star CD e.g. Chen, Ooka, Huang, & Tsuchiya (2009)   

ANSYS Fluent e.g. Nazarian & Kleissl (2015)   
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1.1.4. Empirical models 
 
Besides numerical models, a number of empirical models have been developed. Notably, Zhou et al. 

(2013) introduced a statistical approach for the systematic assessment of the UHI effect of all urban 

areas in Europe. They used land cover data and land surface temperature data to study how the UHII 

depends on the city cluster size.  

Land surface temperature data is used more often in this field (e.g. Klok, Schaminée, Duyzer, & 

Steeneveld, 2012; Liu, Yu, & Xun, 2014; Wu, Ye, Shi, & Clarke, 2014), since this is easily determined 

from satellite imagery. However, it can be argued that the canopy-layer air temperature is more 

relevant in terms of health and thermal comfort, since people live in the urban canopy layer (van Hove 

et al., 2015).  

Yang, Lau, & Qian (2011) empirically investigated ten high-rise residential quarters in Shanghai. On-

site design variables were developed to quantify the thermal impacts from density, building layout and 

greenery. The daytime and nighttime atmospheric UHI models that were subsequently constructed 

explain up to 77 and 90 percent of UHI variation, respectively. Based on their findings, the authors 

propose some design strategies to mitigate the UHI effect. These include manipulating building layout 

and mass to improve shading during the day while facilitating site ventilation at night and increasing 

site vegetation cover through strategic tree planting.  

Giridharan, Lau, Ganesan, & Givoni (2007) measured the air temperature in Hong Kong on seven 

locations for six months. They found that sky-view factor, surface albedo, altitude, vegetation above 

one metre in height, average height to floor area ratio and proximity to the sea are critical variables in 

mitigating both daytime and nocturnal UHI. It is noted that combining daytime and nighttime data 

dilutes the impact of extreme values on UHII. Therefore, combined model results should not be applied 

to design solutions. 

Alcoforado & Andrade (2006) modelled the relation between air temperature and parameters related 

to land use and topography in Lisbon (Portugal). They found that the nocturnal canopy-layer UHII 

depends on sky-view factor, building height and percentage of built-up area, but also to a great extent 

on mesoclimatic geographic factors such as altitude, topography and distance from the Tagus River. 

The approach presented by these authors is used to draw more accurate climatic maps, which may be 

of use in master plans of urban municipalities.  

Coseo & Larsen (2014) collected air temperature measurements in eight Chicago neighbourhoods 

during the summer of 2010. They found that, at nighttime, the percentage of impervious surface and 

tree canopy within an urban block explained 68% of the UHII. The strength of this relationship 

increased during heat events and these two variables explained 91% of the UHII. Based on these 

results, the authors propose to replace any unnecessary impervious surfaces on the ground with 

vegetation. Furthermore, they propose to replace conventional roofs with green or cool (reflective) 

roofs to mitigate the UHI. 

Balázs et al. (2009) used datasets of two Hungarian cities to construct an empirical model of the annual 

mean UHII. Variables included air temperature, built-up ratio and distance from the city boundary. This 

model is region specific, and valid for a large area (Great Hungarian Plain). 

It has been shown that empirical models can be used to relate the UHII of various urban areas in 

different climates to the implementation of UHI mitigation measures, which are translated to land use 

characteristics. However, an empirical model to estimate the canopy-layer atmospheric heat island 

intensities of urban areas in Northwestern Europe based on land use characteristics does not yet exist. 
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1.1.5. The LCZ classification 
 
As has been mentioned before, the traditional 

approach in UHI studies has been to designate sites 

in the city and countryside as ‘urban’ and ‘rural’. 

Subsequently, the UHII is calculated from the 

observed difference in air temperature of both sites. 

However, Stewart & Oke (2006) note that the 

designation of landscapes as either ‘urban’ or ‘rural’ 

is both subjective and overly simplistic. These authors 

observe that this has led to inconsistencies in UHI 

experimental design, to ambiguities in UHI definition, 

and to confusion surrounding intercity comparisons 

and general heat island relations.  

As a result, Stewart & Oke (2006) advocate the need 

for an objective, multidimensional and universally 

applicable landscape classification scheme for UHI 

studies. In 2012, an article was published introducing 

the Local Climate Zone (LCZ) classification for urban 

temperature studies (Stewart & Oke, 2012). LCZs 

were formally defined as “regions of uniform surface 

cover, structure, material, and human activity that 

span hundreds of meters to several kilometres in 

horizontal scale” (Stewart & Oke, 2012, p. 1884). The 

system comprises seventeen standard classes (figure 

1.2; Appendix A).  

Stewart, Oke, & Krayenhoff (2014) conducted a study 

to evaluate the conceptual division of LCZs with 

temperature observations and simulation results. 

They found that thermal contrasts exist among all LCZ 

classes, and that such contrasts are governed largely 

by building height and spacing, pervious surface 

fraction, tree density and soil wetness.  

Since the introduction of the LCZ classification, 

various researchers have included  this in their 

studies (e.g. Alexander & Mills, 2014; Emmanuel & 

Krüger, 2012; Krüger, Drach, Emmanuel, & Corbella, 

2012; Leconte, Bouyer, Claverie, & Pétrissans, 2015). 

 

 

   

Figure 1.2: LCZ classification (Adapted from Stewart 
& Oke, 2012, p. 1885) 
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1.2. Aim and research objectives 
 
For the reasons outlined in section 1.1.2, it is desirable to mitigate the UHI effect. Models and tools to 

predict the effect of mitigation measures can assist the urban planner to incorporate these in urban 

design. The sections 1.1.3 and 1.1.4 have shown that empirical models are more likely to be of use to 

urban planners than numerical models. As a testbed for a potential, more comprehensive study in the 

future, the aim of this research is to empirically investigate the relationship between the UHII and the 

implementation of mitigation measures, in terms of land use characteristics, of urban environments in 

Northwestern Europe. The main research question this study will attempt to answer can be formulated 

as follows: 

How can land use data be used to estimate the Urban Heat Island Intensities (UHIIs) of urban areas in 

Northwestern Europe? 

This project is spatially 

demarcated to the Cfb (oceanic) 

climatic zone in Northwestern 

Europe (figure 1.3). 

Approximately 190 million 

people live in this climatic zone, 

which corresponds to 37% of 

the EU population (Eurostat, 

2015). The countries in this 

climatic zone are highly 

urbanized and are expected to 

continue to urbanize, as can be 

seen in table 1.2. Furthermore, 

European summer heatwaves 

will become more frequent and 

severe due to climate change 

(Fischer & Schär, 2010). 

 
Figure 1.3: Map of the Köppen-Geiger climate classification of Europe (Adapted from Peel, Finlayson, & McMahon, 2007, p. 
1641)  

 

Table 1.2: Percentage urban population in 2014, and in 2030 and 2050 (projected) (United Nations Department of Economic 
and Social Affairs, 2015) 

 

 

 

 

 
Three research objectives have been identified to deliver on the thesis’ aim: 

1. Identify the relevant UHI mitigation measures that have an impact on the local microclimate.  

2. Develop a process to collect the required data. 

3. Analyse the relationship between UHII and land use characteristics.  

Country Percentage urban population 

 2014 2030 2050 

The Netherlands 90 95.1 96.4 

Belgium 98 98.3 98.6 

France 79 82.7 86.3 

United Kingdom 82 85.7 88.6 

Ireland 63 68.0 74.6 
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1.3. Methodology 
 
For each of the three research objectives, the research questions and methodology will be discussed 
in this section. 
 
1. Identify the relevant UHI mitigation measures that have an impact on the local microclimate. 

  

In order to be able to select relevant data, the literature will be used to provide an inventory of 

UHI mitigation measures and its effects. These will be divided in five categories: vegetation, open 

water, built form, material (Kleerekoper et al., 2012) and anthropogenic sources.  

 

2. Develop a process to collect the required data. 

 

Subsequently, the data needed to conduct the analyses will be collected. In section 1.1.1, it was 

mentioned that the heat island intensity of any urban area depends on the urban form and 

function (i.e. land use) and weather (meteorological variables). 

 

2.1. Which data does the scientific literature offer with regard to the UHIIs of cities in the 

European oceanic climate zone? 

 

As many case studies as possible of the canopy-layer heat island intensity in the Netherlands, 

Belgium, France, the UK and Ireland will be retrieved from the literature, preferably those which 

mention at least one of the mitigation measures mentioned in Chapter 2. Considering that the 

UHI effect is most detrimental during summer, the UHII data collection will be limited to this 

season. 

 

2.2. Which land use data is relevant for each of the urban areas when conducting the analyses? 

 

Two spatial scales will be used for the data collection: radii of 50 metres and 250 metres from 

each urban measurement location. Van Hove et al. (2015) found that the source area radii of 

different land cover fractions ranged between 250 m and 500 m. This is comparable with the 

findings of Brandsma & Wolters (2012), who found a radius of 400 m suitable, and Houet & Pigeon 

(2011) who found a radius of 250 m more appropriate. Kolokotroni & Giridharan (2008) however, 

note that for more dense urban environments, smaller scales ought to be used. For London, they 

found a radius of 50 m appropriate. Furthermore, the influence ranges of different mitigation 

measures, which will be discussed in Chapter 2, show a lot of variability. Doick et al. (2014) found 

the influence range of a large urban park to be maximum 440 m. On some nights, however, the 

extent of cooling ranged to only twenty metres.  

 

Relevant land use parameters can be derived from the inventory of mitigation measures (section 

2.6). For both spatial scales, land use data will be collected with the Google Earth software, which 

has the advantage that satellite data from multiple years is available. Circles with radii of 50 and 

250 m will be drawn around the urban measurement locations (figure 1.4). By calculating the 

areas of impervious surfaces (roofs, roads and parking spaces, with a low or high albedo), 
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vegetation (parks, gardens and green roofs) 

and open water (rivers and ponds), the 

corresponding percentages will be calculated. 

Besides that, the percentage of the buildings 

that have green walls will be determined.  

