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SUMMARY
In the Netherlands, climate change is mainly linked to water-related problems such as increased
precipitation, flooding and sea level rise. Heat comes into the picture when linked to the
greenhouse effect and the potential impact of a temperature rise of 1-2°C worldwide.
Temperatures already occasionally rise to an additional 8 to 10°C in Dutch urban areas in
comparison with the surrounding rural environment. This phenomenon known as the Urban Heat
Island effect ensures that urban areas can turn relatively warm due to the high amount of
impervious surfaces absorbing and retaining heat while and the lack of vegetation, which
normally provides cooling through evaporation and shading. Increased heat exposure can
contribute to general discomfort, respiratory problems, heat cramps, heat stroke and heat death.
Because the Netherlands has a mild climate and is close to the sea, heat health problems caused
by the Urban Heat Island effect was thought to be relatively unimportant. This changed after the
heatwave of 2003 where around 1700 people died in the Netherlands because of extreme
temperatures. Due to climate change heatwaves comparable to the one in 2003 will occur more
frequently in the future. While the intensity of the Urban Heat Island effect is expected to increase
as a result of the growth and densification of Dutch urban areas.
Dutch municipalities and other stakeholders recognize the problem of heat stress, but struggle to
define a suitable approach to the heat problem. Several Dutch municipalities make heat maps in
order to indicate to what extent each location in the urban area is exposed to the Urban Heat
Island effect. This however only shows where the heat is most present and not what location is
at the highest risk of the negative heat health effects. The aim of this research is therefore:
To develop a tool that is able to gain detailed insight into human health vulnerability to
heatwaves in Dutch urban areas
Someone is vulnerable to heat if he or she is susceptible to the negative effects and is unable to
cope with them. Heat vulnerability can therefore be seen as a function of the degree to which an
individual is exposed to heat and the degree to which he or she is sensitive to this heat. The
existing maps of the Urban Heat Island effect can be implemented as exposure variable. There
are however, multiple factors known that can influence heat sensitivity and are often strongly
dependent on the context. Because research about factors influencing the heat health
relationship in Dutch context is limited it is decided to choose factors that have proven to modify
8
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the heat health relationship in multiple international contexts because the probability of these
factors also to apply to the Dutch context are highest. These factors include, elderly, pre-existing
health conditions, socio-economic status and housing quality.
Old age (75+) is often accompanied with reduced body temperature regulation, thirst feeling,
ability to sweat and renal heart and lung function. While people with a pre-existing medical
condition are also more sensitive to heat because of their prescribed medication, limited mobility
and limited awareness of hot environments. People from a low socio-economic class are more
sensitive because income influences the ability of people to arm themselves against heat (e.g.
facilities, health services and quality of home) and social contacts can help to identify and prevent
heat stress situations. Finally, the properties of housing have a major influence on the extent to
which the resident is exposed to heat, as a result of which housing quality strongly influences heat
sensitivity.
These four (elderly, pre-existing health conditions, socio-economic status and housing quality)
heat sensitivity factors are quantified on the basis of existing data variables that are accessible to
most municipalities via RIVM (2016) or CBS (2018). The tool is structured following the stages
mentioned by Tate (2012). Due to the limited scale level at which most data is available, the data
is displayed on the neighborhood level. Some factors such as the elderly (75+) are directly
represented by the percentage of elderly in a neighborhood. While a factor such as quality of
housing must be indirectly represented by a proxy variable, in this case the percentage of houses
built before 1975. These houses are not or hardly insulated which makes it difficult to regulate
indoor temperatures. The four sensitivity variables combined form the heat sensitivity value that
indicates to what extent the residents of a neighborhood are sensitive to heat. This value is
combined in the tool with an existing map of the Urban Heat Island effect (heat exposure variable)
in order to map heat vulnerability at the neighborhood level.
Finally, the tool has been applied to the municipality of Eindhoven in order to demonstrate the
functioning of the tool. The heat vulnerability tool highlights neighborhoods in Eindhoven which
are more vulnerable to high temperatures and the associated negative health effects. For
example, despite the Urban Heat Island effect was strongest in the city center this area is
relatively invulnerable due to the low proportion of heat sensitive people living there. This
prioritization enables the municipality of Eindhoven to limit the Urban Heat Island effect in the
neighborhoods where the risk of negative health consequences is highest with limited resources.
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SAMENVATTING
In Nederland wordt klimaatverandering vooral in verband gebracht met water gerelateerde
problemen zoals toenemende neerslag en de zeespiegelstijging. Hitte wordt vaak gekoppeld aan
de opwarming van de aarde en een potentiele impact van een temperatuurstijging van 1-2°C.
Lokaal stijgen temperaturen al af en toe tot een extra 8 tot 10 °C in Nederlandse steden in
vergelijking met gebieden net buiten de stad. Dit fenomeen beter bekend als het Urban Heat
Island effect zorgt ervoor dat steden relatief warm worden doordat grote hoeveelheden
verhardoppervlak warmte absorberen en uitstralen. Terwijl er daarbij in steden vaak een gebrek
aan vegetatie is dat normaal gesproken voor verkoeling zorgt door verdamping en schaduw. Een
verhoogde blootstelling aan hitte kan bijdragen aan algemeen ongemak, ademhalingsproblemen,
hittekramp, hitteberoerte en hitte sterfte. Omdat Nederland een mild zeeklimaat heeft werden
deze hitte gerelateerde gezondheidsproblemen relatief onbelangrijk geacht. Dit veranderde na
een hittegolf in 2003, toen ongeveer 1700 mensen stierven in Nederland als gevolg van extreme
temperaturen. Klimaatverandering zal ervoor zorgen dat hittegolven zoals die in 2003 in de
toekomst vaker zullen voorkomen. Terwijl de intensiteit van het Urban Heat Island effect naar
verwachting toe zal nemen als gevolg van de groei en verdichting van Nederlandse steden.
Nederlandse gemeenten erkennen het probleem van hittestress, maar worstelen om een
passende aanpak van het hitteprobleem te definiëren. Verschillende Nederlandse gemeenten
hebben hitte kaarten laten maken die voor elke locatie in het stedelijke gebied aangeven in welke
mate ze worden blootgesteld aan het Urban Heat Island effect. Dit laat echter enkel zien waar de
hitte het meest aanwezig is maar niet op welke locatie mensen het grootste risico lopen op de
negatieve gezondheidseffecten van hitte. Het doel van dit onderzoek is dan ook:
Het ontwikkelen van een tool die de kwetsbaarheid van stedelijke inwoners voor
hittegolven in kaart brengt
Iemand is kwetsbaar voor hitte als hij of zij vatbaar is voor de negatieve effecten en niet in staat
is om hiermee om te gaan. Hitte kwetsbaarheid kan daarom gezien worden als een functie van
de mate waarin een individu aan hitte blootgesteld wordt en de mate waarin hij of zij gevoelig is
voor deze hitte. Met de bestaande kaarten van het Urban Heat Island effect kan er invulling
gegeven worden aan de hitte blootstelling variabelen. Echter zijn er tal van factoren bekend die
de hitte gevoeligheid kunnen beïnvloeden en zijn deze regelmatig sterk van de context afhankelijk.
10
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Omdat onderzoek in de Nederlandse context beperkt is, zijn er in dit onderzoek factoren uit
internationaal onderzoek geselecteerd die nauwelijks context afhankelijk blijken en daarmee
hoogstwaarschijnlijk ook in de Nederlandse context van toepassing zijn. Deze hitte
gevoeligheidsfactoren zijn: ouderen, mensen met gezondheidsproblemen, sociaaleconomische
status en kwaliteit van huisvesting.
Ouderdom (75+) gaat vaak gepaard met een verminderde lichaamstemperatuurregeling, beperkt
dorstgevoel en vermogen om te zweten en zwakkere hart- en longfunctie. Terwijl mensen met
gezondheidsproblemen gevoeliger zijn voor warmte vanwege hun voorgeschreven medicatie,
beperkte mobiliteit en zich minder bewust zijn van een warme omgeving. Mensen uit een lage
sociaaleconomische klasse zijn gevoeliger omdat inkomen van invloed is op het vermogen van
mensen om zich te wapenen tegen hitte (aanschaffen airco, toegang tot gezondheidszorg en de
kwaliteit van het thuis). Daarnaast kunnen sociale contacten helpen om hitte risico situaties te
identificeren en te voorkomen. Ten slotte zijn de eigenschappen van de huisvesting van grote
invloed op de mate waarin de bewoner aan hitte blootgesteld wordt waardoor huisvesting
kwaliteit de hitte gevoeligheid sterk beïnvloed.
Deze hitte vier gevoeligheidsfactoren zijn gekwantificeerd aan de hand van reeds bestaande
datavariabelen die voor de meeste gemeenten toegankelijk zijn. De tool is opgebouwd volgens
de methode en fases benoemd in de studie van Tate (2012). Door het beperkte schaalniveau van
de meeste data is de data weergegeven op buurtniveau. Sommige factoren zoals ouderen (75+)
zijn direct weergegeven door het percentage ouderen in een buurt. Terwijl een factor als kwaliteit
van huisvesting indirect moet worden weergegeven door een proxy variabelen, in dit geval het
percentage huizen gebouwd voor 1975. Deze huizen zijn niet of nauwelijks geïsoleerd wat het
reguleren van de binnentemperatuur bemoeilijkt. De vier hitte gevoeligheid variabelen vormen
samen de hitte gevoeligheid waarde die aangeeft in welke mate de bewoners van een buurt
gevoelig zijn voor hitte. Deze wordt in de tool gecombineerd met een bestaande kaart van het
Urban Heat Island effect om zo de hitte kwetsbaarheid op buurtniveau in kaart te brengen.
Ten slotte is de tool toegepast op Eindhoven om de werking van de tool te demonstreren. De tool
belicht wijken in Eindhoven die relatief kwetsbaar zijn voor hoge temperaturen en de
bijbehorende gezondheidseffecten. Zo blijkt bijvoorbeeld dat ondanks de hoge blootstelling aan
het Urban Heat Island effect, het centrum van Eindhoven relatief gezien niet erg kwetsbaar is
vanwege de beperkte hoeveelheid hitte gevoelige mensen die er wonen. Deze prioritering zorgt
ervoor dat gemeente Eindhoven met beperkte middelen het Urban Heat Island effect kan
beperken in de buurten waar het risico op negatieve gezondheidsgevolgen het grootst is.
Construction Management and Engineering
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ABSTRACT
Heatwaves form a significant threat to human health while global warming ensures that future
summer temperatures will increase even further. The impact of heatwaves are often felt
strongest in urban areas where populations are exposed to the Urban Heat Island effect. The
Urban Heat Island effect ensures that temperatures occasionally rise to an additional 10°C in
Dutch urban areas due to the high amount of impervious surfaces and the lack of vegetation. The
purpose of this study is to combine maps of the Urban Heat Island effect with readily accessible
data of heat sensitive people in order to develop a tool that is able to gain detailed insight into
human health vulnerability to heatwaves in Dutch urban areas. This research uses the city of
Eindhoven as a case study to demonstrate the functioning of the tool. Results show that despite
the Urban Heat Island effect is strongest in the city center this area is relatively invulnerable due
to the low proportion of heat sensitive people living there. The vulnerable sections of the
population are clustered in the north and south-eastern party of the city. This prioritization
enables municipalities to formulate targeted adaptation and mitigation strategies to reduce the
risk of negative heat health effects. The tool is kept simple and transparent and makes use of
datasets that are available for most Dutch municipalities in order to stimulate adaptation of the
tool.
Keywords: Urban Heat Island effect, heat vulnerability, GIS, municipalities, Eindhoven
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1. INTRODUCTION
Urbanization and climate change are two of the most paramount important phenomena of this
century. In order to address these phenomena successfully, it is also important to gain insight into
the complex relationships that exist between them. In this respect, it is important to understand
how the co-evolutionary character of urban growth and climate change interacts and how this
mutual interaction will affect society and what role people have in influencing these outcomes.
This chapter starts by explaining the research context of this thesis (section 1.1). This is followed
by the associated problem definition (section 1.2), research questions (section 1.3) and research
design (section 1.4). Finally the scientific importance of the research is presented (section 1.5).
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1.1 Research Context
Global climate change is arguably the single-most critical challenge that humans face today
(Feulner, 2015). There is little doubt in the scientific community about the change in the current
climate on earth. The warming trends and speed at which this trend has accelerated over the past
decades are directly observable from climatic records. Less noticeable is the different ways in
which this temperature rise takes place. On a global scale there is warming due to an
accumulation of greenhouse gases in the atmosphere. However at the local scale, the warming
of urban areas is mainly caused by differences in land cover (Buscail 2012). The distinction
between these two spatial scales does not mean they exclude each other. It rather emphasizes
the sensitive relationship between the natural- and built environment. As the urban population
grows, an understanding of the climate processes, especially on a local scale and how these urban
populations are influenced is becoming increasingly important.
Currently 55% of the global population lives in urban areas. According to the United Nations this
proportion is expected to increase to 68% by 2050 (United Nations, 2010). While the large
majority of growth is expected in developing regions, it is also predicted that the urban population
in Europe and the Netherlands will increase during this period (CBS 2016). As new developments
take place to accommodate this urban growth, the built environment will change in such a way
that it significantly affects the environment surrounding the urban area. By replacing open
vegetated landscapes with surfaces that characterize urban areas, the local temperature and
characteristics of an area change and in this way contributes to the climatological phenomenon
urban heat island effect.
The difference of land cover is the most important factor contributing to the formation of a heat
island. On rural soil, vegetation plays an important role in tempering the air temperature by
performing evaporation (Oke, 1987). This is a natural cooling process that captures incoming solar
radiation and the energy is used to convert water into water vapor. This vegetative cooling
process is not only excluded during the expansion of the built environment, it is replaced by huge
amounts of impervious surfaces. These surfaces are characterized by low reflectivity and a strong
ability to absorb and retain heat (van der Hoeven & Wandl, 2015). The significant growth of urban
areas and its consequent land cover change indicate a much warmer future for urban dwellers.
The fact that urban areas have warmer temperatures than non-urban areas is becoming
increasingly important because, as temperatures continue to rise, urban areas both reinforce and
contribute to this warming. Exposure to elevated temperatures has important consequences for
public health for many poorly prepared municipalities. Although urban areas cover about 3% of
16
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the earth's surface, more than 50% of the world's population lives in these areas (Morano, 2014).
Urban areas are therefore the optimal platform from which the issue of climate change and in
particular its impact on public health can be addressed.