 

For the smallest spatial scale, the presence of 

fountains will be determined. Novel water 

facilities likely only have a cooling effect on the 

micro scale (section 2.2). For the streets in 

which the measurements were taken, the 

number of street trees (per 100 m street) and 

the width and orientation of the streets will be 

determined using Google Earth. In addition, 

the average annual daily traffic flows (AADF) 

will be determined for these streets to account for the contribution of motorized vehicles to the 

UHII. For the UK, these data will be obtained from the Department for Transport (2015).  

 

On the largest of the two spatial scales, the urban density (inhabitants per ha) of the 

neighbourhood has been chosen as an indicator for building density. This is done more often in 

research (e.g. Steeneveld, Koopmans, Heusinkveld, van Hove, & Holtslag, 2011; Wolters & 

Brandsma, 2012). Furthermore, population density can be considered an indicator for 

anthropogenic heat emissions (e.g. Sailor, 2011; Yang et al., 2010). The population density for 

Dutch neighbourhoods will be obtained from the Dutch Central Bureau for Statistics (CBS, 2015). 

For neighbourhoods in London and Glasgow, population density data will be obtained from the 

Greater London Authority (GLA, 2015) and the Glasgow City Council (GCC, 2015) respectively. For 

French neighbourhoods, data from the National Institute of Statistics and Economic Studies 

(Insee, 2015) will be used. 

 

Finally, the direct surroundings of each urban measurement station will be classified in Local 

Climate Zones (LCZs) based on the gathered land use data. Stewart & Oke (2012) proposed this 

system of seventeen recognisable landscape patterns for urban temperature studies (Appendix 

A), as has been mentioned in section 1.1.5. 

 

2.3. Which meteorological data is relevant for each of the urban areas when conducting the 

analyses? 

 

To account for the influence of weather on the UHII, data with regard to wind direction, wind 

speed, temperature, precipitation amount and cloud cover will be retrieved (Brandsma & Wolters, 

2012; Doick, Peace, & Hutchings, 2014; Kim et al., 2008). For the UK and France, meteorological 

data will be obtained from Weather Underground (2015). For the Netherlands, meteorological 

data will be obtained from the Royal Netherlands Meteorological Institute (KNMI, 2015). 

 

 

 

Figure 1.4: Radii of 50 and 250 m around the measurement 
location Rotterdam (East) (Adapted from Google Earth) 
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3. Analyse the relationship between UHII and land use characteristics.  

 

3.1. What is the validity of the LCZ classification as a normative way to estimate the UHII? 

 

Firstly, the relationship between the UHII and the LCZ will be investigated. Although not 

particularly exact, the LCZ classification provides a reasonably inclusive representation of the land 

use variables introduced in Chapter 3. 

 

3.2. Is it possible to generalize the UHII as a function of land use characteristics for Northwestern 

European urban areas? 

Bivariate analyses will show which land use and meteorological variables (independent variables) 

show a strong correlation with the UHII (dependent variable). The software SPSS will be used to 

perform the statistical analyses. 

 

1.4. Structure of the thesis 
 
The research questions and methodology are summarized in table 1.3. To deliver on the aim, the thesis 

is structured as follows: Chapter 2 will consist of an inventory of UHI mitigation measures. In Chapter 

3, the data necessary to conduct the analyses will be presented. In Chapter 4, the relationship between 

UHII and land use characteristics will be analysed. Finally, Chapter 5 contains the discussion, 

conclusions and recommendations. 
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Table 1.3: Summary of methodology  

 Objective Research questions Method Data 
     Primary  Secondary 
1.   Identify the relevant UHI 

mitigation measures that 
have an impact on the local 
microclimate. 

Which UHI mitigation measures 
should be incorporated in the 
analyses? 

Literature research  Scientific literature 

2.  Develop a process to collect 
the required data. 

    

 2.1  Which data does the scientific 
literature offer with regard to the UHI 
intensities of cities in the European 
oceanic climate zone? 

Retrieve summertime canopy-layer heat 
island intensity data of urban areas in the 
oceanic climatic zone in Northwestern 
Europe.  

 Scientific literature 

 2.2  Which land use data is relevant when 
conducting the analyses? 

Calculate land use percentages of impervious 
surfaces, vegetation and open water. 
Determine presence of green walls and 
fountains. Estimate amount of street trees, 
width and orientation of streets. 

Google 
Earth 
 

 
 
 

Determine AADF of relevant streets.  UK: Department for Transport (2015) 

Determine population density of 
neigbourhood. 

 NL: CBS (2015) 
FR: Insee (2015) 
UK: GLA (2015) and GCC (2015) 

Apply LCZ classification  Stewart & Oke (2012) 

 2.3  Which meteorological data is relevant 
when conducting the analyses? 

Retrieve data with regard to wind direction, 
wind speed, temperature, precipitation 
amount and cloud cover. 

 NL: KNMI (2015) 
FR and UK: Weather Underground 
(2015) 

3.  Analyse the relationship 
between UHII and land use 
characteristics. 

    

 3.1  What is the validity of the LCZ 
classification as a normative way to 
estimate the UHII? 

Compare UHIIs of different LCZs for all urban 
areas and per city.  

  

 3.2  Is it possible to generalize the UHII as 
a function of land use characteristics 
for Northwestern European urban 
areas? 

Perform bivariate analyses using SPSS.   
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2. Literature Review: Inventory of UHI mitigation measures 
 
In order to be able to collect relevant data in Chapter 3, an overview of UHI mitigation measures and 

their effects will be provided in this chapter. These will be accommodated in the categories vegetation, 

open water, built form, material and anthropogenic sources. Section 2.6 concludes this chapter by 

summarizing the mitigation measures that should be included in the analyses. 

 

2.1. Vegetation 
 
Increasing the amount of vegetation in urban areas is considered an important UHI mitigation 

measure.  Vegetation lowers the air temperature through (evapo)transpiration and shading (Dimoudi 

& Nikolopoulou, 2003). Transpiration describes the water loss of a plant as vapour into the 

atmosphere. This requires energy, hence cooling the leaves and the air around them. The shading from 

trees cools the atmosphere by intercepting solar radiation (Bowler, Buyung-Ali, Knight, & Pullin, 2010; 

Gago, Roldan, Pacheco-Torres, & Ordóñez, 2013). In addition, green spaces will usually improve the 

surface porosity, increasing the amount of water available for evaporative cooling (Hathway & 

Sharples, 2012). Two types of urban greening measures have been identified: urban greenspaces, and 

green roofs and walls. 

A number of studies have investigated the cooling effect of greenspaces. The range of the greenspace 

influence is usually assumed to be one park-width from the greenspace (Chang & Li, 2014; Spronken-

Smith & Oke, 1998), although Doick, Peace, & Hutchings (2014) found it to be much smaller. Chang & 

Li (2014) found that larger parks and more heavily vegetated parks generally have a larger cooling 

effect than small parks and parks with more paved surfaces. A review of a number of observational 

studies by Bowler et al. (2010) also shows that larger parks are cooler.  

Chang & Li (2014) note that the cooling effect of parks on park surrounding also differs with vegetation 

type. Although trees can have a cooling effect during the day, this is offset during the night, when heat 

exchange between parks and the cooler air above them is obstructed (Chang & Li, 2014; Spronken-

Smith & Oke, 1998). Similarly, there is evidence that the air temperature beneath individual trees (e.g. 

street trees and trees on parking spaces) is lower than the air temperature measured at non-green 

urban sites during the day (Bowler et al., 2010; Golden, Carlson, Kaloush, & Phelan, 2007). The cooling 

effect of grass depends largely on the amount of irrigation (Gill, Rahman, Handley, & Ennos, 2013) and 

shading (Shashua-Bar, Pearlmutter, & Erell, 2009). 

As opposed to conventional roofs, green (or ‘living’) roofs are known to improve building energy 

performance as well as the environmental conditions of the surroundings (Gago et al., 2013). The 

effectiveness of green roofs in reducing the energy consumption (Virk et al., 2015) and UHII (Liu & 

Bass, 2005) is highly dependent on their moisture conditions; dry roofs are less effective than moist 

roofs. Furthermore, Santamouris (2014) provides a review of several studies and concludes that when 

green roofs are installed on high or medium rise buildings, their mitigation potential at street level is 

almost negligible. Green façades and living walls have similar effects on the (thermal) urban 

environment (Kikegawa, Genchi, Kondo, & Hanaki, 2006; Mazzali, Peron, Romagnoni, Pulselli, & 

Bastianoni, 2013; Sheweka & Magdy, 2011). 
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2.2. Open water 
 
The presence of water bodies has the potential to mitigate the UHI effect through evaporation and 

sensible heat transfer between the air and water (Kim et al., 2008). It is believed that water bodies 

possess the most efficient UHI reducing effect during summer (Oláh, 2012). Urban rivers, lakes and 

ponds, and novel water facilities will be discussed below. 

Kim et al. (2008) found that a restored stream in Seoul (South-Korea) affects the local thermal 

environment, including heat mitigation. Hathway & Sharples (2012) found that a small urban river in 

Sheffield (UK) provides significant cooling both over the river and on the river banks during spring and 

summer. This cooling effect was largest in the mornings and on highly vegetated banks. The cooling 

effect increases with greater solar radiation and higher ambient temperatures, and decreases with 

higher water temperatures. The level of cooling 40 metres from the river was found to be negligible. 

Murakawa, Sekine, & Narita (1990) however, found that the cooling effects of the Ota River in 

Hiroshima City (Japan) were discernible at least a few hundred metres. Again, it was found that the 

cooling effect is virtually absent during the night.  

Steeneveld, Koopmans, Heusinkveld, & Theeuwes (2014) found that in Rotterdam (The Netherlands), 

the harbour is cooler than the city centre during daytime. At night however, the city centre and the 

harbour have approximately the same temperature and both cool much slower than the rural 

surroundings.  

The cooling effect of ponds in courtyards in Oregon (USA) was investigated by Taleghani, Sailor, 

Tenpierik & van den Dobbelsteen (2014), who observed the cooling effect to be the largest in the 

afternoon. Sun & Chen (2012) investigated the urban cold island intensity (UCII) and efficiency of 197 

ponds and lakes in Beijing. They found that larger water bodies increase the cooling intensity, but 

reduce the cooling efficiency (UCII per ha). This means that given the same total area of water bodies, 

more small water bodies can offer more beneficial effects.  

While flowing water has a larger cooling effect than stagnant water, dispersed water like from a 

fountain has the biggest cooling effect (Kleerekoper et al., 2012). Nishimura, Nomura, Iyota & Kimoto 

(1998) proposed novel water facilities (fountains and waterfalls) to improve thermal comfort. They 

made measurements around such artificial water facilities in Osaka City (Japan). It was found that the 

cooling effect of water falls and spray-type water facilities extends to approximately 35 metres on the 

leeward side, in the afternoon.   

 

2.3. Built form 
 
The building density and geometry are of interest in this category. Futcher (2008) argued that 

overheating by solar radiation in summer can be reduced with high ratios of street height to street 

width. Although a dense urban fabric provides shading at street level, it also traps heat resulting from 

multiple solar reflections and lowered sky-view factor, as was already mentioned in section 1.1.1. 

Furthermore, it may reduce air flow, impairing ventilation cooling. Kleerekoper et al. (2012) state that 

these negative effects may be stronger than the positive effects of the measure. 

Yang, Lau, & Qian (2010) found that the daytime UHI is closely related to site shading factor. Areas 

with the highest building density were observed to have the lowest daytime UHII, whereas low density 

urban morphologies showed the highest UHII during the day. Giridharan, Lau, & Ganesan (2005) state 
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that high density city configurations lead to a rise in nighttime UHII, because of the high thermal 

capacity of the combined mass of the buildings.  

Wide streets and other open spaces encourage air flow which improves the opportunity to ventilate 

the inner parts of a city and reduce temperatures (Futcher, 2008). The orientation of streets with 

regard to the main wind directions is also of interest. Hathway & Sharples (2012) found that opening 

up the streets to a river allows a larger cooling effect than streets that are shut off from the river. 

Similarly, Nonomura, Uehara, Masuda, & Tadono (2014) noticed that medium to high-rise buildings 

can block sea breeze during the daytime, thereby inhibiting ventilation cooling.  

 

2.4. Material 
 
The use of ‘cool materials’ has gained interest as an UHI mitigation measure in the past decade. Cool 

materials are characterized by high solar reflectance (albedo), infrared emissivity (Syneffa, Dandou, 

Santamouris, Tombrou, & Soulakellis, 2008) and/or porosity (Coseo & Larsen, 2015).  

Darker (low albedo) materials absorb more solar radiation than lighter materials (high albedo). This 

warms the surface, which eventually warms the atmosphere (Pomerantz, Akbari, Chang, Levinson, & 

Pon, 2003). Various studies have shown that reflective pavements and roofs lower surface and air 

temperatures during the day (e.g. Pomerantz et al., 2003; Rosenzweig, Solecki, & Slosberg, 2006; 

Syneffa et al., 2008). Erell, Pearlmutter, Boneh, & Kutiel (2014) also found that high albedo pavements 

lower the air temperature. However, they note that the increased reflection of solar radiation from 

pavements can increase heat stress for pedestrians. As a result, these authors suggest using reflective 

materials on roofs, rather than on pavements and walls. In locations where high vertical walls 

constrained the release of solar radiation, reflective pavements were found to increase air 

temperatures during the day (Coseo & Larsen, 2015). No influence on nighttime temperatures was 

observed. 

The infrared emissivity specifies how well a surface radiates energy away from itself (Syneffa et al., 

2008). Like albedo, emissivity is measured on a scale of 0 to 1.0. Golden & Kaloush (2006) found that 

conventional pavement materials, such as asphalt, concrete and brick, had emissivity values over 0.90 

and therefore effectively stored and released energy. Not much attention has been paid to the 

emissivity of materials as a means of mitigating the UHI. This is likely caused by the fact that the 

emissivity is not easily changed; except from a few metals, such as aluminium and silver, most 

materials, including soil, vegetation and water, have a high emissivity (Brewster, 1992). Coatings to 

increase the albedo of materials, do not affect the emissivity of the material (Carnielo & Zinzi, 2013).  

Whereas impervious surfaces, in combination with efficient drainage, lead to a decrease in surface 

moisture available for evaporation, the water stored in voids of pervious materials allows cooling 

through evaporation. The inclusion of porous materials in the urban environment is primarily 

promoted by two measures: green roofs (section 2.1) and porous paving. Stempihar, Pourshams-

Manzouri, Kaloush, & Rodezno (2012) compared the surface temperatures of porous asphalt, 

traditional dense-graded asphalt and concrete pavements. They found that porous asphalt exhibited 

higher daytime surface temperatures than the other pavements, but the lowest nighttime 

temperatures. Coseo & Larsen (2015) found that, when surrounded by high walls, porous asphalt and 

porous concrete increased maximum daytime air temperatures. In addition, it was found that these 

porous pavements do not lower nighttime temperatures.  
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2.5. Anthropogenic sources 
 
As mentioned in section 1.1.1, energy consumption in buildings and motorized vehicles leads to the 

anthropogenic emissions of heat and water vapour into the urban environment. Improvements in the 

thermal insulation of buildings can reduce the energy consumption needed for air conditioning during 

summer, and hence result in a reduction in the anthropogenic heat emissions from buildings (Kikegawa 

et al., 2006). As mentioned in previous sections, mitigation measures such as green and cool roofs can 

also lead to a reduction in energy consumption.   

In a similar fashion, one could argue that car-free zones would reduce the emission of anthropogenic 

heat from vehicles. Although no literature has been found to specifically support this, Bagieński (2015) 

shows that the values of UHI determinants being generated by vehicles are relatively high for high 

traffic volume streets.  

 

2.6. Conclusions 
 
In conclusion, table 2.1 shows the mitigation measures that should be incorporated in the analyses. 

 
Table 2.1:  Inventory of mitigation measures that should be included in the analyses. ¹ – means there is cooling effect; + 
means the cooling effect is offset. 

Category Measure Effect on UHII¹ Comments 

Day Night 

Vegetation Urban parks/gardens 
Street trees 
Green roofs 
Green walls 

- 
- 
- 
- 

+ 
+ 
- 
- 

Influence ranges to one park-width 
 
Only if placed on low-rise buildings, 
effectiveness depends on irrigation 

Open water Urban rivers 
Ponds and lakes 
Fountains 

- 
- 
- 

+ 
+ 

The larger the water body, the larger 
the cooling effect 
 

Built form Low building density 
Street design for 
ventilation cooling 

+ 
 
- 

- 
 
- 

 
Street width and orientation.  

Material High albedo materials 
 
Porous paving 

- 
 

+ 

+ 
 
- 

Better results on roofs than on 
pavements 
Effectiveness depends on canyon 
geometry 

Anthropogenic 
sources 

Improved thermal 
insulation of buildings 
Car-free zones 

- 
 
- 

- 
 
- 
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3. Data collection 
 
The data needed to conduct the analyses in Chapter 4 will be collected in this chapter. After the case 

studies will be briefly introduced, canopy-layer UHIIs will be retrieved from the literature. Then, the 

corresponding land use data will be collected, incorporating the mitigation measures inventoried in 

Chapter 2. Subsequently, meteorological data will be retrieved in order to be able to account for the 

influence of weather on the UHII. Section 3.5 concludes this chapter by summarizing the process of 

data collection and the implications for the analyses in the next chapter.  

 

3.1. Introduction of case studies 
 
Since UHII data will be retrieved from 

the literature, the selected case studies 

are those for which canopy-layer heat 

island intensity data can be found. The 

urban areas represented by these data 

are shown in figure 3.1. Seven studies, 

corresponding to seventeen unique 

urban locations, were found to be of 

use in the analyses. Four measurements 

have been carried out in London (figure 

3.2), nine in the Rotterdam 

agglomeration (figure 3.3), two in other 

Dutch cities, one in Paris and one in 

Glasgow.  

The urban measurement station Assen 

(Marsdijk) in the Northeast of The 

Netherlands is located in a 

neigbourhood with low rise buildings 

with private gardens and many urban 

parks (LCZ 6). In terms of land use, it is 

similar to Houten, which has a large 

body of water (Rietplas) in addition. 

The measurement station Montsouris 

in Paris is located in the park with the 

same name (LCZ 9). The park is fifteen hectares in area and is designed as an English landscape garden 

with a lake and a variety of vegetation (Mairie de Paris, 2015). The park is surrounded by densely built 

neighbourhoods.  

The measurement station Glasgow Caledonian University is located about 1.5 kilometres north of the 

River Clyde. The neigbourhood is densely built with medium-rise buildings (LCZ 2). The other case 

studies from the UK are all from London. Kensington Gardens is a Royal Park which covers an area of 

111 hectares. It lays immediately to the west of Hyde Park (142 ha) and abuts Green Park (19 ha) and 

St. James' Park (23 ha). Kensington Gardens contains two large bodies of water: the Long Water (4.9 

ha) and the Round Pond (2.8 ha) and has mixed grass land and treed landscapes (Doick et al., 2014). 

Figure 3.1: Locations of collected data (Adapted from Google Maps) 
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St. James Park is smaller, but is 

similar to Kensington Gardens in 

terms of land use; it also has a 

large pond (St. James’s Park Lake) 

and has mixed grass land and 

treed landscapes.  

Both parks (LCZ B) are surrounded 

by densely built neighbourhoods 

with medium-rise buildings, of 

which Gloucester Terrace and the 

British Museum are examples (LCZ 

2).  

The measurement station Rotterdam (city centre) is located near Rotterdam’s central railway station 

in a densely built neighbourhood with high-rise buildings (LCZ 1). Rotterdam (South) is also densely 

built, but has medium-rise buildings (LCZ 2). Rotterdam (East), on the other hand, is a neigbourhood 

with low-rise buildings, many private gardens and urban parks (LCZ 6). Hoogvliet is a borough of 

rotterdam which is slightly more densely built and has more impervious surfaces (mainly parking 

spaces), although many dwellings have private gardens and there are (linear) parks (LCZ 3).  