1.2 Problem Definition
In the Netherlands, climate change is mainly linked to water-related problems such as increased
precipitation, flooding and sea level rise (van der Hoeven & Wandl, 2015). Heat comes into the
picture when linked to the greenhouse effect and the potential impact of a temperature rise of
1-2°C worldwide. Temperatures already occasionally rise to an additional 8 to 10°C in urban areas
in comparison with surrounding rural environment, but the effect of this phenomenon is
relatively unknown (Rahola et al, 2009). This phenomenon, the Urban Heat Island effect, has
serious consequences for the comfort and health of urban dwellers (Mavrogianni et al, 2011).
According to the Environmental Protection Agency (EPA) (2018): “increased daytime
temperatures, reduced nighttime cooling and higher air pollution levels associated with the Urban
Heat Island effect can affect human health by contributing to general discomfort, respiratory
problems, heat cramps, exhaustion, heat stroke and heat related mortality”.
Because the Netherlands has a mild climate and is close to the sea, heat health problems caused
by the Urban Heat Island effect was thought to be relatively unimportant (Hove et al, 2011). In
the Netherlands this changed after the heat waves of 2003 and 2006. In 2003 alone, more than
80.000 people in Europe died as a result of extreme temperatures, including an estimated 1700
people in the Netherlands (Robin et al, 2007). The Royal Dutch Meteorological Institute (KNMI)
predicts, based on climate scenarios that heat waves, such as those in 2003 and 2006, will occur
more frequently in the decades prior to 2050. The number of summer days above 25°C will double
according to the forecasts, and the number of summer days above the 30°C even triple in the
pessimistic scenarios (KNMI 2014).
Elevated temperatures are also a clear problem for the aging population in the Netherlands
(Stoeldraijer, 2017). As the human body ages, its ability to withstand the negative health effects
associated with thermal stress strongly decreases. In addition, research by Bots et al, (2015) has
shown that the number of people with cardiovascular disease, diabetes and obesity in the
Netherlands is expected to increase each year at least until the year 2040. These diseases reduce
the adaptability of the human body to heat and indicate that a growing number of the Dutch
citizens are becoming more vulnerable to heat-illness and heat-death. As such, municipalities
Construction Management and Engineering
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must simultaneously contend with the unique public health challenges associated with a shift in
characteristics of population and geography, combined with a warming climate.
Currently several municipalities make heat maps in order to get an overview of the urban heat
problem (Döpp et al, 2011). These maps indicate for each location in the urban area the
temperature differences compared to temperatures outside the urban area. This gives
municipalities an insight into what areas can become relatively warm. This however only shows
one side of the problem, namely where the heat is most present. The hottest area does not
necessarily have to be the most vulnerable area (Filho et al, 2018). Because the second part of
the problem is how sensitive the location is to the heat, in other words, how the location is
affected by the heat. In order to design a local adaptation strategy, a better understanding is
needed on what locations are vulnerable to heat and what makes these locations vulnerable. In
order to map heat vulnerability of an urban area, heat maps should be combined with maps of
heat sensitive people. This way locations can be identified where a relative high amount of socalled heat sensitive people live and where the exposure to heat is relatively high. These maps
can be combined by using Geographical Information Systems (GIS) where different data layers
can be presented together in the same mapping environment, while scales of data collection do
not need to be identical (UNDP 2010). As a result, hotspots of vulnerability can be identified
where there is a high exposure to heat with a high amount of sensitive people. Heat vulnerability
maps can have multiple implications but most importantly they could identify vulnerable
locations and provide valuable information for urban adaptation decisions.

1.3 Research Question
The problem definition in the previous section leads to the following research questions.
Main research question:
How does a GIS-based tool look like that gains insight into human health vulnerability to
heatwaves in Dutch urban areas?
Sub-questions:
1. What are urban heat islands and how can they be mapped?
2. What are the impacts of extreme heat on human health in urban areas?
3. What factors influence vulnerability to extreme heat events?
18
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4. How can these heat vulnerability factors be quantified and mapped?
5. What are requirements of municipalities regarding heat vulnerability assessment?

1.4 Research Design
This research will be carried out in seven phases. After defining the problem statement and
research questions, an in-depth literature review will be conducted. This involves the subjects the
Urban Heat Island effect (1), the effect of heat on human health (2), determinants of human heat
vulnerability and how to map human heat vulnerability (3) and finally the municipal need and
requirements for a vulnerability assessment (4). These four steps form the literature review and
will operate as a basis to construct the GIS-based tool (5). Thereafter the GIS-based tool is applied
in a case study (6). Finally, conclusion and recommendations are drawn (7).
This results in the following steps and research model shown in figure 1 on the next page.
Chapter 2:
1. In-depth literature review on the Urban Heat Island effect, its determinants and how to
measure it
2. In-depth literature review on the different effects of heat on human health
3. In-depth literature review on factors influencing human heat vulnerability and how to
map them
4. In-depth literature review on the municipal need and requirements for vulnerability
assessment
Chapter 3:
5. Develop a GIS-based tool based on the theoretical framework
Chapter 4:
6. The proposed tool will be implemented as a case study
Chapter 5:
7. Conclusions and recommendation

Construction Management and Engineering

19

Literature review
Step 1: Urban

Step 2: Heat and

Heat Island effect

Human health
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Solution
Step 5: Construct GIS-based tool

Step 6: Practical application GIS-based tool

Step 7: Conclusion & Recommendations

Figure 1: Research model
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1.5 Research relevance
Because heat health problems in the Netherlands were long perceived as relatively unimportant
research in the Dutch context is relatively limited. This research therefore contributes to scientific
research by adding a literature review on mapping heat vulnerability in the urban environment
from a Dutch perspective. The approach on how to translate these findings from the literature
review to a GIS-based tool also contributes to scientific publications and can act as a basis for
future research.
The tool presented in this research can be used to guide local Dutch authorities to formulate
targeted adaptation and mitigation strategies to reduce the risk of negative heat health effects in
urban areas. Thereby this research is societal contributing to the general well-being of urban
residents.
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2. LITERATURE
This chapter seeks to establish a foundation on which this work intends to build and present a
review of the existing literature of several fields relevant to this study.
This chapter starts by explaining the concept of the Urban Heat Island effect (section 2.1).
Followed by the impacts of heat on human health (section 2.2) and human heat vulnerability
(section 2.3). Finally the municipal policy and their need for vulnerability assessment are
explained (section 2.4) and conclusions are drawn (section 2.5).
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2.1 Urban Heat Island Effect
Land cover change, the geometric characteristics of high density developments and
anthropogenic waste heat emissions ensure that urban areas experience warmer temperatures
than nearby, non-urban and rural areas (figure 2). In the evening and at night the temperature
difference is at its maximum when the rural area has cooled down and the urban area still retains
the heat that has accumulated during the day (Hawkins et al, 2004). Urban Heat Islands are most
intense during summertime when the sky is clear and winds are weak (EPA, 2008). In Netherlands,
Conrads (1975) was the first to investigate the Urban Heat Island effect for the Dutch urban area
Utrecht. Temperature measurements in the summer showed that the temperature in Utrecht is
2.7°C higher on average than outside the urban area, with outliers up to 8°C during the night.
Recent international studies illustrate that the Urban Heat Island effect can increase air
temperatures in urban areas by between 2°C and 15°C (Mohajerani, 2017). Hove et al, (2011)
measured the maximum Urban Heat Island (Urban Heat Islandmax) in Rotterdam of 10°C.
Because of urbanization and urban densification the intensity of the Urban Heat Island effect is
expected to increase, and temperature differences between urban- and rural areas will most
likely increase even further (Döpp et al, 2011).

2.1.1 Atmospheric Heat Islands and Surface Heat Islands
In the literature an important distinction is being made between two groups of Urban Heat Islands:
surface heat islands and atmospheric heat islands (Oke et al,. 2017). The difference between the
two is important in order to understand how Urban Heat Islands can be measured. Surface heat
islands are simply the temperature elevations of surfaces in urban areas compared to the surfaces
in nearby rural areas. Surface heat islands are always present but are often the most intense
during the day when urban materials receive the most solar radiation. These surface islands are
not strongly influenced by anthropogenic heat sources such as transport vehicles or heating and
cooling units that influence the air temperature in an urban area.
Atmospheric heat islands, on the other hand, are the increase in air temperature near the surface
of the urban area relative to that of nearby rural areas. These temperature differences between
urban areas and rural areas are often relatively low during the day, and most intense at night as
the rural area has cooled down and the urban area still retains the heat that has accumulated
during the day (Hawkins et al, 2004). The human body regulates the internal temperature during
the evening when there is usually colder air. With higher temperatures during the night, the
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nightly intensity of the atmospheric heat island causes the most dangerous and direct
consequences for human health.

Figure 2: Urban Heat Island effect in air- and surface temperature (EPA, 2008, p.4)
In the remainder of this study, the term Urban Heat Island is used to refer to the atmospheric
heat island and the associated elevated air temperature, because this is the heat island that has
the most impact on the urban population.