Vlaardingen is a city in the Rotterdam agglomeration. The measurement station is located on the 

border of a densely built neighbourhood and a highly vegetated urban park. Bolnes, Ridderkerk, Oud-

Beijerland and Spijkenisse are towns in the Rotterdam agglomeration. These are characterised by low-

rise buildings with private gardens, either in a ‘compact’ setting (Bolnes and Oud-Beijerland, LCZ 3) or 

in an ‘open’ setting (Spijkenisse, LCZ 6). The measurement station Ridderkerk is located at the outskirts 

of the town and is sparsely built (LCZ 9). 
..1 

Figure 3.3: Measurement locations in the Rotterdam agglomeration (The Netherlands) (Adapted from Google Maps) 

Figure 3.2: Measurement locations in London (UK) (Adapted from Google Maps) 
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3.2. UHII data 
 
A table containing all collected UHII data can be found in Appendix B. The 5th, 50th and 95th percentile, 

as well as the hourly average and hourly maximum UHII have been obtained for as many case studies 

as possible. Distinctions between day, night and 24 hours have been made, as it has been noted that 

the CLHI intensity differs over the course of the day (section 1.1). 

Although at least some of the investigated urban areas occasionally (5th percentile) experience an 

Urban Cold Island (UCI) effect, all of them were found to be usually warmer than their rural 

surroundings. The data of the case studies in which distinctions between day and night have been 

made, show that the UHI effect is strongest during the night, which corresponds with the theory 

(section 1.1).  

Many studies focusing on the UHIIs of various urban areas have been published. However, the majority 

of these had to be excluded for the purpose of this research. Some studies focused on the SHI or BDHI, 

rather than on the CLHI. In some articles the locations of urban and/or rural weather stations were 

unclear. A few studies were found to focus on seasons other than summer. Lastly, some studies used 

too large spatial resolutions of measurements. 

 

3.3. Land use data 
 
Two tables containing all collected land use data can be found in Appendix C. As mentioned in section 

1.3, two spatial scales have been used for the data collection: radii of 50 metres (table C.1) and 250 

metres (table C.2) from each urban measurement location. Furthermore, satellite images of all urban 

measurement locations can be found in figures C.1 – C.17 in Appendix C. 

For both spatial scales, the land use fractions of impervious surfaces (roofs, roads and parking spaces, 

with a low or high albedo), vegetation (parks, gardens and green roofs) and open water (rivers and 

ponds), have been calculated. In none of the case studies buildings with green walls were found to be 

present. Furthermore, since none of the used articles mention porous paving and the presence of 

porous paving is not easily determined, this mitigation measure has been excluded. 

For the smallest spatial scale, the presence of fountains has been determined. In none of the case 

studies novel water facilities were found to be present within a radius of 50 m. For ten urban weather 

stations, the number of street trees (per 100 m street) and the width and orientation of the adjacent 

street have been determined. In the other cases, no street width and orientation were determined, as 

the measurements were conducted in urban parks or private gardens. To account for the contribution 

of motorized vehicles to the UHII, the average annual daily traffic flows (AADF) have been attempted 

to retrieve. Unfortunately, only data for one street (Bloomsbury Street) was available.  

On the largest spatial scale, the urban density (inhabitants per ha) of the neighbourhood has been 

chosen as an indicator for building density. Population densities were obtained for the year in which 

the measurements were taken. In case of a multiple year measurement period, the average population 

density was calculated. The measurements at the British museum are an exception; the population 

density of 2002 is included in table C.2 (Appendix C), as no earlier population data is available. The 

thermal insulation of buildings is not easily determined and has been excluded. 

Another parameter could have been chosen as an indicator for the building density. In various studies 

(e.g. Coseo & Larsen, 2014; Krüger, Drach, Emmanuel, & Corbella, 2012; van Hove et al., 2015), the 

sky- view factor (SVF) is included. This parameter has an advantage over the population density in the 
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sense that SVF would describe the building 

density more accurately in, for instance, large 

office areas, at least on the smallest spatial 

scale. However, the SVF is not easily determined 

when the study area is not physically visited.  

Finally, the direct surroundings of each urban 

measurement station have been classified in 

Local Climate Zones (LCZs). The urban area 

Vlaardingen is an exception and is designated 

‘unclassified’. This area is too heterogeneous to 

be classified in one of the LCZs (figure 3.4).  

A summary of the collected land use data can be 

found in table 3.1. A total number of 22 cases 

have been examined. The last two columns in 

table 3.1 show the number of cases in which the 

value for the relevant parameter exceeded 0. 

 
Table 3.1: Summary of collected land use data 

Category Mitigation measure Parameter # cases 

50 m 250 m 

Vegetation Urban parks/gardens 
Street trees 
Green roofs 
Green walls 

Land use fraction (%) 
#/100 m street 
Land use fraction (%) 
% of buildings 

21 
8 
1 
0 

22 
- 
0 
0 

Open water Urban rivers 
Ponds and lakes 
Fountains 

Land use fraction (%) 
Land use fraction (%) 
Amount and type 

0 
3 
0 

4 
15 

- 

Built form Low building density 
Street design for ventilation cooling 

Population density 
Width of street 
Orientation of street 

- 
10 
10 

22 
- 
- 

Material High albedo materials 
Porous paving 

‘white’ surfaces 
- 

3 
- 

1 
- 

Anthropogenic sources Thermal insulation of buildings 
Car-free zones 

- 
AADF 

- 
1 

- 
- 

 
 

3.4. Meteorological data 
 
A table containing all collected meteorological data can be found in Appendix D. To account for the 

influence of weather on the UHII, data with regard to wind direction, wind speed, temperature, 

precipitation amount and cloud cover have been retrieved for the relevant measurement period.  

Wind directions have been retrieved in order to determine whether the orientation of streets (table 

C.1 in Appendix C) promotes ventilation cooling. Minimum, average and maximum values of wind 

speed and cloud cover have been retrieved, since the UHII is known to be largest under calm and clear 

weather conditions (section 1.1.1). The precipitation amount influences the cooling effectivity of 

vegetation (section 2.1).  

Figure 3.4: Radii of 50 and 250 m around the measurement 
location Vlaardingen (Adapted from Google Earth) 
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3.5. Conclusions 
 
Summertime canopy-layer UHII data of twenty-two cases, corresponding to seventeen unique urban 

measurement locations, have been retrieved from the scientific literature. All investigated case studies 

experience the UHI effect. The UHII data show a lot of variety for the various case studies.  

Subsequently, the corresponding land use data have been collected on two spatial scales. Not all 

inventoried UHI mitigation measures are represented in this dataset, as can be seen in table 3.1. Green 

roofs, green walls, fountains, high albedo materials and the average annual daily traffic flows (AADF) 

will therefore be excluded in the statistical analyses in the next chapter. The presence of porous paving 

and the thermal insulation of buildings have not been determined and will therefore be excluded as 

well.  

Lastly, meteorological data has been retrieved to account for the influence of weather on the UHII. In 

Chapter 4, analyses will be conducted on the UHII data mentioned in table 3.2, combined with the 

gathered land use and meteorological data. Although still very few, for these UHII parameters the most 

data has been found. In terms of land use, these parameters represent diverse urban areas.  

  
Table 3.2: Selected UHII parameters for statistical analyses  

Parameter # studies # locations Represented cities 

UHIIavg, night 3 8 UK: London 
NL: Spijkenisse, Assen, Houten, Oud-Beijerland 

UHIIavg, 24h 5 12 UK: London, Glasgow 
NL: Spijkenisse, Assen, Houten, Oud-Beijerland, Rotterdam 
FR: Paris 

UHIImax, night 3 7 UK: London 
NL: Spijkenisse, Assen, Houten, Oud-Beijerland 

UHIImax, 24h 6 13 UK: London, Glasgow 
NL: Spijkenisse, Assen, Houten, Oud-Beijerland, Rotterdam 
FR: Paris 
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4. Analyses of the relationship between UHII and land use 
 
Using the data collected in Chapter 3, the analyses will be conducted in this chapter. Firstly, the 

relationship between the UHII and the LCZ is investigated. In section 4.2, bivariate analyses will show 

to which extent it is possible to generalize the UHII based on land use characteristics for the 

Northwestern European oceanic climatic zone. Section 4.3 concludes this chapter.  

 

4.1. LCZ and UHII 
 
Firstly, the relationship between the UHII of various urban areas and the LCZ is investigated (figure 

4.1). Based on the theory (Stewart et al., 2014), one would expect that LCZ 2 corresponds with the 

largest UHII, followed by LCZ 3, LCZ 6, LCZ 9 and LCZ B. Although the urban measurement stations in 

LCZ classes 9 and B approximate the rural reference sites in terms of land use, figure 4.1 shows that 

the observed UHIIs are comparable with those measured in LCZ classes 2 and 3.   

 

 

Figure 4.1: UHIIs of different LCZs 

 

The relatively high average UHIIs in LCZ classes 9 and B may partially be the result of weather 

conditions. St. James Park, Kensington Gardens and Gloucester Terrace experienced the same 

weather; a relatively low average cloud cover and little precipitation. Montsouris experienced hardly 

any precipitation. Ridderkerk experienced the same weather as Bolnes, Hoogvliet and Rotterdam 

South, which show similar UHIIs.  

Maximum UHIIs are typically measured during calm and clear weather conditions (section 1.1.1). 

Considering that all measurement locations have experienced periods without clouds, wind and 

precipitation (section 3.4, Appendix D), the relatively high maximum UHIIs in LCZs 9 and B cannot be 

attributed to weather conditions, but are likely the result of the wider urban environment. St. James 

Park and Montsouris are located in large and densely populated cities. The urban measurement 

location Ridderkerk is located near a busy motorway junction (one kilometre).  
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The LCZ classification does not take into account the wider urban environment. To account for that, 

the UHIIs of different LCZs are now analysed for the two cities in which multiple measurements were 

taken: London and Rotterdam. The measurement stations in each of these cities experienced similar 

weather conditions during their respective measurement periods. 

 

Figure 4.2: UHIIs of London 

Figure 4.2 clearly shows that the urban measurement stations in LCZ class 2 experience similar UHIIs, 

which are higher than those in LCZ class B. This difference is more pronounced at night, when the 

average UHIIs are higher than during the day. This is in line with the theory (van Hove et al., 2015). 