2.1.2 Determinants of the Urban Heat Island
The extent to which the temperature differences vary depends on the time and location as a
result of meteorological, locational and urban characteristics (Hove et al, 2011). Knowledge of
physical processes that determine the local climate within an urban area is essential to better
understand the formation of the Urban Heat Islands and how these relate to land cover and thus
urban growth. The heat experienced in an urban area is the product of what is known as the
surface energy balance (SEB). In the SEB energy is never lost. Meaning that the energy that the
urban area receives from the sun is equal to the energy that passes through the heat processes
that take place in the urban area (van der Hoeven & Wandl, 2015). This process is explained by
Oke (1987) with the following formula:
𝑄 ∗ +𝑄𝐹 = 𝑄𝐻 + 𝑄𝐸 + ΔQS
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Q* (net solar radiation) is the energy the earth surface receives from the sun. QF is heat arising
from human activity such as traffic and industry. QH (sensible heat) is the energy needed to heat
the air (van der Hoeven & Wandl 2015). High urban surface temperatures heat the air above,
which then circulates upwards (EPA, 2008). QE (latent heat) is the energy consumed by
evaporation through trees and plants. Vegetation is an important consumer of latent heat. QS is
the energy absorbed by the ground, surface water and buildings. This stored heat is almost
entirely responsible for nightly heat islands (van der Hoeven & Wandl, 2015).
Difference in land cover, surface characteristics, and the level of human activity ensure that
surface energy budgets of urban areas are different from those of surrounding rural areas (Hove
et al, 2011). Oke (1982) elaborates on the causes of the Urban Heat Island effect in more detail
by linking the causes to multiple properties of an urban area. Urban surfaces reflect less radiation
back to the atmosphere compared to vegetation or other natural ground covers. Radiation that
is reflected does not contribute to the heating of the urban area, unless the radiation then reflects
back by clouds or air pollution (van der Hoeven & Wandl, 2015). Since urban surfaces reflect less
radiation they absorb and store more of it, which raises the areas temperature. Apart from the
lower solar reflectance (albedo) the thermal storage is also increased by the thermal properties
of urban materials and urban geometry. The effects of urban geometry on the Urban Heat Island
effect are often described by the ‘sky view factor’ (SVF). The SVF is the visible area of the sky from
a given point on a surface (EPA, 2008). Densely built areas with a low SVF cannot freely release
long-wave radiation to the open sky, which causes the heat to be trapped. Another important
factor, contributing to the Urban Heat Island effect is the lack of vegetation in urban areas (EPA,
2008). Trees and other vegetation provide shade which results in lower surface temperatures and
cooling by evapotranspiration. In addition, human activity is also contributing to the Urban Heat
Island effect by a variety of sources such transport, heating and cooling system and industrial
activities. Finally, buildings and other constructions form barriers in the urban area that block the
cooling effect of the wind. A summary adopted from Kleerekoper (2016) of the possible causes of
the Urban Heat Island effect as a visual projection can be found in figure 3. The numbers in the
figure align with the numbers below the figure explaining the possible causes of the Urban Heat
Island effect.
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Figure 3: Causes of the Urban Heat Island effect (Kleerekoper et al, 2016 p.47):
Possible causes of the Urban Heat Island effect adopted from (Kleerekoper et al, 2016, p.47):
1. Absorption of short-wave radiation from the sun in low albedo (reflection) materials
and trapping by multiple reflections between buildings and street surface
2. Air pollution in the urban atmosphere absorbs and re-emits longwave radiation to the
urban environment
3. Obstruction of the sky by buildings results in a decreased long-wave radiative heat
loss from street canyons. The heat is intercepted by the obstructing surfaces, and
absorbed or radiated back to the urban tissue
4. Anthropogenic heat is released by combustion processes, such as traffic, space
heating and industries
5. Increased heat storage by building materials with large thermal admittance.
Furthermore, urban areas have a larger surface area compared to rural areas and
therefore more heat can be stored

6. The evaporation from urban areas is decreased because of ‘waterproofed surfaces’ –
less permeable materials, and less vegetation compared to rural areas. As a
consequence, more energy is put into sensible heat and less into latent heat
7. The turbulent heat transport from within streets is decreased by a reduction of wind
speed
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2.1.3 Heat Island Measurement
Several different approaches exist throughout the literature to measure the Urban Heat Island
effect in urban areas (Mirzaei, 2010). The approaches employed can be categorized into three
groups namely; in-situ observations, remote sensing technologies and simulation through
mathematical models. This section is used to explain these three approaches.
1. In-situ observations:
As mentioned in 2.1.2, the Urban Heat Island effect can be detected on atmospheric and land
surface level. In-situ observations of atmospheric Urban Heat Islands are usually detected by
ground-based air temperature measurements taken from standard meteorological stations or
mobile traverses (EPA, 2008). Figure 4a shows an image of differences in air temperature in
Rotterdam measured with a bicycle carrying a mobile meteorological station. Both these methods,
standard meteorological stations and mobile traverses, do however not provide an image of
temperature differences that velocity activities covers the whole urban area.
2. Remote sensing technologies:
Land surface temperature (LST) is used to reflect temperature conditions and is measured using
airborne or satellite remote sensing (Buscail, 2012). Figure 4b shows an image of differences in
LST in Amsterdam using remote sensing techniques. Surface heat islands can be measured
indirectly by using remote sensing technologies that measure radiant thermal emissions from
urban locations. Given the limited number of temperature monitoring systems in most urban
areas and the potential air temperature differences throughout the urban area, surface
temperature is often used as an indicator to map the Urban Heat Island effect. By means of
remote sensing, a daring picture can be given of the differences in the surface temperature of the
entire urban area. Although they are related, surface temperature is not a direct measure of the
air temperature, micro-scale site characteristics have a greater influence on surface temperature
than on air temperature (Arnfield 2003). As a result, the surface temperature fluctuates much
more and can be more intense than the air temperature, especially during the day (figure 4b).
Another limitation of using remote sensing technology is that a significant proportion of urban
surfaces cannot be viewed due to the three dimensional structures of the urban space (Mirzaei,
2010).
3. Simulation through mathematical models:
Beside the observational approaches, mathematical models have been developed to model air
temperature within urban areas. Figure 4c shows an image of air temperature differences within
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the city of Eindhoven modelled using a mathematical model (Tauw 2018). These models use the
areal properties of an urban area in order to calculate temperature differences within the city.
However, due to the complexity of Urban Heat Island effect, major simplifications are generally
needed (Mirzaei, 2010). Nevertheless, computational techniques have progressed extensively
over the years allowing researches to use these models on a city scale. Among the most generally
adopted models is the urban canopy model (Kondo, 2005) that uses energy balance formula from
Oke (1987) explained in the previous paragraph. To put it plainly, the model calculates a heating
effect for paved surfaces, while green, water and shade have a cooling effect. By using threedimensional model of the urban area, the amount of vertically hardened surface can also be
included. According to Mirzaei (2010), the absence of air velocity in the model serves as the major
weakness of the energy balance model, this information is needed to understand the circulation
of heat and to determine sensible and latent heat fluxes. However, Urban Heat Islands are most
often present when winds are weak so the role of the wind in that case is minimal (EPA, 2008).

Figure 4a (left): Urban Heat Island effect displayed in three Dutch urban areas using three
different approaches, left: Rotterdam using a cargo bicycle (Heusinkveld et al, 2010)
Figure 4b (middle): Amsterdam using remote sensing (Hoeven & Wandl 2013),
Figure 4c (right): Eindhoven using a mathematical model (Tauw, 2018)

2.2 Heat and Human Health
Muilwijk et al, (2015) investigated various climate risks for the Dutch Environmental Assessment
Agency (PBL) and compared these to the possible impact and likelihood of the event. Heat stress
within urban areas is the only climate risk for people which is estimated to take place this
decennium and to at least affect 100.000 people and/or cause a minimum of ten deaths. This
makes heat stress the most important climate risk for people (Wuijts, 2016). More frequent heat
waves are expected to cause increased mortality among vulnerable groups such as the elderly. In
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other events, such as a major flood, more people may die, but these events are less likely
(Muilwijk et al, 2015)
In order to understand why heat is such a great risk for people it is necessary to better understand
what extreme heat does to the human body and how the body regulates its temperature. When
an individual is exposed to extreme heat the human body tries to release internal heat by
increasing blood flow in the skin, resulting in a faster heartbeat. If this primary reaction is
insufficient the human body starts to sweat (GGD, 2012). If these two mechanisms fail the human
body is unable to effectively regulate its temperature eventually leading to heat stress. Heat
stress can cause a decrease in thermal comfort, sleep disturbance, and reduced labor productivity.
Heat stress can also cause severe heat-related health effects, such as: skin rash, cramps, fatigue,
strokes kidney failure, breathing difficulties and even death (Howe & Boden, 2007). The severity
of the effects and proportion of population affected by these effects are summarized in figure 5.

Premature
Mortality

Hospital
admission
Medical seeking
behaviour

Severity
of effect

Heat cramps, heat exausition,
heat stroke
Mild symptoms: reduced thermal
comfort (e.g. sleep disturbance,
reduced productivity)
Proportion of population affected

Figure 5: Severity of heat health effects (adopted from Kalkstein 2014)
Increased heat exposure has been observed to increase, morbidity and mortality, but this is not
uniformly true for the whole population. The socio-demographic characteristics of an individual
as well as the environmental characteristics of the location the individual lives in, largely influence
the impact of increased heat exposure. These characteristics affecting heat vulnerability are
discussed in section 2.3.3. In the next section, the possible impacts of heat on humans are
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summarized without considering these differences in socio-demographic and environmental
characteristics. Among the possible impacts a clear distinction can be made between the negative
impacts that affect the quality of life (thermal comfort, sleep disturbance and labor productivity)
and impacts that cause serious health problems (mortality and morbidity). Even though quality
of life and health are inextricably linked, both will be discussed separately in this chapter in order
to get a clear picture of the direct impacts of heat on humans.

2.2.1 Health impacts
2.2.1.1 Mortality
According to Daanen et al, (2010) several researches have attempted to quantify the effect of
heat on mortality by linking data of temperature fluctuations over the year to mortality data.
From these studies it can be concluded that there is a V-shaped relationship between
temperature and mortality, where mortality is lowest at temperatures in the middle and increases
at lower and higher temperatures. The temperature that is linked to the lowest mortality rate is
different in each European country. For North-European countries the lowest mortality rate was
measured at a maximum day temperature of 23.3°C while for Southern-European countries a
maximum day temperature of 29.4°C gave the lowest mortality rate (Baccini et al, 2008). There
is no unambiguous explanation for the difference between North- and South-Europe. GGD (2012)
stated that probably a large number of factors play a role including adapted lifestyle, housing and
adaptation through repeated exposure to a warm environment. However, Tomlinson (2010),
stated that there is evidence that suggests there are upper limits to the human ability to adapt to
increasing temperatures. Daanen et al, (2010) also suggest that partial adaptation to climatic
conditions occur. In addition annual mortality due to heat does not seem to differ significantly in
Europe between warmer and colder countries. For the Dutch situation Huynen et al, (2001)
investigated the relation between mortality and six heatwaves in the period 1979-1997. In figure
6 the relation between mortality and temperature in the Netherlands is given (Huynen et al, 2001).
The figure shows that heat and cold weather both cause an increase in the morality rate, with
16.5°C being the ‘optimal temperature’. Huynen et al, (2001) concluded that during a heat wave
the mortality rate increased by 12.1%, which is 40 extra deaths per day. In 2003 a severe
heatwave occurred in Europe, which caused 15.000 extra deaths in France. Even though the
maximum temperatures in the Netherlands in 2003 were lower than in other European countries,
nevertheless around 1700 deaths can be attributed to heat stress in that year (Kleerekoper, 2009).
Several studies have been conducted on whether these deaths are subject to the ‘harvest effect’,
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meaning that people died a few months earlier than they would have naturally because of the
heat. According to Pirard et al, (2005) only a small number of the heat related deaths in 2003
could be explained by the harvest effect. Moreover, Garssen et al, (2005) concluded that there is
no clear harvest effect during the heatwave of 2003. Thus, it is not the case that the excess
mortality during a heat wave is caused by people who would have soon died anyway. Therefore,
it seems that the excess morality during heat waves is caused by a heat-related ‘new’ disease
which also strikes the formally healthy (Daanen et al, 2010). Harmsen & Garssen (2006) estimated
1000 extra deaths for the heatwave of 2006, amounting to 400 extra deaths per week. In the most
resent heatwave of 2018 this mortality rate was 100 extra deaths per week. CBS (2018) stated
that an explanation for this relative low amount of extra deaths in 2018 could be that people were
better prepared and that extreme cold in the spring may have caused a vulnerable group of
elderly people to die earlier. According to Daanen (2018), heat waves between 2006 and 2018
are difficult to compare because many factors play a role in mortality. It is important to consider
the characteristics of the heatwave. A person gradually adapts to slowly rising heat. If the heat
wave starts immediately, adapting will be more difficult. Huynen et al, (2008) indicated that by
2050, increased heat stress in the Netherlands could imply hundreds of deaths each year.