 

 

Figure 4.3: UHIIs of Rotterdam 

Figure 4.3 shows that the urban measurement station in LCZ class 2 experienced the highest average 

and maximum UHIIs (24h). In LCZ 3, a lot of variation in the average UHII (24h) is observed, whereas 

similar maximum UHIIs have been measured. LCZ 6 experienced the lowest average and maximum 

UHIIs. Even on the city scale, Ridderkerk experienced higher UHIIs than one would expect based on the 

theory. As mentioned before, this might have to be attributed to the presence of a busy motorway 

junction nearby.   
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4.2. Generalizing the UHII 
 
In section 4.1, it has been shown that the UHIIs of cities in Northwestern Europe cannot be generalised 

based on the LCZ classification. In this section, a more detailed analysis based on all land use and 

meteorological variables will be carried out. To that end, two bivariate analyses are conducted: one 

between the four UHII parameters and the thirteen land use variables, and one between the four UHII 

parameters and the meteorological variables. As is noted by Coseo & Larsen (2014), a bivariate analysis 

gives an insight in the relationships between the dependent and independent variables.  

Six significant (p = 0.1) bivariate correlations between the UHII and land use variables have been found 

(table E.1, Appendix E). These are summarized in table 4.1. The number of street trees on the street 

adjacent to the measurement station, the population density of the neigbourhood in which the 

measurements were taken and the land use fraction of rivers within a radius of 250 metres are 

significant. Except for the case mentioned above, the land use percentages of rivers and ponds on the 

local scale (radius of 250 m) do not significantly correlate with the UHII. When the land use percentages 

of rivers and ponds are summed in a category ‘open water’, however, this correlates well with UHIIavg, 

24h and UHIImax, 24h.  

 
Table 4.1: Significant correlations between UHII and land use variables 

 UHIIavg, night UHIIavg, 24h UHIImax, night UHIImax, 24h 

La
n

d
 u

se
  

va
ri

ab
le

s 

R50_Trees 
(-) 

 R50_Trees 
(-) 

 

R250_Density 
(+) 

   

 R250_Rivers 
(-) 

  

 R250_Water 
(-) 

 R250_Water 
(-) 

 

The Pearson correlations in Appendix E do not only show the correlation between variables, but also 

whether these variables have a cooling (-) or heating (+) effect. For the population density and the land 

use fraction of rivers and open water (rivers plus ponds), this corresponds with the theory (table 2.1). 

However, based on the theory, one would not expect a cooling effect of trees during night.  

Five significant (p = 0.1) bivariate correlations between UHII and meteorological variables have been 

found (table E.2, Appendix E). These are summarized in table 4.2. The maximum daily precipitation 

amount, the cumulative precipitation amount and the minimum cloud cover are significant.  

 
Table 4.2: Significant correlations between UHII and meteorological variables 

 UHIIavg, night UHIIavg, 24h UHIImax, night UHIImax, 24h 

M
et

eo
ro

lo
gi

ca
l 

va
ri

ab
le

s 

Precip_max 
(-) 

Precip_max 
(+) 

  

 
 

Precip_cum 
(+) 

  

Cloud_min 
(+) 

 Cloud_min 
(+) 
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One would not necessarily expect that these meteorological variables correlate strongly with the UHII 

parameters. Theoretically, the average wind speed, precipitation amount and cloud cover should 

correlate strongly with the average UHII parameters. The minimum wind speed, precipitation and 

cloud cover should, in theory, correlate with the maximum UHII parameters, considering that 

maximum UHIIs are likely measured on calm, clear and dry days. However, the bivariate analysis (table 

E.2, Appendix E) does show that the meteorological variables correlate strongly with each other. 

 

4.3. Conclusions 
 
In this chapter, the relationship between the UHII and LCZ was investigated. It was found that the UHIIs 

of cities in the Northwestern European oceanic climatic zone cannot be generalised based on the LCZ 

classification. Apparently, both the average and maximum UHII are influenced by the wider urban 

environment. For example, Monsouris, Kensington Gardens and St. James Park are surrounded by 

densely built neigbourhoods, which are known to exhibit large UHIIs.  

To account for the wider urban environment, the relationship between the UHII and LCZ was 

investigated on the city scale. It was found that less densely built LCZs with more urban green and open 

water generally have smaller UHIIs. This indicates that, on the city scale, the LCZ classification can be 

used as a normative way to estimate the UHII. However, potentially large local sources of 

(anthropogenic) heat, such as the presence of a busy motorway junction in the case of Ridderkerk, 

should still be taken into account.  

More detailed analyses based on all land use and meteorological variables have been carried out to 

investigate whether it is possible to generalize the UHII as a function of land use characteristics for 

Northwestern European urban areas. The fact that only a small number of significant (p = 0.1) bivariate 

correlations between UHII and land use variables have been found, indicates that generalizing the UHII 

is not possible. However, the analyses show that a number of UHI mitigation measures may be able to 

reduce the UHII, such as street trees, a low building density and open water. Therefore, these should 

be incorporated in urban design when designing new or retrofitting existing districts.  
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5. Discussion, conclusions and recommendations 
 
This chapter contains the discussion, conclusions and recommendations for future studies. 

 

5.1. Discussion 
 
As a testbed for a potential, more comprehensive study in the future, the purpose of the present study 

was to empirically investigate the relationship between the UHII and the implementation of mitigation 

measures, in terms of land use characteristics, of urban environments in Northwestern Europe. The 

main research question has been formulated as follows: 

How can land use data be used to estimate the Urban Heat Island Intensities (UHIIs) of urban areas in 

Northwestern Europe? 

 
Three research objectives have been identified to deliver on the thesis’ aim: 

 
1. Identify the relevant UHI mitigation measures that have an impact on the local microclimate.  

UHI mitigation measures have been accommodated in the categories vegetation, open water, built 

form, material and anthropogenic sources. Vegetation lowers the air temperature through 

(evapo)transpiration and shading. Urban greenspaces (parks and gardens) and street trees primarily 

have a cooling effect during the day. Green roofs and walls are most effective in reducing the UHII 

when placed on low-rise buildings and when irrigated.  

The presence of water bodies has the potential to mitigate the UHI effect through evaporation and 

sensible heat transfer between the air and water. Urban rivers, ponds and lakes primarily have a 

cooling effect during the day. Novel water facilities, such as fountains, might be the most effective UHI 

mitigation measure, although these only affect the micro scale.  

High building densities provide shading during the day, which leads to low daytime UHIIs. However, 

dense city configurations also lead to a rise in nighttime UHII because of the reduced sky-view factor. 

Wide streets and the orientation of streets with regard to the main wind directions promote 

ventilation cooling. 

Reflective (high albedo) pavements and roofs lower surface and air temperatures during the day, but 

better results have been found on roofs than on pavements and walls. Porous pavements primarily 

have a cooling effect during nighttime. Finally, improvements in the thermal insulation of buildings and 

car-free zones reduce the emission of anthropogenic heat from buildings and motorized vehicles, 

respectively.   

 
2. Develop a process to collect the required data. 

Summertime canopy-layer UHII data of twenty-two cases, corresponding to seventeen unique urban 

measurement locations, have been retrieved from the scientific literature. Although at least some of 

the investigated urban areas occasionally experience an Urban Cold Island (UCI) effect, all of them 

were found to be usually warmer than their rural surroundings. 
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Subsequently, the corresponding land use data have been collected on two spatial scales: the micro 

scale and the local scale, using Google Earth. For both spatial scales, the percentages of impervious 

surfaces, vegetation and open water, have been calculated. For the smallest spatial scale, the number 

of street trees and the width and orientation of the adjacent street have been estimated. On the largest 

spatial scale, the urban density (inhabitants per ha) of the neighbourhood has been chosen as an 

indicator for building density. In addition, the urban areas have been classified in Local Climate Zones 

(LCZs). 

Meteorological data has been retrieved to account for the influence of weather on the UHII. Wind 

directions have been retrieved in order to be able to determine whether the orientation of streets 

promotes ventilation cooling. Minimum, average and maximum values of wind speed and cloud cover 

have been retrieved, since the UHII is known to be largest under calm and clear weather conditions. 

The precipitation amount influences the cooling effectivity of vegetation. 

 
3. Analyse the relationship between UHII and land use characteristics.  

Reasonably clear trends can be observed in the relationship between UHII and land use characteristics. 

It was found that the UHIIs of cities in the Northwestern European oceanic climatic zone cannot be 

generalised based on the LCZ classification, since the heat island intensity is influenced by the wider 

urban environment.  

To account for that, the relationship between the UHII and LCZ was investigated on the city scale. It 

was found that less densely built LCZs with more urban green and open water generally have smaller 

UHIIs. This indicates that, on the city scale, the LCZ classification can be used as a normative way to 

estimate the UHII. However, potentially large local sources of (anthropogenic) heat, such as the 

presence of a busy motorway junction, should still be taken into account.  

A bivariate analysis has been conducted to investigate whether it is possible to generalize the UHII as 

a function of land use characteristics for Northwestern European urban areas. The fact that only a 

small number of significant bivariate correlations between UHII and land use variables have been 

found, indicates that generalizing the UHII is not possible. However, the analyses show that a number 

of UHI mitigation measures may be able to reduce the UHII, such as street trees, a low building density 

and open water.  

 
With the analyses and discussion of the results, the main research question can be answered. The UHIIs 

of urban areas in Northwestern Europe can be normatively estimated using descriptive parameters of 

those areas, which are reflected in the LCZ classification, but only if the mesoclimate is taken into 

account.   

 
 

5.2. Conclusions 
 
Firstly, the limitations of the research will be explicated. Then, the main contributions of the present 

study to the field will be discussed.  

 

5.2.1. Limitations 
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The limitations of the present study are explicated here. Firstly, although UHII data of a variety of urban 

areas in the Northwestern European oceanic climatic zone have been retrieved, not all countries and 

regions are represented in this dataset. Furthermore, hardly any raw data has been made available, 

which has led to the fact that different UHII parameters (e.g. 5th percentile, average, median, 95th 

percentile and maximum) have been included. However, distinctions have been made between 

daytime, nighttime and 24h UHII data, which can be considered correct based on the literature. 