Figure 6: The relation between average temperature and mortality in The Netherlands, that was
measured between 1979-1997 (Huynen et al, 2001)
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2.2.1.2 Morbidity
According to the study by Kovats et al, (2004) there is a clear increase in hospital admissions
during heat waves. These hospital admissions mainly concern people with kidney and respiratory
diseases, and especially the elderly. While the increase in hospital admissions during heat waves
are not associated with cardiovascular disorders. This discrepancy suggests that cardiovascular
problems are acute and lead to death before hospitalization has taken place. In addition to the
worsening of existing illnesses and conditions such as kidney and heart disorders, the heat itself
can cause heat related diseases. Four types of heat related diseases can occur as short-term
effects. Howe and Boden (2007) reviewed these effects in detail in their report:
1. Heat rash: Long-lasting wet skin causes skin rash of granular vesicles, often accompanied
by a burning and itching
2. Heat cramps: Painful cramps in muscles due to extreme loss of fluid and salts through
sweating
3. Heat exhaustion: Problems in blood circulation due to a combination of fatigue by exertion
and significantly increase in body temperature, sudden stop of exertion may cause fainting

4. Heat stroke: Heat stroke is the most severe heat related disease and can result in death.
Symptoms are high body temperature (above 40 ºC), abnormal behavior, hot dry skin,
cramps and convulsions, and loss of consciousness

2.2.2 Impact on quality of life
Quality of life is about being able to live, work and recreate comfortably in the urban area (El Din
et al, 2013). Extreme heat influences the comfort outside on the street and in buildings. It causes
a decrease in thermal comfort, sleep disturbance, and reduced labor productivity.

2.2.2.1 Thermal comfort
Despite the many other factors that play a role, several researchers have investigated what an
elevated temperature does for thermal comfort. A research in Limburg has shown that a
heatwave in 2013 led to severe heat nuisance in more than a third of the interviewed group of
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adults (Huynen, 2016). A research in Utrecht during a warm period in august, made a distinction
between inside and outside temperature, showing that indoor air temperatures are experienced
as too warm when reaching 25 to 30°C. Furthermore, a quarter of the respondents indicated 20
to 25°C as too warm. While outdoor temperature above 25°C were perceived as too warm and
more than 40% indicated 30 to 35 as too warm (Helden, 2013).

2.2.2.2 Sleep
Sufficient sleep is a vital process that is essential for health, alertness, cognitive performance,
immune system and hormonal system (Kleerekoper, 2009). A change in skin temperature of less
than 1°C has a major impact on sleep quality, especially for the elderly (Stone, 2011). Heat during
the night is accompanied by more frequent waking, longer waking periods, more movement
during sleep and a reduction in deep sleep (Buguet, 2007). A heatwave can disturb sleep in such
a way that it can lead to general malaise and fatigue. It can also contribute to the development
of disease and / or the flare-up of an existing chronic condition, such as heart failure or lung
disease (Daanen et al, 2010).

2.2.2.3 Productivity
Heat can also have acute effects on human functioning, such as reduced speed and more errors
on different tasks (Hancock, 2007). In addition, the efficiency of movements decreases with a
higher core temperature. As a result, the body will produce even more heat when performing a
fixed task (Daanen et al, 2006). To reduce discomfort someone can adjust his/her activities and
work-rest regime during warm weather. This self-pacing automatically occurs and illustrates labor
productivity loss due to heat. Self-pacing results in reduced labor productivity, but is the best
method to prevent thermal overload (Mairiaux & Malchaire, 1985). Office productivity is already
reduced at a temperature of 23°C, above 25°C, the productivity even drops by 2% for every extra
1°C (Seppanen et al, 2006). Stone et al, (2013) indicates that dependent on the actual climate
change, the damage caused by reduced labor productivity due to heat, outside and within noncooled buildings is estimated at tens to hundreds of million euros per year.

2.3 Human heat vulnerability
Which people and what proportion of people that are affected by heat effects are not coincidental,
but depend on how vulnerable these people are to heat. This paragraph is used to elaborate on
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the definition of vulnerability (1), comparison between contextual vulnerability assessments (2),
determents of human heat vulnerability (3) and mapping heat vulnerability (4).

2.3.1 Definition of vulnerability
High temperatures can pose a threat to inhabitants of urban areas but does not necessarily mean
that this causes negative impacts as mentioned in chapter 2.2. The impact of heat events on the
population of an urban area depends on the vulnerability of individuals and communities within
the city. Within the literature there is a large variety of vulnerability definitions (Villagran de Leon,
2006). In order to prevent confusion this paragraph is used to elaborate on the chosen definition
of vulnerability in this thesis. Choosing this definition does not indicate that this is the best
definition, but the choice is only used to provide clarity for the rest of the research.
According to the Intergovernmental Panel on Climate Change (IPCC) (2007) vulnerability to
climate change is:
-

“The degree to which geophysical, biological and socio-economic systems are susceptible
to, an unable to cope with, and adverse impacts of climate change.” – (IPCC, 2007)

Hence, someone is vulnerable to heat if he or she is susceptible to the negative effects of heat
and unable to cope with them (Filho et al, 2018). This vulnerability originally defined by IPCC (2007)
consists of three elements: exposure, sensitivity and adaptive capacity (figure 7).

Figure 7: Relationship among the three major components of vulnerability: exposure, sensitivity
and adaptive capacity Stein et al, (2013)
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Exposure can be described as the number and location of the population exposed to the heat
impact (Johnson 2012). Exposure factors influence the extent to which an individual is exposed
to heat hazards. For example, within an urban area exposure to high temperatures can differ per
neighborhood or individual because of the Urban Heat Island effect.
Sensitivity is the degree to which a system is affected, either adversely or beneficially, by climate
variability or climate change (IPCC, 2007). Therefore in the context of this thesis, heat sensitivity
is the degree to which humans are affected by heat. Sensitivity factors can involve both
environmental factors and sociodemographic factors. For example, elderly are more affected by
heat than other age groups, making them a more sensitive demographic group. While the quality
of housing can be a determining environmental factor influencing the sensitivity of the resident
to heat.
Exposure and sensitivity together describe the potential impact that high temperatures have on
the inhabitants of an urban area (Stein et al, 2013). Even though someone is considered highly
exposed and/or sensitive to high temperatures, it does not necessarily mean that someone is
vulnerable. Adaptive capacity describes someone’s ability to reduce the negative effects of heat
by modulating exposure and sensitivity (Filho et al, 2007). According to Riegel et al, (2013)
adaptive capacity depends on factors such as public opinion, political will, and human and
financial resources. In the context of heatwaves, this can refer to the capacity to purchase and
use an air-conditioning.

2.3.2 Outcome vulnerability and Contextual vulnerability
Outcome vulnerability analysis and context vulnerability analysis (figure 8) are two of the most
pronounced concepts in the context of climate change vulnerability, which mainly differ in their
interpretation of vulnerability (O’Brien, 2007). This paragraph is used to explain the difference
between these two interpretations and why these are crucial for choosing the right type of
vulnerability assessment.
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Figure 8: Two interpretations of vulnerability, outcome vulnerability (left) and contextual
vulnerability (right) (O’Brien et al, 2007)
Outcome vulnerability can be classified as top-down, focusing on the potential magnitude of the
impacts of climate change in the future. According to Fussel (2007) the outcome-approach is more
suitable to raise awareness or to identify research properties. But it also requires a large number
of conditions including a long temporal focus, sufficient data and sufficient spatial detail. Verbeek
and Husson (2013) and Hove et al, (2014) argue that there is currently a need for outcome analysis
in order to gain insight into the urgency and seriousness of heat stress, for example, information
about threshold values or breakpoints, preferably plotted over time. Outcome vulnerability
requires, apart from a lot of data for scenario development, an agreement on norms and
objectives. However, Hove et al, (2014) argues that setting standards and goals in the area of heat
stress is very complex. For example, how do you determine how much heat stress is acceptable
for someone to experience or how many heat deaths are still acceptable.
Therefore, in heat vulnerability research the attention is often on a contextual approach
(Wilhelmi et al, 2010, Filho et al, 2018, Nayak et al, 2018). This approach focuses on the underlying
causes and factors influencing vulnerability, and on this basis identify areas with relatively higher
and lower vulnerability (O’Brien et al, 2007). Where outcome analysis is valuable for gaining
insight into the urgency and seriousness of the vulnerability of an urban area to heat stress a
contextual approach is valuable for understanding this vulnerability. Nayak et al, (2018) stated
that understanding the context that influences heat vulnerability helps to identify where
vulnerable populations are located and why they are vulnerable and helps to implement targeted
adaptation strategies. Johnson et al, (2012) stated that one of the greatest gaps in understanding
vulnerability to extreme heat is its specific intra-urban nature. According to Fussel (2007)
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assessment of contextual vulnerability is in certain situations more useful then outcome analysis.
First of all, outcome vulnerability assessment can have limited value because climate uncertainty
is high and therefore the uncertainties of the outcome analysis are high. Furthermore, when data
is scarce, contextual assessments require significant less data in comparison to outcome
assessments. Finally, costs can be significantly lower in contextual assessments because no
modelling or estimating is required.
There is a current need for both assessment of outcome vulnerability and contextual vulnerability.
Outcome analysis can provide valuable insights in the urgency and seriousness of the heat stress
problem within urban areas. However, the expected obstacles, such as the amount of data that
is required for scenario development and the complexity in setting standards and goals are
significant barriers for preforming such an analysis. In addition, contextual vulnerability
assessment is more in line with the goal of this research to develop a tool that maps intra-urban
vulnerability to heatwaves.

2.3.3 Determinants of human heat vulnerability
In order to understand contextual heat vulnerability, it is necessary to gain insight into
determinants of human heat vulnerability. In other words, gaining insight into factors that make
certain people more susceptible to the negative effects of heat than others and making them
unable to cope with the negative effects. Loughnan et al, (2013) has intended to grasp these
factors reviewing international and local Australian literature (figure 9). Although this study also
consulted international literature in order to construct the model, the focus was on Australian
application, since these factors were used to map heat vulnerability across several Australian
urban areas. The focus of the current study is to gain insight into human health vulnerability to
heatwaves in Dutch urban areas. Because urban vulnerability depends on the local context and
varies within and between urban areas these factors cannot just be applied for Dutch application.
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Figure 9: Factors influencing vulnerability to extreme heat events (Loughnan et al, 2013)
However, research in the Netherlands about the factors influencing human heat vulnerability, as
represented in figure 9, is relatively limited. In contrast there is a growing number of case studies
addressing contextual heat vulnerability in urban areas around the world. However, these case
studies are all focused on one or a few urban areas while using different approaches, resulting in
the fact that conclusions or findings cannot be universally adopted. Romero-Lankao et al, (2012)
conducted a meta-analysis of 54 papers covering 222 urban areas in all regions of the world that
address heat vulnerability in order to go beyond these varied case studies and identify repeated
patterns and relationships of urban heat vulnerability. By finding common patterns of
vulnerability one can look at how context dependent a certain factor is. Important to note
however, as Romero-Lankao et al, (2012) also state in their study, the validity and robustness of
the knowledge about the different factors depends on a number of specific aspects related to
how studies are carried out and what methods were employed, as specific contextual factors. For
example, if a researcher is interested in evaluating existing research showing that ethnicity has a
causal relationship with temperature related mortality in a specific urban area, it needs to be
assured that all factors that are likely to co-vary with ethnicity (such as education, income,
housing quality and residential location) were accounted for in the analysis. The purpose of this
chapter is not to find definitive truth about factors such as these, but to identify determents of
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human heat vulnerability, that potentially can be used to map heat vulnerability across the Dutch
urban environment. The next section will be used to look at various factors that influence heat
vulnerability and the degree of evidence and agreement that exists in the literature about the
influence of these factors. Findings from the meta-analysis of Romero-Lankao et al, (2012) are
supplemented with other relevant studies. In addition, wherever possible, confirmation will be
sought within the Dutch literature. The classification and sequence of factors explained in the
next section is adopted from the model by Loughnan et al, (2013). The three-way classification of
exposure, sensitivity and adaptive capacity is in line with the division of vulnerability made earlier
in paragraph 2.3.1.

2.3.3.1 Exposure
Romero-Lankao et al, (2012) concluded that there is a high level of agreement in the literature
that heatwave intensity, duration and timing in the summer season influence the risk of mortality.
In the long term, humans can adapt well to heat (acclimatization). The biggest problems with heat
load therefore arise when heat occurs after a cool period. This is in line with the fact that the
impact of a heat wave early in the summer season is greater than late in the season (Kovats &
Kristie, 2006). The predicted global warming entails a greater degree of thermal extremes, so the
chance that heat exposure occurs without acclimatization increases (Daanen et al, 2010). In
addition an urban environment contributes to the intensity of heat due to the Urban Heat Island
effect. During heatwaves in Paris and Berlin, mortality was highest in the most densely populated
districts, where the temperature was highest (Vandentorren et al, 2006; Gabriel & Endlicher,
2011). An indirect consequence of heat exposure is the increased exposure to air pollution. The
weather conditions around a heatwave are often very favorable for the formation of summer
smog. This is especially the case in areas with dense building structures. Here is often little wind
with the result that the air pollution lingers (Filleul et al, 2006). Romero-Lankao et al, (2012) found
nineteen studies that assess the influence of air pollutants as effect modifier of temperaturemortality relationship. Even though findings are mixed, four studies found that air pollution
modified the relationship. While nine studies found that the relationship was not consistent
across urban areas. Fischer et al, (2004) concluded that a significant proportion of the deaths that
were attributed to the hot summer weather in 2003 in the Netherlands can reasonably expected
to have been caused by air pollutants.
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2.3.3.2 Sensitivity
Sensitivity can be divided into environmental- and socio-demographic factors. In the context of
this study, elements of socio-demographic sensitivity, are those characteristics of people, either
individually or collectively as a population, that directly or indirectly influence sensitivity. While
environmental factors are properties of the environment that influence the sensitivity of humans.

Age and Health status
The demographic groups; elderly, very young and people with pre-existing health impairments
have been found disproportionately sensitive to changes in temperature in Dutch and
international literature (Huynen et al, 2001). In the meta-analysis by Romero-Lankao et al, (2012)
age appears in thirty-three studies and the elderly are reported in twenty-three studies as the
most sensitive demographic group. Old age is accompanied by a reduction of several bodily
functions, including body temperature control, thirst feeling, kidney function, perspiration
function, and heart and lung reserve function (RIVM 2015). These bodily function reductions
make the elderly more sensitive to heat. Infants are a risk group because they are still
insufficiently able to regulate their temperature and are dependent on their caretakers.
Caretakers can dress their infants too hot or provide insufficient shade. There is also a high degree
of agreement in the literature that people with pre-existing health impairments are sensitive to
heat. Six out of six studies, covering 68 urban areas, in the meta-analyses from Romero-Lankoa
et al, (2012) found positive correlations between pre-existing medical conditions and heat
mortality. People with cardiovascular disease, respiratory disease, psychiatric illness, diabetes,
neurological disease and cancer are more sensitive to heat (GGD, 2012). These medical conditions
and prescribed medication increase heat sensitivity through altering thermoregulatory capacity,
mobility, awareness of hot environments, and ability to respond appropriately (Loughnan et al,
2013).

Isolation, Socio-economic status and Ethnicity
The socio-demographic factors that are less unambiguous in the literature are; isolation, socioeconomic status and ethnicity. Explicit research on heat mortality or morbidity figures linked to
these socio-demographic factors has not yet been carried out in the Netherlands. However,
Municipal Health Services (GGD) (GGD, 2012) has included conclusions from international
literature, which among others are discussed below.
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In social sciences it is accepted that social capital (e.g., family support, participation in networks
and individual levels of social trust) is a significant determinant of vulnerability to health hazards
and risks (Cutter et al, 2003). However the reviewed papers by Romero-Lankoa et al, (2012) gave
mixed results. In some urban areas in the United Sates social networks help people withstand
heat stresses and living alone increases health risks associated with high temperatures. While in
other urban areas in Europe and the United States no significant effects were found. Yet another
study in the United Kingdom finds that bonding networks could even potentially exacerbate
vulnerability of elderly people, because elderly individuals and their social contacts tend to
reinforce one another’s low perception of vulnerability to heat (Wolf et al, 2010).
The role of socioeconomic indicators as determinants of heat risk is explored in several studies
(Romero-Lankao et al, 2012). Socio-economic indicators (e.g. education, income) can have an
impact on risk of heat-related illness or death through housing quality, access to domestic air
conditioning, access to health care and social services, use of medications and individual
behaviors (Loughnan et al, 2013). In the meta-analysis by Romero-Lankoa et al, (2012) varying
results are found in the case studies. In the U.S. a low socioeconomic position appears to be a risk
factor for the health effects of warm weather conditions (Johnson et al, 2009; Smoyer et al, 2000).
There is also a higher mortality rate in Europe among people with a lower socioeconomic position,
albeit less strongly than in the U.S. (Michelozzi, 2005; Rey 2009). Finally, there are also studies in
both continents that have found no relation between heat mortality and low socio-economic
position (Ishigami et al, 2008; Uejio et al, 2010). Undoubtedly, the availability of income and other
individual resources (e.g., amenities, health services, and quality of dwellings) determines
people’s ability to protect themselves from the consequences of high temperatures (RomeroLankao et al, 2012). However, these varied results show that mortality rates are not always
influenced by socioeconomic factors, which ensures that socio-economic indicators are
dependent on other contextual factors.
According to Cutter et al, (2003) ethnicity contributes to social vulnerability through lack of
resources, quality of housing, cultural differences, and the social, economic and political
marginalization. In addition, it is more likely that people with a different ethnicity do not master
the local language resulting in difficulty understanding instructions for using household
appliances, such as electric fans or air conditioners Furthermore they might have trouble
understanding heat response guidelines and factsheets from the government which increases
their vulnerability (Loughnan et al, 2013). Studies in the meta-analysis conducted by RomeroLankao et al, (2012) disagree on the influence of ethnicity on vulnerability, nine papers showing
that minority status was significantly related to heat mortality and six concluded that the two
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were not related. The studies that have found a significant relation between ethnicity and heat
health consequences are all conducted in the United States. This is in line with the results in the
study by Hansen et al, (2013) stating that economic and social differences, language barriers and
living conditions are among the many factors contributing to the sensitivity of minority ethnic
groups in the United States. There is however, a knowledge gap about these socio-cultural
differences and influences on vulnerability in other countries.

Housing
According to (EPA 2018), people spend approximately 90% of their day indoors making housing
an important filter between residents and heat exposure and making it a determining factor in
heat sensitivity. Van Hooff et al, (2014) show that overheating indoors will occur more frequently
in the future because of climate change in a large part of the Dutch residential building stock. In
addition, Hove et al, (2014) state that this overheating is even further enhanced in urban
residential buildings due to the Urban Heat Island effect. Older housing arguably poses the
greatest challenge to the management of indoor temperatures, since they are more likely to be
poorly insulated and this makes the management of indoor temperatures challenging
(WhiteNewsome, 2012). This is in line with a study by Vandentorren (2003) which related housing
conditions to heat mortality figures in Paris and concluded that buildings built before 1975 were
associated with a higher risk of death than more recent ones, as houses were not or barely
isolated before 1975. Other building factors that negatively influence indoor temperatures are;
lack of window shading, large glass surfaces, building orientation, living areas directly under the
roof and lack of possibilities for ventilation (Hove et al, 2014). Shading the window ensures that
heat cannot enter the building through the window. Especially in well-insulated housing this is
the main way heat enters the house. Larger window surfaces thus, ensure that more heat can
enter the building. The building orientation also influences the amount of solar radiation entering
the house, windows on the east and west provide an increase in overheating hours due to the
lower position of the sun during the summer. Well-insulated houses heat up less quickly in the
summer and temperatures are more easily regulated if proper measures are taken, but once the
heat has entered the building it is harder to get rid of the heat in a well-insulated house compared
to a poor-insulated house. The insulation that has to limit heat loss in the winter makes it more
difficult to get rid of this heat in the summer. Outdoor blinds and ventilation are therefore very
important, particularly in modern and well-insulated homes (van Hooff et al, 2014). Due to the
increase in outdoor temperature however, the cooling potential of comfort ventilation decreases
Construction Management and Engineering

43

(Hacker and Holmes, 2007). Comfort ventilation is the traditional method of cooling buildings by
natural ventilation with the outside air and is often used in the Netherlands. Hacker and Holmes
(2007) showed that buildings in London that use comfort ventilation are becoming increasingly
sensitive to severe overheating, and that either advanced passive or mechanical cooling is needed.
Because urban areas consist of a wide range of different building types, sensitivity is determined
very locally (Döpp, 2011).

Urban green and urban density
In the literature both urban density and lack of vegetation have been linked to heat mortality and
morbidity (Kilbourne et al, 1982; Tan, 2007; Stone et al, 2010). Apart from increasing
temperatures as mentioned in paragraph 2.1, (lack of) vegetation and urban density have other
potential effects that can affect heat vulnerability. For example, urban density may increase
vulnerability to a heat hazard by reducing the accessibility of residents to emergency health
services (Coutts et al, 2012). Vegetation, on the other hand, mainly has multiple co-benefits that
can lower human heat vulnerability. Kluck et al, (2016) stated that green parks can be used to
create cool zones, that are not subject to the Urban Heat Island effect. In addition, green space
has positive consequences for various health aspects. The three most important are mental
health by lowering stress, physical fitness through more exercise and airways through better air
quality. Maas et al, (2009) compared Dutch morbidity data to the percentage of green space
within a 1km radius controlling for demographic and socio-economic characteristics and
concluded that, the number of doctor visits decreases with 0.8 per 1000 inhabitants per 1%
increase in green. What is also interesting to note from this study is that the pre-existing health
conditions that were linked to increased heat sensitivity (e.g. cardiovascular disease, respiratory
disease, psychiatric illness, diabetes, neurological disease and cancer) have a lower prevalence
rate in living environments with a higher percentage of green space in a 1km radius. The relation
was strongest among children and people with a lower socioeconomic status. The effect of green
on health is greater as the distance from green to the home is smaller. For vital people 500 meters
is an acceptable distance to walk. For the group that is most vulnerable to heat (i.e. the elderly
and small children), this distance should be no more than 300 meters (Nuijten, 2008). Urban green
is therefore not only important to limit the Urban Heat Island effect and thus reduce heat
exposure, but also to reduce the sensitivity of people by improving health.
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2.3.3.3 Adaptive capacity
There is disagreement within the literature about whether factors belong to sensitivity or
adaptive capacity. For example in the study of Loughnan et al, (2013) it was decided to classify
socio-economic status as sensitivity while Romero-Lankao et al, (2012) chose to classify it as
adaptive capacity. This study does not seek to provide clarity about whether a factor belongs to
one or another. However, it is important to note that both, the sensitivity and adaptive capacity
sides of a factor such as socio-economic status are seen. For example, someone with a higher
income often has a healthier lifestyle and better housing quality making him or her less sensitive
to heat. High income however, also allows him or her to adapt to heat events by installing sun
protection for his home. This also applies to the factors; social isolation, ethnicity and housing
which also have been put in both categories sensitivity and adaptive capacity in different studies
(Romero-Lankao et al, 2012; Loughnan et al, 2013). In this study it was decided to place these
factors under sensitivity, not as a definitive truth, but to prevent these factors being discussed
twice. The remaining factors in the literature that influence adaptive capacity are the
development of heat-health plans and the use of air-conditioning.