Secondly, not all inventoried UHI mitigation measures are represented in the datasets. Green roofs, 

green walls, fountains, high albedo materials and the average annual daily traffic flows (AADF) have 

therefore been excluded in further analyses. Furthermore, the presence of porous paving and the 

thermal insulation of buildings have not been determined and have therefore been excluded as well.  

For urban greenspaces, such as parks and gardens, the type of vegetation has not been determined. 

As has been noted by Chang & Li (2014), the cooling effect of parks on park surrounding differs with 

vegetation type (section 2.1). However, the urban parks included in the research seem to be rather 

similar in that sense. 

The parameters that have been attributed to each of the mitigation measures are another point of 

discussion. In line with many other studies, the land use fractions of impervious surfaces, vegetation 

and open water are included (e.g. Brandsma & Wolters, 2012; Coseo & Larsen, 2014). For street trees, 

sometimes the percentage of tree canopy or ‘tree view factor’ (which is calculated similar to the SVF) 

is used (e.g. Coseo & Larsen, 2014; Yang et al., 2011), whereas the number of street trees per 100 

metre of street was used in this study.  

The population density of the neighbourhood in which the measurements were taken, has been used 

as a parameter for building density. Although this done more often in research (e.g. Steeneveld et al., 

2011; Wolters & Brandsma, 2012), the population density is not necessarily an accurate parameter for 

building density. Statistics with regard to population per neighbourhood are based on administrative 

borders, rather than on the physical urban environment.  

The results of the bivariate analysis indicate that correlations for the land use variables measured on 

the local scale are stronger than for those measured on the micro scale. It is possible that larger or 

smaller spatial scales would have led to even stronger correlations. As explicated in the Methodology, 

in the current state of the literature, there has not been agreed upon a uniform spatial scale, indicating 

this may be specific for any urban area.  

The wind direction, wind speed, precipitation amount and cloud cover have been measured at the 

rural reference sites. Although precipitation amount and cloud cover are likely similar for the urban 

and rural environments, it is known that wind speeds and wind direction are affected by the built 

environment (e.g. Steeneveld et al., 2011). This negatively influences the accuracy of these variables.  

 

5.2.2. Contributions 
 
In conclusion, the main contributions of this research are summarized below: 

 
1. A comprehensive inventory of Urban Heat Island mitigation measures and their effects has been 

provided.  

An inventory of UHI mitigation measures has been provided by conducting a literature study. 

Mitigation measures of interest have been divided in five categories: vegetation (urban parks and 
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gardens, street trees, green roofs and walls), open water (rivers, ponds, lakes and fountains), built form 

(building density and street design that promotes ventilation), materials (high albedo materials and 

porous paving) and anthropogenic sources (improved thermal insulation of buildings and car-free 

zones). For each of the mitigation measures, it was investigated whether the cooling effect occurs 

during the day, night or both. The literature review that has been used to provide an inventory of UHI 

mitigation measures, may be useful in future studies. 

 

2. A process to collect the required UHII, land use and meteorological data for UHI studies has been 

developed. 

The methodology that has been used to collect the required data, can be applicable in future UHI 

studies. However, it might be desirable to measure urban and rural temperatures rather than to 

retrieve UHII data from the literature. In addition, land use variables other than the ones introduced 

in this study may be used. Finally, measurements of urban wind speeds and directions might lead to 

more accurate results. 

 

3. The relationships between the UHII and land use characteristics have been analysed for cities of 

varying size and urban form in different countries. 

The results indicate that, on the city scale, the LCZ classification can be used as a normative way to 

estimate the UHII. However, potentially large local sources of (anthropogenic) heat, such as the 

presence of a busy motorway junction, should still be taken into account when applying the LCZ 

classification as a means to estimate the UHII. 

 
   

5.3. Future studies 
 
In order to guide future research on the Urban Heat Island phenomenon, the following 
recommendations are made: 
 
 
1. Use the LCZ classification in future UHI studies. 

The Local Climate Zone (LCZ) classification, as proposed by Stewart & Oke (2012), is an easily 

recognisable classification system. Although not particularly exact, the LCZ classification provides a 

reasonably inclusive representation of the land use characteristics. It must be noted, however, that it 

should be used on the city scale, and that it cannot be applied when areas are too heterogeneous.  

 
2. Use numerical models to estimate the cooling effect of small mitigation measures. 

Unless very large datasets are used, empirical models are not likely useful to explain the cooling effect 

of all mitigation measures. In empirical models, mitigation measures that have a large cooling effect 

(such as open water and urban parks) will explain most of the UHII variance, whereas measures that 

only have a small cooling effect (such as green roofs and walls) will not be significant in small sample 

sizes.  
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Appendices 
 

Appendix A: Local Climate Zone classification 
 

 

Figure A.1: Local Climate Zone (LCZ) classification (definitions) (Stewart & Oke, 2012, p. 1885) 
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Figure A.2: Local Climate Zone (LCZ) classification (surface cover properties) (Stewart & Oke, 2012, p. 1886) 
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Appendix B: Canopy-layer UHII data 
 

Table B.1: Canopy-layer UHIIs from the literature 

 Author Measurement period Country City Rural station¹ Urban station2 UHII 5th P (K)3 UHIIavg (K)4 UHII 50th P (K)5 UHII 95th P (K)6 UHIImax (K)7 

Day Night 24h Day Night 24h Day Night 24h Day Night 24h Day Night 24h 

1 Doick, Peace & 
Hutchings (2014) 

August 1 – August 31, 2011 UK London Wisley 
 
 

St. James Park 
Kensington Gardens 
Gloucester Terrace 

   0.6 
0.8 
0.9 

1.9 
2.0 
2.8 

        
 

5.2 

6.6 
 

7.5 

 
 

7.5 

2 Wolters & 
Brandsma (2012) 

June 24 – July 23, 2010 Netherlands Spijkenisse 
Assen 
Houten 
Oud-Beijerland 

Rotterdam 
Eelde 
De Bilt 
Rotterdam 

Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

 -0.9 
-0.4 
-0.4 
-1.2 

  1.6 
1.1 
1.5 
1.5 

     4.4 
3.3 
3.5 
4.1 

  5.1 
4.4 
4.6 
5.6 

 

3 Wolters & 
Brandsma (2012) 

June 1 – August 31, 2010 Netherlands Spijkenisse 
Assen 
Houten 
Oud-Beijerland 

Rotterdam 
Eelde 
De Bilt 
Rotterdam 

Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

  -0.8 
-0.7 
-0.5 
-0.7 

  1.0 
0.6 
0.7 
1.1 

     3.1 
2.4 
2.5 
3.2 

  5.1 
4.8 
4.6 
5.8 

4 van Hove et al. 
(2011) 

June 1 – August 31, 2010 Netherlands Rotterdam Rotterdam Rotterdam (city centre) 
Rotterdam (South) 
Rotterdam (East) 

        1.4 
0.6 
1.3 

  5.9 
3.2 
5.1 

   

5 van Hove et al. 
(2015) 

June, July and August, 2010 
- 2012 

Netherlands Rotterdam Rotterdam Bolnes 
Hoogvliet 
Ridderkerk 
Rotterdam (South) 
Vlaardingen 

     2.9 
2.7 
2.9 
3.8 
2.6 

  2.8 
2.6 
2.7 
3.8 
2.6 

     5.8 
5.4 
6.1 
7.7 
5.2 

6 Watkins, Palmer, 
Kolokotroni & 
Littlefair (2002) 

June, July and August, 1999 
 

UK London Langley British Museum -0.8 0.3  1.1 2.7 1.9 1.3 2.4  2.8 5.9  7.0 8.0 8.0 

7 Sarkar & de 
Ridder (2011) 

June 1 – June 12, 2006 France Paris Melun Montsouris      2.6         6.1 

8 Krüger, Drach, 
Emmanuel & 
Corbella (2012) 

June 1 – August 1, 2011 UK Glasgow Cochno Farm Caledonian University      2.4         5.0 

 

¹ Rural weather stations are operated by the meteorological institutions of each of the countries.  
2 Urban weather stations are either operated by the researchers, or by amateur meteorologists.  
3 The 5th percentile of the hourly UHIIs; 5% of the time a UHII lower than this value has been measured. 
4 The hourly average UHII for the measurement period. 
5 The median of the hourly UHIIs. 
6 The 95th percentile of the hourly UHIIs; 5% of the time a UHII higher than this value has been measured. 
7 The hourly maximum UHII for the measurement period. 
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Appendix C: Land use data 
 

Table C.1: Land use data, micro scale (50 m) 

 Urban station Coordinates1 Impervious surfaces2 Vegetation3 Open water4 Street design5 AADF6 

Latitude 
(°N) 

Longitude 
(°E) 

High albedo 
(%) 

Low albedo 
(%) 

Parks/gardens 
(%) 

Green roofs 
(%) 

Street trees 
(#/100 m) 

Green walls 
(% buildings) 

Rivers 
(%) 

Ponds 
(%) 

Fountains 
(-) 

Width 
(m) 

Orientation 
(°) 

 
(vehicles) 