Air conditioning
U.S. studies indicate state that air conditioning is a protective factor for heat related mortality
and illness (Braga et al, 2002; Bouchama, 2007). Also in Shanghai a decrease in heat-related
mortality between 1998 and 2003 was partly attributed to the increased use of air conditioners
(Tan, 2007). Leading to the conclusion that access to air conditioning is an important adaptive
behavior. In Europe there is little domestic air conditioning, this is however expected to change
in the coming decades (Kovats & Hajat, 2008). Other studies have expressed concern that the
increasing use of air conditioners will also limit the opportunity of the human body to acclimatize
to heat (Loughnan et al, 2012). In addition, air-conditioning contribute to global warming through
the emission of greenhouse gases, as well as contributing to the Urban Heat Island effect through
releasing anthropogenic heat (Maller, 2011). For these reasons, several researchers encourage
the use for alternative solutions to protect residents from heat extremes such as; improved urban
planning, housing design, use of vegetation to allow passive cooling, and better access to shared
cool spaces, rather than increasing dependence on air conditioning (Woodruff, 2005; Loughnan
et al, 2013).
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Heat-health plans
In response to major heatwave events, the Netherlands has like many other countries adopted
heat plans in which short-term interventions aimed at vulnerable population groups are triggered
by forecasts of hot weather. The Dutch National Heatwave Plan (Nationaal Hitteplan) is developed
in 2007 and has been used every year since (Hagens & Bruggen, 2015).

2.3.4 Mapping heat vulnerability
Several urban areas have developed heat maps, indicating which areas are most susceptible to
the Urban Heat Island effect and thus relatively warmer or colder (Döpp et al, 2011). Several
Dutch municipalities have developed heat maps of their area, such as Amsterdam, Rotterdam,
The Hague, Arnhem, Nijmegen and Eindhoven (Döpp et al, 2011; van der Hoeven & Wandl, 2013,
2015, 2018; Tauw, 2018). These maps show where the exposure to heat is most present in the
urban areas. Although this provides valuable information, this does not show where people
experience negative effects of heat. According to Husson (2012) it is considered virtually
impossible to create functions for the prediction of future heat mortality on the local level due to
the large number of interrelated factors that determine mortality and the lack of data on the
appropriate scale. The impacts of heat on human health for example, are to a large extent
affected by factors such as the length and severity of a heat wave, properties of the urban
environment and physiological and behavioral factors (Stone et al, 2011). However, by
contextualizing factors that have proven to influence heat mortality and morbidity figures
(paragraph 2.3.3.), it is possible to identify vulnerable hot spots where the risk on the negative
effects of heat are relatively higher.
Smoyer (1998) described and offered an early explanation for the spatial variation of heat related
deaths in Missouri, USA by linking vulnerability to demographic and socio-economic indices such
as: age, income, housing type and access to air conditioning. According to Wolf (2013) this
research was one of the first that linked social determinants to heat vulnerability and associated
health outcomes. Smoyer (1998) inspired other researcher such as Wilhelmi (2004) to use these
demographic and socio-economic indices to quantify and map them in Geographical Information
Systems. GIS can be used to combine different data layers together in one map, while scales of
data collection do not need to be identical. When Wilhelmi (2004) pointed out the benefits of GIS
to quantify and map these indices other researchers soon followed focusing on the development
of heat vulnerability indices and mapping them (Johnson et al, 2009; Reid et al, 2009; Wolf et al,
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2009; Tomlinson et al, 2011; Uejio et al, 2011; Johnson et al, 2012; Wolf et al, 2013; Nayak et al,
2018).
The purpose of contextualizing vulnerability and its subsequent mapping is to highlight areas with
elevated vulnerability in order to formulate specific adaptation and mitigation strategies that can
reduce the likelihood of a related impact such as mortality, morbidity or reduced quality of life
(Wolf, 2013). In order to understand how to contextualize human heat vulnerability it is important
to understand how social vulnerability to natural hazards is quantified in general. A common and
essential approach to do this is the development of vulnerability indices. Indices represent
determinants of vulnerability as mentioned in the previous paragraph, which are combined into
a vulnerability index. According to Tate (2012) there are no established rules for constructing a
social vulnerability index. However, previous studies have helped to define several stages
including potential options that have to be chosen and completed. It is the differences in these
stages that distinguish different vulnerability indexes and subsequent maps. In order to gain
insight into human health vulnerability to heatwaves in Dutch urban areas, it is important to
understand the general approach to develop a vulnerability index and its subsequent stages. In
the paper by Tate (2012) a detailed explanation is given about these several stages. The remaining
part of this paragraph will be used to summarize these stages explained which include: goal of
the index, structural design of the index, scale of analysis, indicator selection, transformation,
normalization, weighting, aggregation and validation. The explanation of these steps will be
supplemented with examples of choices made in different studies constructing a heat
vulnerability index and different issues that arise.

Goal of the index:
The process of building the index starts with formulating what the index should represent. The
most common has been the development of generalized vulnerability, which focused on the
broad dynamics applicable to many dimensions of vulnerability (Tate, 2012). For example the
Social Vulnerability Index (SoVI) constructed for the United States by Cutter (2003). More targeted
indexes emphasize vulnerability to a certain dimension of vulnerability, such as flood hazards
(Holand, 2013) or heat hazards (Nayak, 2018). The goal of the index determines which
vulnerability indices to include.

Structural design of the index:
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After choosing the goal of the index the structural design of the index is chosen. There are three
types of structural designs including deductive (a), hierarchical (b) and inductive (c) designs (figure
10). Deductive approach selects less than ten variables based on a priori theory and knowledge
from existing literature which are combined to form the index (Yoon, 2012).

Figure 10: Structural designs deductive (a), hierarchical (b), and inductive (c) (Woodruff, 2018)
Hierarchical designs employ between ten and twenty indices which are separated into groups
that share the same underlying dimension of vulnerability. The individual indicators are combined
into sub-indices which are then combined to form the index. Hierarchical models offer the benefit
of greater level of theoretical organization than deductive models, while being less statistically
complex than inductive approaches (Tate, 2012). Although not as much applied in heat
vulnerability indexes, the hierarchical structure is becoming an increasingly popular method for
general social vulnerability of populations such as the social vulnerability index (SVI) developed
by Flanagan et al, (2011).
Inductive approaches start with a large set of twenty or more indices, which are reduced to a
smaller set uncorrelated factors using principal component analysis (PCA) (Tate, 2012). Even
though the inductive approach to selecting variables also draws from vulnerability literature, this
approach differs from the deductive and arguably the hierarchical approach because it includes
all possible variables mentioned in social vulnerability literature (Yoon, 2012). PCA is used as a
data-reduction technique that identifies groups of variables that are inter-correlated and reduces
the number of variables into principal components (figure 11)(Frazier 2014). The first component
is the linear combination explaining the greatest variation among the original variables, the
second explains the greatest remaining variation, and so on (Woodruff et al, 2017). This method
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circumvents potential issues with multi collinearity among the variables examined and arguably
increase objectivity of variable selection (Holand & Lujala, 2013). However, PCA has been
questioned in the literature because results might inappropriately focus on outliers and represent
spatial relationships among variables rather than the variables influence on vulnerability (Holand
& Lujala, 2013; Frazier et al, 2013).

Figure 11: Visual representation of Principal Component Analyses (Yoon, 2012)
Boa et al, (2015) has reviewed 15 studies concerning specifically heat vulnerability mapping and
highlighted different choices that were made in the stages of developing a heat vulnerability index
explained by Tate (2012). Several studies have chosen a deductive approach (Vescovi et al, 2005;
Chow et al, 2012, Tomlinson et al, 2012; Aubrecht et al, 2013; Dong et al, 2014) and others have
chosen a inductive approach (Reid et al, 2009; Hondula et al, 2012; Johnson et al, 2012; Wolf et
al, 2013; Harlan et al, 2013; Maier et al, 2013). Rinner (2010) was the only one to choose a
hierarchical approach. The structures that are chosen have to a large extent influenced the
choices that have been made in the rest of the steps. Which is in line with the statement made
by Tate (2012), stating that the structural design is perhaps the most methodologically prominent
distinguishing character of the vulnerability index.

Scale of analysis:
The scale of the analysis represents the geographic resolution of the areal units linked to the
indicators. Choice of scale is important because statistical links between indices differ across
scales, the same index produced at a different scale can yield different patterns of vulnerability
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(Tate 2012). The scale of analysis of social data is an issue of great importance in geographical
analysis (Kienberger et al, 2013). Vulnerability assessments are often conducted at the
neighborhood or district level, as this is the level at which most sociodemographic data is available,
which is in line with the 15 studies concerning heat vulnerability mapping assessed by Boa et al,
(2015). These spatial scales may however, not correspond to the location or scale where
vulnerability manifests (Kienberger et al, 2013).

Indicator selection:
Indicator selection involves choosing factors that modify vulnerability such as those mentioned
in 2.3.3. Part of indicator selection involves choosing variables to represent these vulnerability
indicators (Tate, 2012). For example, both income and poverty rate can be plausible variables
representing the availability of material resources. Choosing representing variables are guided by
data availability, validity, desired number of indicators and statistical properties. There is no single
set of established indicators that quantifies vulnerability. Consequently it is up to the researcher
to choose which variables should be included (Woodruff, 2017). Choosing what indicators (not)
to include in the index and what variables to represent these indicators is a rather subjective
approach. This is also apparent from the study by Boa et al, (2015), in which the 15 studies use 5
to 25 indicators in their heat vulnerability index in which elderly is the only indicator that appears
in all 15 studies. Inductive structures are arguably more objective than deductive structures in
the selection of variables (Holand & Lujala, 2013). PCA is used in inductive approaches in order to
simplify a large number of variables into a few uncorrelated factors. Using PCA as variable
reduction and selection technique rather than that the researcher chooses the variables, is the
argument that is used when stating that inductive approaches are more objective than deductive
approaches (Woodruff 2017). What is however important to note about this reasoning is that the
large number of variables are reduced into fewer factors based on the spatial variance explained
by these variables (Holand & Lujala, 2013). Thus variables with comparable spatial patterns are
combined into one factor, resulting in a few factors with different spatial patterns. Although this
approach in choosing indicators might be more objective, the selection is based more on spatial
relationships among variables rather than the variables influence on vulnerability. In addition,
choosing which variables are included in the PCA and how many factors to retain from the PCA
are also still subjective (Tate 2012).
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Transformation:
Transformation determines how each indicator is represented in the index. For example, is
vulnerability of elderly best represented by a count of elderly, the proportion of elderly or the
amount of elderly per unit area? These three are all reasonable options but influence the outcome
of the index considerably (Tate, 2012). If high vulnerability is best characterized by the absolute
number or relative proportion of vulnerable population remains unclear in the literature (Rygel
et al, 2006). For absolute values, there is a danger that the areas with the greatest vulnerability
are equal to the areas with the highest population density (Jones & Andrey, 2007). For the relative
proportion, there is a danger that a neighborhood with 50 out of 100 people being vulnerable
would have the same transformed indicator value as one with 500 out of 1000 (Tate, 2013). Tate
(2012) compared how outcomes in vulnerability scores changed in deductive, hierarchical and
inductive approaches when changing between absolute and relative values. The three
approaches were all highly influenced by changing between absolute and relative representations.
However, the deductive approach seemed the most sensitive to these changes.

Normalization:
Normalization is conducted in order to place all indicators into a common dimensionless
measurement scale. Min-max linear scaling is most often used in deductive and hierarchical
designs (Tate, 2012). When outliers are present only the maximum value might be preferred,
calculating the normalized value by dividing the unscaled value by the maximum observed value
(Woodruff, 2017). While z-score standardization is typically used in inductive models (Tate, 2012).

Weighting and aggregation:
Weights assigned to indicators should ideally represent the relative importance of the indicator
measuring vulnerability. Most studies assessed in the review by Boa et al, 2015 use equal weights
for the vulnerability indices (Vescovi et al, 2005; Johnson et al, 2012; Wolf et al, 2014;). Equal
weights are usually applied as a default since there is no theoretical or practical justification for
differential allocation of importance across indicators (Cutter et al, 2010). Other approaches that
are employed are the use of expert judgment (Brooks et al, 2005; Zhu et al, 2014) or statistical
approaches (Reid et al, 2005; Wolf et al, 2013). An example of a statistical method to weigh
indicators is to use the percentage of variance that is explained by the factors adopted form the
PCA (Tate 2013). The data-driven focus of statistical weighting might produce weights that do not
Construction Management and Engineering
51

conform to conceptual relationships between indicators (Tate, 2013; Woodruff, 2017). According
to Tate (2013) in practice, neither statistical, equal weighting nor participatory approaches have
achieved primacy when assigning weights. Weighting indicators of vulnerability is among the
most highly subjective decisions in the vulnerability index construction process (Tate, 2013). After
normalized and weighted, the indicators can be aggregated into a combined index. According to
Tate (2012) summing the indicators by additive aggregation is nearly universally applied. A small
minority of studies use multiplicative aggregation to combine the indicators. Finally, the
aggregated indicators are inserted in GIS in order to get a spatial image of vulnerability across the
environment.

Validation:
The final vulnerability index is highly dependent on the indicators that are chosen for inclusion,
indicator weighting, scale of analysis, and data sources (Woodruff, 2017). During each stage the
researcher is faced with many choices (e.g. deductive or inductive, neighborhood or district level,
equal or weighted) that have the potential to significantly influence the output of the index (Tate,
2013). Consequently, it is important to conduct validation in order to understand how well the
indices represent the concept of vulnerability (Tate, 2012). Validation of the index can be
achieved by comparing the index to an independent dataset (external validation) (Woodruff
2017). Externally validating the vulnerability index directly is difficult, as if not deemed impossible,
because there is no device which measures general vulnerability. As a result validation requires
the use of proxies such as evacuation behavior, physical damage, mortality, or recovery activity
(Woodruff, 2017). In the case of heat vulnerability, heat morbidity or mortality data can be used
as proxies to validate heat vulnerability indexes. The literature on heat vulnerability index
assessment is somewhat meager compared to the body of literature on constructing a heat
vulnerability index (Wolf et al, 2014). This is also apparent in the studies reviewed by Boa et al,
(2015) where only four out of the fifteen studies reviewed validated their vulnerability index. Wolf
et al, (2014) for example, assessed whether the heat vulnerability index was able to predict above
average mortality and ambulance callouts during heat wave events for the period 1990-2006 in
London.
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2.4 Municipal policy and need for vulnerability assessment
This paragraph is used to elaborate on municipal responsibilities (1), the role of municipalities in
managing heat stress in their urban areas (2) and possible adaptation measures (3).

2.4.1 Municipal responsibilities
Municipalities represent the general local management of their areas. In general, the goals of
most municipalities include: high safety, high quality of living, good public health, high welfare
and good business environment (Husson, 2012). Until recently there were no general regulations
that force municipalities to achieve a certain climate change adaptation (PBL, 2011). This gave
municipalities freedom in how much they want to invest in adaptation strategies and what
requirements they pose on (re)development of urban areas (Husson, 2012). This changed in 2015,
when the Dutch Delta Program on Spatial Adaptation has been put into place. The Dutch Delta
Program on Spatial Adaptation is intended to ensure that central government, provinces, water
boards and municipalities together ensure that the Netherlands is as climate proof and robust as
possible in 2050. Policy must be developed and implemented by 2020 at the latest (Delta Program,
2015). Municipalities, water boards and provinces are relatively advanced with the theme of flood
risks, slightly less advanced with drought and the least advanced with the theme of heat stress
(PBL, 2016).

2.4.2 Role of municipalities in heat stress
The main interest of municipalities regarding to heat related climate impacts in urban areas
concerns human health and comfort (Stone et al, 2011). As the spatial design of an urban area
influences the Urban Heat Island effect, the municipality mainly sets the tone of spatial order
through the zoning plan and the structural vision, and therefore has an important role in
measures regarding the Urban Heat Island effect and heat stress (Döpp, 2011). Adjusting the use
of space, such as applying more green and blue surfaces, but also creating shadow or wind
currents, can have a positive effect on limiting temperature rise. According to Wuijts et al, (2016)
heat stress is hardly a theme for the municipalities, both in terms of knowledge development and
policy development. Runhaar et al, (2012) confirm this after interviewing professionals from
municipalities active in the area of heat stress by concluding that heat stress hardly seems to be
perceived as an urgent problem, mainly because there is no clear ‘problem owner’. Verbeek and
Construction Management and Engineering

53

Husson (2013) are slightly more positive in their research investigating policy making regarding
heat stress at Dutch municipalities, stating that most municipalities recognize the problem of heat
stress, but do not yet know how to define it and struggle formulating the right approach to the
heat problem. Municipalities are not the only responsible organizations for managing heat stress
in the urban area. Other important stakeholders are housing corporations, project developers,
parcel owners and the Municipal Health Services (GGD) (Husson, 2012).
Verbeek and Husson (2013) interviewed different Dutch municipalities about the various
difficulties they face regarding climate adaptation strategies. These interviews were conducted
for the overarching subject of vulnerability assessment for climate change. The conclusions and
findings are also relevant for the current research because heat stress is part of this climate
subject and this research aims to develop a heat vulnerability tool for Dutch urban areas. The
difficulties in which a contextual heat vulnerability analysis could provide a solution are explained
below.
Firstly, there is a lack of identification of vulnerable people. It would be useful to know in which
areas the risk of heat-related mortality is high. Secondly, vulnerability to climate change and thus
heat stress is not the only concern of a municipality in (re)development projects. Therefore
municipalities should be able to make well informed decision when more interests are at stake.
Identifying vulnerable locations can provide argumentation for certain adaptation decisions over
other interests. Thirdly, because climate change adaptation is not only the responsibility of
municipalities it is also important to be able to engage other stakeholders.
Furthermore Verbeek and Husson (2013) identified two factors that are considered to be most
important for municipalities in climate vulnerability assessment:

1. Low data requirements; retrieval of data can be difficult, expensive and time consuming.
The methods should make optimal use of the data that is already available.
2. Low costs and complexity; the method used should allow for easy interpretable results
that are suitable for communication with other stakeholders, in and outside the
municipality. Meaning that both the outcomes and steps leading to the outcomes should
be understandable for non-technical people.
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2.4.3 Adaptation measures
The adverse health effects that result from extreme heat can be prevented (Bao et al, 2015).
Because there are different effects of heat on humans, there is not one heat measure that solves
everything. Kluck et al, (2016) make a distinction between three types of adaptation measures:

1. Adaption in the social domain: care plans, assistance plans, tropical schedule, adjusted
opening times, heat plans and heat warning systems in order to enhance change in
behavior.
2. Adaptation to buildings: adjustments to keep the indoor climate pleasant, such as blinds
ventilation, climate control and insulation.
3. Spatial adaptation: adaptations in urban design such as green, shade, ventilation or
water forms to create coolness in the outdoor space and to limit the Urban Heat Island
effect.

2.4.3.1 Adaptation in social domain:
An example of adaptation in the social domain is the National Heat Plan (Hagens & Bruggen, 2015)
which was formed in 2006 and revised in 2015. This heat plan is a communication plan, in which
the GGD and the Red Cross have an important task. They are warned by the RIVM if the KNMI
expects a period of at least four days with temperatures above 27C. The GGD then communicates
the heat alert to for example, health care institutions so that they can initiate a heath protocol
(Kluck et al, 2016).

2.4.3.2 Adaptation to buildings:
Adaptation measures to reduce indoor temperatures at building level include additional
insulation, natural ventilation, external solar shading and an increase of albedo value of walls and
roofs (van Hooff et al, 2015). Green- walls and roofs have little effect on the indoor temperature
Van Hooff et al, (2015). The use of air conditioning can actively cool the indoor environment this
adaptation measure is however better to be avoided since it produces heat and therefore
contributes to the Urban Heat Island effect and they use energy resulting in contribution to
climate change.
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2.4.3.3 Spatial adaptation:
Adaptation measures at spatial level are aimed at reducing the Urban Heat Island effect and the
improvement of temperature perception (thermal comfort). In the Climate Proof Cities report
various cooling measures for spatial adaptation are discussed (Hove et al, 2014). Applying more
green is a good measure against the Urban Heat Island effect. Street trees are the most effective
in reducing the local outdoor temperature by the combination of shadow effect and evaporative
cooling. The placement of trees compared to the sun and wind direction are important. Kluck et
al, (2016) stated that greening is not always an option in every situation. Other conceivable
solutions for urban cooling are for example, the use of spray water for evaporative cooling,
hanging up cloths to create shade or creating airflows to improve ventilation within the urban
area.

2.5 Conclusion
Climate change and urbanization together ensure that citizens are increasingly exposed to
extreme temperatures in the future. With increasing temperatures the risk of heat stress and the
associated negative health effects also increase. Humans are not equally affected by extreme
temperatures but the impacts of heat events on human health largely depends on factors such as
characteristics of the urban environment (Urban Heat Island effect) and human vulnerabilities, in
addition to meteorology and climatology of heat waves.
In this literature review multiple factors influencing the heat health relationship have been
identified. By contextualizing these factors it is possible to identify vulnerable locations where the
risk on negative health effects of heat are relatively higher. International researchers have
mapped heat vulnerability across multiple international urban environments using GIS. Although
there are no established rules to map heat vulnerability, several stages have been identified in
the literature that can be followed to map heat vulnerability.
Dutch municipalities do recognize the problem of heat stress, but do not yet know how to define
it and struggle formulating the right approach to the heat problem. Identifying vulnerable
locations can help to formulate specific adaptation and mitigation strategies. According to Dutch
municipalities a vulnerability assessment should involve; low data requirements, low costs and
complexity. These requirements together with the factors that influence the heat health
relationship and the stages involved in mapping heat vulnerability, form an important basis to
construct a heat vulnerability tool for Dutch municipalities.
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3. GIS-BASED TOOL
The main objective of this research is to define a GIS-based tool that provides insight into human
health vulnerability to heatwaves in Dutch urban areas. In the previous chapter, several topics
are addressed to build a foundation for this chapter and the tool. This chapter uses these lessons
learned from the literature in order to develop a theoretical framework for constructing a heat
vulnerability tool for Dutch application. The methodology applied follows the stages from the
study by Tate (2012).
Section 3.1 is used to define the goal of the GIS-based tool. Section 3.2 elaborates on the choices
in structural design of the tool. Section 3.3 is used to make a selection of exposure and sensitivity
indicators to include in the tool. Section 3.4 explains what variables are chosen to represent the
exposure and sensitivity indicators. In section 3.5 a scale of analyses is chosen to represent the
data variables. Section 3.6 represents the conceptual model linking the exposure and sensitivity
variables. Section 3.7 is used to transform, normalize, weigh and combine the data. Finally, in
section 3.8 it is explained why and how to analyze relationships among the chosen variables and
conclusions are drawn in section 3.9.