1 St. James Park 
Kensington Gardens 
Gloucester Terrace 

51.503 
51.506 
51.513 

-0.134 
-0.181 
-0.177 

0 
0 
1 

10 
3 

98 

61 
97 

2 

0 
0 
0 

- 
- 
5 

0 
0 
0 

0 
0 
0 

29 
0 
0 

- 
- 
- 

- 
- 

16 

- 
- 

138 

- 
- 
- 

2 Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

51.845 
53.024 
52.02176 
51.827 

4.329 
6.594 
5.19236 
4.419 

0 
0 
1 
0 

64 
75 
82 
95 

36 
25 
17 

5 

0 
0 
0 
0 

- 
- 

20 
15 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

- 
- 
- 
- 

- 
- 

20 
13 

- 
- 

60 
108 

- 
- 
- 
- 

3 Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

51.845 
53.024 
52.02176 
51.827 

4.329 
6.594 
5.19236 
4.419 

0 
0 
1 
0 

64 
75 
82 
95 

36 
25 
17 

5 

0 
0 
0 
0 

- 
- 

20 
15 

0 
0 
0 
0 

0 
0 
0 
0 

0 
0 
0 
0 

- 
- 
- 
- 

- 
- 

20 
13 

- 
- 

60 
108 

- 
- 
- 
- 

4 Rotterdam (city centre) 
Rotterdam (South) 
Rotterdam (East) 

51.92338 
51.88794 
51.92539 

4.46954 
4.48828 
4.54836 

0 
0 
0 

100 
96 
19 

0 
4 

63 

0 
0 
0 

0 
7 
- 

0 
0 
0 

0 
0 
0 

0 
0 

18 

- 
- 
- 

20 
15 

- 

163 
20 

- 

- 
- 
- 

5 Bolnes 
Hoogvliet 
Ridderkerk 
Rotterdam (South) 
Vlaardingen 

51.898 
51.861 
51.878 
51.887 
51.911 

4.552 
4.374 
4.585 
4.488 
4.349 

0 
0 
0 
0 
0 

15 
94 

7 
96 
56 

85 
6 

93 
4 

43 

0 
0 
0 
0 
0 

- 
7 
- 

20 
- 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
2 

- 
- 
- 
- 
- 

- 
9 
- 

15 
- 

- 
81 

- 
20 

- 

- 
- 
- 
- 
- 

6 British Museum 51.51862 -0.12845 0 96 4 0 0 0 0 0 - 15 145 22489 

7 Montsouris 48.822 2.338 0 13 87 0 - 0 0 0 - - - - 

8 Caledonian University 55.8672 -4.2504 0 91 4 5 - 0 0 0 - - - - 

 

1 Of the urban weather station, in decimal degrees (DD). (Latitude [°N], Longitude [°E]) 
2 Land use fraction of the impervious surfaces, with either high (‘white’) or low (‘dark’) albedo. 
3 Land use fractions of parks/gardens and green roofs. Number of street trees per 100 m of street. Fraction of the buildings which have green walls. 
4 Land use fractions of rivers and ponds. Presence of fountains. 
5 Street width (width between buildings on each side of the street) and street orientation (0° - 179°, with 0° = N-S and 90° = E-W) 
6 Annual average daily flows: the average over a full year of the number of vehicles on the street. 
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Table C.2: Land use data, local scale (250 m) 

 Urban station Coordinates1 Impervious surfaces2 Vegetation3 Open water4 Urban density5 LCZ6 

Latitude 
(°N) 

Longitude 
(°E) 

High albedo 
(%) 

Low albedo 
(%) 

Parks/gardens 
(%) 

Green roofs 
(%) 

Green walls 
(% buildings) 

Rivers 
(%) 

Ponds 
(%) 

 
(inhabitants/ha) 

Class 
(-) 

Type 
(-) 

1 St. James Park 
Kensington Gardens 
Gloucester Terrace 

51.503 
51.506 
51.513 

-0.134 
-0.181 
-0.177 

 0 
0 
0 

28 
7 

94 

54 
79 

6 

0 
0 
0 

0 
0 
0 

0 
0 
0 

18 
14 

0 

31.20 
25.80 

198.80 

B 
B 
2 

Scattered trees 
Scattered trees 

Compact medium-rise 

2 Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

51.845 
53.024 
52.02176 
51.827 

4.329 
6.594 
5.19236 
4.419 

0 
0 
0 
0 

71 
59 
51 
71 

26 
32 
21 
21 

0 
0 
0 
0 

0 
0 
0 
0 

0 
5 
0 
7 

3 
4 

28 
1 

65.34 
65.27 
79.09 
45.78 

6 
6 
6 
3 

Open low-rise 
Open low-rise 
Open low-rise  

Compact low-rise 

3 Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

51.845 
53.024 
52.02176 
51.827 

4.329 
6.594 
5.19236 
4.419 

0 
0 
0 
0  

71 
59 
51 
71 

26 
32 
21 
21 

0 
0 
0 
0 

0 
0 
0 
0 

0 
5 
0 
7 

3 
4 

28 
1 

65.34 
65.27 
79.09 
45.78 

6 
6 
6 
3 

Open low-rise 
Open low-rise 
Open low-rise 

Compact low-rise 

4 Rotterdam (city centre) 
Rotterdam (South) 
Rotterdam (East) 

51.92338 
51.88794 
51.92539 

4.46954 
4.48828 
4.54836 

0 
0 
0 

99 
91 
23 

1 
9 

55 

0 
0 
0 

0 
0 
0 

0 
0 
0 

0 
0 

21 

26.38 
35.85 
40.54 

1 
2 
6 

Compact high-rise 
Compact medium-rise 

Open low-rise 

5 Bolnes 
Hoogvliet 
Ridderkerk 
Rotterdam (South) 
Vlaardingen 

51.898 
51.861 
51.878 
51.887 
51.911 

4.552 
4.374 
4.585 
4.488 
4.349 

0 
0 
0 
0 
0 

43 
72 
12 
91 
46 

57 
27 
85 

9 
50 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
0 
0 
0 
0 

0 
1 
3 
0 
4 

30.22 
44.69 
16.08 
36.07 
22.44 

3 
3 
9 
2 
- 

Compact low-rise 
Compact low-rise 

Sparsely built 
Compact medium-rise 

- 

6 British Museum 51.51862 -0.12845 0 95 5 0 0 0 0 98.96 2 Compact medium-rise 

7 Montsouris 48.822 2.338 0 30 66 0 0 0 5 239.68 9 Sparsely built 

8 Caledonian University 55.8672 -4.2504 3 89 8 0 0 0 0 44.84 2 Compact medium-rise 

 

1 Of the urban weather station, in decimal degrees (DD). (Latitude [°N], Longitude [°E]) 
2 Land use fraction of the impervious surfaces, with either high (‘white’) or low (‘dark’) albedo. 
3 Land use fractions of parks/gardens and green roofs. Fraction of the buildings which have green walls. 
4 Land use fractions of rivers and ponds.  
5 The population density of the neigbourhood in which the measurements were taken. 
6 Local Climate Zone (LCZ) classification of the urban area, see Appendix A. 
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Figure C.2: Kensington Gardens Figure C.1: St. James Park 

Figure C.3: Gloucester Terrace Figure C.4: Spijkenisse 

Figure C.5: Assen (Marsdijk) Figure C.6: Houten 
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Figure C.7: Oud-Beijerland Figure C.8: Rotterdam (city centre) 

Figure C.9: Rotterdam (South) Figure C.10: Rotterdam (East) 

Figure C.11: Bolnes Figure C.12: Hoogvliet 
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Figure C.13: Ridderkerk Figure C.14: Vlaardingen 

Figure C.15: British Museum Figure C.16: Montsouris 

Figure C.17: Glasgow Caledonian University 
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Appendix D: Meteorological data 
 

Table D.1: Meteorological data 

 Rural station Urban station Measurement period Wind direction1 
(%) 

Wind speed 

(ms-1) 
Temperature 

(°C) 
Precipitation amount 

(mm) 
Cloud cover 

(octants) 

0-90° 90-180° 180-270° 270-360° Min2 Avg3 Max4 Min5 Avg6 Max7 Min8 Avg9 Max10 Cum11 Min12 Avg13 Max14 

1 Wisley 
 
 

St. James Park 
Kensington Gardens 
Gloucester Terrace 

August 1 – August 31, 2011 16.1 
16.1 
16.1 

6.5 
6.5 
6.5 

54.8 
54.8 
54.8 

22.6 
22.6 
22.6 

0.0 
0.0 
0.0 

3.5 
3.5 
3.5 

9.4 
9.4 
9.4 

9.0 
9.0 
9.0 

17.0 
17.0 
17.0 

29.0 
29.0 
29.0 

 2.2 
2.2 
2.2 

 68.8 
68.8 
68.8 

1.0 
1.0 
1.0 

3.0 
3.0 
3.0 

6.0 
6.0 
6.0 

2 Rotterdam 
Eelde 
De Bilt 
Rotterdam 

Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

June 24 – July 23, 2010 10.0 
10.0 

6.7 
10.0 

3.3 
16.7 
16.7 

3.3 

53.3 
43.3 
46.7 
53.3 

33.3 
30.0 
30.0 
33.3 

0.0 
0.0 
0.0 
0.0 

3.0 
3.2 
2.6 
3.0 

11.0 
9.0 
8.0 

11.0 

10.1 
7.1 
8.0 

10.1 

20.2 
20.0 
20.6 
20.2 

35.0 
34.5 
34.4 
35.0 

0.0 
0.0 
0.0 
0.0 

1.5 
3.1 
2.0 
1.5 

15.4 
45.8 
29.6 
15.4 

45.5 
92.1 
58.6 
45.5 

0.0 
0.0 
0.0 
0.0 

3.5 
3.6 
3.7 
3.5 

7.0 
7.0 
7.0 
7.0 

3 Rotterdam 
Eelde 
De Bilt 
Rotterdam 

Spijkenisse 
Assen (marsdijk) 
Houten 
Oud-Beijerland 

June 1 – August 31, 2010 15.2 
17.4 
15.2 
15.2 

3.3 
7.6 
8.7 
3.3 

47.8 
44.6 
43.5 
47.8 

33.7 
30.4 
32.6 
33.7 

0.0 
0.0 
0.0 
0.0 

3.5 
3.3 
2.9 
3.5 

13.0 
12.0 
10.0 
13.0 

5.0 
2.5 
4.3 
5.0 

17.6 
16.9 
17.7 
17.6 

35.0 
34.5 
34.4 
35.0 

0.0 
0.0 
0.0 
0.0 

2.8 
3.3 
2.7 
2.8 

19.8 
45.8 
50.6 
19.8 

256.6 
305.6 
250.7 
256.6 

0.0 
0.0 
0.0 
0.0 

4.7 
4.7 
4.8 
4.7 

8.0 
8.0 
8.0 
8.0 

4 Rotterdam Rotterdam (city centre) 
Rotterdam (South) 
Rotterdam (East) 

June 1 – August 31, 2010 15.2 
15.2 
15.2 

3.3 
3.3 
3.3 

47.8 
47.8 
47.8 

33.7 
33.7 
33.7 

0.0 
0.0 
0.0 

3.5 
3.5 
3.5 

13.0 
13.0 
13.0 

5.0 
5.0 
5.0 

17.6 
17.6 
17.6 

35.0 
35.0 
35.0 

0.0 
0.0 
0.0 

2.8 
2.8 
2.8 

19.8 
19.8 
19.8 

256.6 
256.6 
256.6 

0.0 
0.0 
0.0 

4.7 
4.7 
4.7 

8.0 
8.0 
8.0 

5 Rotterdam Bolnes 
Hoogvliet 
Ridderkerk 
Rotterdam (South) 
Vlaardingen 

June, July and August, 2010 - 2012 12.3 
12.3 
12.3 
12.3 
12.3 

9.1 
9.1 
9.1 
9.1 
9.1 

50.4 
50.4 
50.4 
50.4 
50.4 

28.3 
28.3 
28.3 
28.3 
28.3 

0.0 
0.0 
0.0 
0.0 
0.0 

3.8 
3.8 
3.8 
3.8 
3.8 

13.0 
13.0 
13.0 
13.0 
13.0 

3.8 
3.8 
3.8 
3.8 
3.8 

17.0 
17.0 
17.0 
17.0 
17.0 

35.0 
35.0 
35.0 
35.0 
35.0 

0.0 
0.0 
0.0 
0.0 
0.0 

3.6 
3.6 
3.6 
3.6 
3.6 

75.3 
75.3 
75.3 
75.3 
75.3 

991.9 
991.9 
991.9 
991.9 
991.9 

0.0 
0.0 
0.0 
0.0 
0.0 

5.1 
5.1 
5.1 
5.1 
5.1 

8.0 
8.0 
8.0 
8.0 
8.0 

6 Langley British Museum June, July and August, 1999 21.7 9.8 46.7 21.7 0.0 2.8  9.7 6.0 17.5 33.0  2.5  231.6 1.0 4.8 7.0 

7 Melun Montsouris June 1 – June 12, 2006 83.3 8.3 0.0 8.3 0.0 2.6 9.4 3.0 16.8 32.0  0.1  1.0 1.0 3.7 6.0 

8 Cochno Farm Caledonian University June 1 – August 1, 2011 24.2 8.1 40.3 27.4 0.0 2.9 9.4 4.0 13.2 24.0  2.6  161.4 1.0 3.9 7.0 

 

1 Percentage of the days in which the vector mean wind direction is between these values (360° = north, 90° = east, 180° = south, 270° = west). 
 
2 Minimum hourly mean wind speed during the measurement period. 
3 The average of the daily mean wind speeds during the measurement period. 
4 Maximum hourly mean wind speed during the measurement period. 
 
5 The minimum temperature recorded during the measurement period. 
6 The average of the daily mean temperatures during the measurement period. 
7 The maximum temperature recorded during the measurement period. 
 
8 The minimum daily precipitation amount during the measurement period. 
9 The average daily precipitation amount during the measurement period. 
10 The maximum daily precipitation amount during the measurement period. 

11 Cumulative precipitation amount during the measurement period. 
 
12 The minimum of the daily mean cloud cover during the measurement period (in octants, 8 = sky invisible). 
13 The average of the daily mean cloud cover during the measurement period. 
14 The maximum of the daily mean cloud cover during the measurement period. 
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Appendix E: Bivariate correlation matrices 
 
Table E.1: Bivariate correlations between land use variables and UHII parameters 

  
UHII_Night

_avg 
UHII_24h 

_avg 
UHII_Night

_max 
UHII_24h 

_max 
R50_ 
Imp 

R50_ 
Parks 

R50_ 
Trees 

R50_ 
Ponds 

R50_ 
Width 

R50_ 
Orientation 

R250_ 
Imp 

R250_ 
Parks 

R250_ 
Rivers 

R250_ 
Ponds 

R250_ 
Density 

R50_Imp Pearson Correlation ,135 -,286 ,106 ,186                       

Sig. (2-tailed) ,749 ,368 ,821 ,544                       

N 8 12 7 13                       

R50_Parks Pearson Correlation -,158 ,278 -,253 -,173 -,981                     

Sig. (2-tailed) ,709 ,381 ,583 ,572 ,000                     

N 8 12 7 13 22                     

R50_Trees Pearson Correlation -,936 -,022 -,995 -,459 -,691 ,691                   

Sig. (2-tailed) ,064 ,972 ,005 ,360 ,027 ,027                   

N 4 5 4 6 10 10                   

R50_Ponds Pearson Correlation ,008 ,155 ,195 -,194 -,455 ,278                   

Sig. (2-tailed) ,986 ,631 ,675 ,526 ,033 ,210                   

N 8 12 7 13 22 22                   

R50_Width Pearson Correlation -,189 -,443 -,454 -,020 -,411 ,411 ,144                 

Sig. (2-tailed) ,811 ,455 ,546 ,971 ,238 ,238 ,691                 

N 4 5 4 6 10 10 10                 

R50_Orientation1 Pearson Correlation -,778 ,453 -,891 -,482 -,429 ,429 ,472   -,070             

Sig. (2-tailed) ,222 ,444 ,109 ,332 ,216 ,216 ,168   ,848             

N 4 5 4 6 10 10 10   10             

R250_Imp Pearson Correlation ,392 -,067 ,509 ,408 ,901 -,892 -,740 -,391 -,152 -,345           

Sig. (2-tailed) ,337 ,835 ,243 ,166 ,000 ,000 ,014 ,072 ,675 ,329           

N 8 12 7 13 22 22 10 22 10 10           

R250_Parks Pearson Correlation -,287 ,269 -,396 -,270 -,942 ,956 ,605 ,292 -,376 ,386 -,949         

Sig. (2-tailed) ,491 ,398 ,379 ,373 ,000 ,000 ,064 ,187 ,284 ,270 ,000         

N 8 12 7 13 22 22 10 22 10 10 22         

R250_Rivers Pearson Correlation -,560 -,540 -,411 -,211 ,288 -,275 ,268 -,149 -,381 -,387 ,096 -,130       

Sig. (2-tailed) ,148 ,070 ,359 ,489 ,194 ,216 ,454 ,509 ,277 ,269 ,671 ,565       

N 8 12 7 13 22 22 10 22 10 10 22 22       

R250_Ponds Pearson Correlation -,311 -,481 -,390 -,456 -,306 ,239 ,608 ,439 ,622 ,332 -,537 ,256 -,208     

Sig. (2-tailed) ,454 ,114 ,387 ,117 ,167 ,284 ,062 ,041 ,055 ,349 ,010 ,249 ,353     

N 8 12 7 13 22 22 10 22 10 10 22 22 22     

R250_Density Pearson Correlation ,636 -,123 ,510 ,324 ,044 -,009 -,191 -,176 ,154 -,481 ,100 -,091 -,086 -,019   

Sig. (2-tailed) ,090 ,704 ,242 ,281 ,844 ,968 ,597 ,434 ,670 ,159 ,658 ,686 ,703 ,933   

N 8 12 7 13 22 22 10 22 10 10 22 22 22 22   

R250_Water Pearson Correlation -,496 -,638 -,532 -,510 -,235 ,170 ,692 ,408 ,538 ,240 -,522 ,227 ,056 ,965 -,043 

Sig. (2-tailed) ,212 ,026 ,219 ,075 ,293 ,448 ,026 ,059 ,108 ,504 ,013 ,310 ,806 ,000 ,851 

N 8 12 7 13 22 22 10 22 10 10 22 22 22 22 22 

 
 
1Percentage of the days that the street is lined up with the wind direction, based on ‘orientation of street’ (table C.1) and ‘wind direction’ (table D.1).
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Table E.2: Bivariate correlations between meteorological variables and UHII parameters 

  
UHII_Night 

_avg 
UHII_24h 

_avg 
UHII_Night 

_max 
UHII_24h 

_max 
WindSpeed 

_avg 
WindSpeed 

_max 
Precip 
_avg 

Precip 
_max 

Precip 
_cum 

Cloud 
_min 

Cloud 
_avg 

WindSpeed_avg Pearson Correlation ,241 ,388 ,314 ,024               

Sig. (2-tailed) ,566 ,213 ,492 ,937               

N 8 12 7 13               

WindSpeed_max Pearson Correlation ,005 ,196 ,128 -,200 ,734             

Sig. (2-tailed) ,990 ,542 ,785 ,512 ,000             

N 8 12 7 13 22             

Precip_avg Pearson Correlation ,040 ,150 ,071 -,139 ,734 ,594           

Sig. (2-tailed) ,924 ,641 ,880 ,650 ,000 ,004           

N 8 12 7 13 22 22           

Precip_max Pearson Correlation -,916 ,813 -,881 ,376 ,568 ,207 ,796         

Sig. (2-tailed) ,084 ,008 ,119 ,318 ,022 ,443 ,000         

N 4 9 4 9 16 16 16         

Precip_cum Pearson Correlation ,526 ,659 ,602 ,009 ,709 ,667 ,754 ,897       

Sig. (2-tailed) ,181 ,020 ,153 ,976 ,000 ,001 ,000 ,000       

N 8 12 7 13 22 22 22 16       

Cloud_min Pearson Correlation ,825 ,110 ,919 ,441 -,314 -,630 -,486    -,420     

Sig. (2-tailed) ,012 ,733 ,003 ,132 ,154 ,002 ,022    ,052     

N 8 12 7 13 22 22 22    22     

Cloud_avg Pearson Correlation ,157 ,169 ,219 -,201 ,428 ,772 ,689 ,606 ,753 -,584   

Sig. (2-tailed) ,710 ,599 ,637 ,511 ,047 ,000 ,000 ,013 ,000 ,004   

N 8 12 7 13 22 22 22 16 22 22   

Cloud_max Pearson Correlation -,475 -,140 -,519 -,438 ,449 ,815 ,720 ,372 ,623 -,818 ,907 

Sig. (2-tailed) ,234 ,665 ,233 ,135 ,036 ,000 ,000 ,156 ,002 ,000 ,000 

N 8 12 7 13 22 22 22 16 22 22 22 

 