Construction Management and Engineering

57

3.1 Goal of the tool
The goal of the index which will be implemented as a tool is to map and understand relative
differences in human health vulnerability for heatwaves across the urban environment. Someone
is vulnerable to heat if he or she is susceptible to the negative effects of heat and unable to cope
with them. A heat vulnerability index is able to capture this vulnerability with the use of
environmental and social indices. An important consideration in the development of an
vulnerability index is the trade-off between complexity and simplicity (Wolf, 2015). A lot of
vulnerability indexes involve high complexity through over parameterization and inclusion of
unimportant factors. This makes the index difficult to understand and therefore difficult to use
due to the high amount of data that is required and results in a reluctant uptake by stakeholders
(Saltelli & Funtowicz, 2004). In addition, Dutch municipalities have indicated the need for a tool
with low complexity and data requirements. For these reasons, the methodology utilized in this
study is kept transparent and simple on purpose in order to increase the chance of uptake by
stakeholders. By satisfying the requirement of low data requirements it is chosen to use the
environmental and social data that is readily accessible through CBS (2018). The method should
be easy interpretable, meaning that both outcomes and steps leading to the outcomes should be
understandable for politicians and decision makers.

3.2 Structural design of the index
Choosing a structure is not an aim in itself but a means to represent how the indicators are
structured and related. Thus, what structure explained in paragraph 2.3.4, can best represent
spatial vulnerability? Up to now, no structure has proven to be inherently better than the other
structures. The biggest difference between the inductive approach and the deductive and
hierarchical approach is that in the inductive approach variables are reduced to a smaller amount
of variables using statistical techniques. While in the deductive and hierarchical approach
indicators and the representing variables are chosen by the researcher. In addition, PCA is also
regularly used to weigh factors in the inductive method by using the percentage of the variance
the factor explains as weight. In the lack of objective methods to select variables and weights it is
understandable that decisions are made based on the variance explained. However, these choices
should be made based on information explaining the variable’s influence on vulnerability rather
than reflecting spatial relationships. Finally, depending on the amount of vulnerability indicators
involved and their mutual relationships either a deductive of hierarchical model is preferred.
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3.3 Vulnerability indicators selection
The ultimate goal would be to select indicators based on a proven relationship with heat mortality
and or morbidity in the Dutch context. There is however, a relative small amount of research
available on factors that influence heat mortality or morbidity in the Netherlands. Elderly and
people with pre-existing health impairments are also in Dutch research disproportionate
vulnerable. While other factors (e.g. socio-economic status, isolation and ethnicity) have not been
researched in the Netherlands, GGD adopted conclusions from international literature. Figure 12
shows an overview of all the factors, obtained from the literature that can influence heat
vulnerability within an urban area.

Figure 12: Potential factors influencing vulnerability to extreme heat events in Dutch urban
areas (adopted and refined based on Loughnan et al, 2013)
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Some factors such as age directly affect heat vulnerability, while factors such as income indirectly
influence the vulnerability to heat through the quality of housing and access to health care. The
number of factors shows how context-dependent vulnerability to heat can be within an urban
area. Understanding how these factors influence the heat health relationship in Dutch cities can
provide important information on what factors to include in the GIS-based tool and how to weigh
them. However, this information is still limited while a major critique on the vulnerability indicator
selection stage is that it is rather subjective (Holand and Lujala, 2013). Including all indicators
could arguably be an objective interpretation of this stage. However, without proof in Dutch
context there is a significant risk that several indicators are included that are not relevant for the
Dutch situation. In order to reduce this risk and increase the objectivity of this phase, it was
decided in this research to select the indicators based on the level of evidence and agreement
that exist within the international literature about the indicators contribution to heat vulnerability.
Selecting indicators that have proven to modify the heat health relationship in multiple contexts
with significant amount of evidence and agreement increases the likelihood that these indicators
are also relevant for the Dutch context and vulnerability tool.
The degree of evidence and agreement that exists in the international literature about the
influence of these factors can be represented by figure 13 adopted from Romero-Lankao et al,
(2012).

Figure 13: Level of evidence and agreement within international literature about factor
contribution to heat vulnerability (Romero-Lankao et al, 2012)
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There is a medium to high level of agreement and amount of evidence among international
researchers that the factors heatwave characteristics, Urban Heat Island, housing quality, age,
health conditions, socioeconomic status, social isolation and air conditioning are important
determinants of heat vulnerability (Romero-Lankao et al, 2012). These have proven to be a
modifier of the heat health relationship in multiple contexts. While other factors like air pollution,
urban green, urban density and ethnicity are among the factors where the amount of evidence
or level of agreement remains small and are more context dependent. All these factors should be
considered when mapping human heat vulnerability. However, as long as Dutch research on these
factors remains limited, it is decided to choose the factors that have proven to modify the heat
health relationship in multiple international contexts (e.g. heatwave characteristics, Urban Heat
Island, housing quality, age, health conditions, socioeconomic status, social isolation and air
conditioning).
Since this study aims to understand the specific intra-urban nature of vulnerability to extreme
heat Urban Heat Island effect is taken as exposure indicator. Urban Heat Island effect ensures
that different air temperatures are experienced throughout the urban area. While the heatwave
characteristics intensity, duration and timing are important determents of heat exposure these
are the same within the entire urban area and therefore not included in the analysis. In this study
four sensitivity indicators are chosen (age, health conditions, housing, socio-economic status and
isolation) that have been demonstrated to modify the relationship between heat and health
outcomes in the literature. Air conditioning is internationally considered as an important heat
vulnerability indicator. In the Netherlands however, air-conditioning is rarely applied for domestic
use. For this reason, air-conditioning is excluded from the model.

3.4 Variable selection
In order to quantify the vulnerability indicators selected in the previous paragraph it is necessary
to select data variables that can represent these indicators. In the ideal situation the data directly
represents the vulnerability indicator. However, due to the complexity of factors involved or the
lack of data available sometimes proxy variables are chosen to represent the vulnerability
indicator. A proxy variable is a variable that is not in itself directly relevant but serves in place of
an unobservable or immeasurable variable. This paragraph is used to link observable data
variables to the selected vulnerability indicators in the previous paragraph. Since several
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municipalities are already in the possession of a map of the Urban Heat Island effect in their area,
it assumed that these are supplied by the municipality.
For the elderly indicator, an age limit of 75 years has been chosen because this age group is the
most vulnerable group for heat stress (Kovats & Hajat, 2008). People in the age group between
65 and 75 years are also more vulnerable but in this age group heat tolerance is not so much
influenced by age, but by their physical condition. Young children (0-4) are another sensitive
group at risk. However in this study children are not included because of difficulties in locating
detailed data. People suffering from pre-existing medical conditions were also found to be more
sensitive to heat. This involves people with cardiovascular disease, respiratory disease, physically
limitations, psychiatric illness, diabetes, neurological disease and cancer (GGD, 2012). Ideally it
would be best if there is data available on the amount and location of people with these specific
medical conditions. In the case of diabetes and psychiatric illness RIVM (2016) does have
comparable data available on the neighborhood level. However, data is not available for the other
specific conditions. That is why in this study the proportion of people who suffer from a long-term
illness is chosen as a proxy variable of people with pre-existing medical conditions. This concerns
adults who have indicated that they suffer from one or more long-term illnesses or disorders
(RIVM, 2016).
Although in some studies assessed by Remero-Lankao et al, (2012) no clear relationship was
found between income and temperature mortality, other studies have a significant relation.
Undoubtedly, the availability of income and other individual resources (e.g., amenities, health
services, and quality of dwellings) determines people’s ability to protect themselves from the
consequences of high temperatures (Romero-Lankao et al, 2012). The same accounts for people
who live in social isolation. The studies assessed by Romero-Lankao et al, (2012) have shown
mixed results for the influence of social isolation. It is accepted in social sciences that social capital
(e.g., family support, participation in networks and individual levels of social trust) is a significant
determinant of vulnerability to health hazards and risks (Cutter et al, 2003). Both income and
social isolation are expected to influence the sensitivity to heat, but this relationship has not
always been apparent in all the studies. For this reason, it was decided to combine both factors
into a socio-economic status factor. The proportion of households with an income below or
around the social minimum is chosen as a proxy for income. The proportion of people that
experience (very) serious loneliness is chosen as a proxy for isolation (RIVM, 2016). Each of the
variables account for 50% of the socio-economic status indicator. In this way both factors are
taken into account without being counted as heavily as the more proven factors like the elderly
and people with health conditions.
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Finally, housing is an important filter between outdoor and indoor temperatures especially
because people spend most of the day indoors and not outside on the street. In an ideal situation
a housing variable would directly represent the potential amount of overheating hours of a home
during a heatwave. However, there have been identified multiple factors that influence the
relationship between summer indoor and outdoor temperatures (e.g. insulation, lack of blinds,
large glass surfaces, living under the roof, occupant behavior and lack of possibilities to ventilate;
van Hooff et al, 2014). However, managing heat in older buildings is arguably the most difficult
due to the limited amount of insulation (White-Newsome, 2012). This is confirmed in the study
of Vandertorren et al, (2006), where the mortality rates in Paris during a heat wave were stronger
among the residents of buildings that were built before 1975. The threshold of 1975 is also
relevant for the Netherlands since here too houses built before 1975 are not or barely isolated.
Thus, the proportion of housing built before 1975 is chosen as a proxy for housing quality.

3.5 Scale of Analyses
It would be best to map vulnerability at a scale where vulnerability is manifested, in the case of
human health at the personal level (Kienberger et al, 2013). However, with the current data
availability this is not realistic see table 1. Remote sensing techniques and mathematical models
give a detailed local representation of where and to what extent the Urban Heat Island effect is
present. However, the sociodemographic factors stand in the way of a detailed vulnerability
representation. At best, sociodemographic factors are available at four digit zip-code level due to
privacy reasons. In addition, data such as those on people living in social isolation or suffering
from a long-term illness are generally based on surveys and mathematical models. This means
that if more detailed information is required, the sample size of the survey must be significantly
larger. Resulting in the fact that this data is at best available at the neighborhood level. Fine scaled
Urban Heat Island maps developed using remote sensing techniques or mathematical models can
be rescaled to neighborhood or zip-code level using Spatial Analyst Tool in GIS obtaining local cell
statistics for each neighborhood, obtaining the mean value as proxy variable (Esri, 2016).
Vulnerability factor:

Proxy variable:

Scale of data available:

Source:

Urban Heat Island

Mean relative
temperature

Local level

Externally provided
by local municipality

Housing quality

Construction age

Building level

CBS (2018)

Age

Elderly (75+)

Zip-code level

CBS (2018)
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Pre-existing medical
conditions (cardiovascular
disease, respiratory
disease, physically
limitations, psychiatric
illness, diabetes,
neurological disease and
cancer)

Proportion of people who
suffer from one or more
long-term illnesses or
disorders

Neighborhood level

RIVM (2016)

Socioeconomic status

Households with an
income below or around
the social minimum

Neighborhood level

CBS (2016)

Isolation

Proportion of people that
experience (very) serious
loneliness

Neighborhood level

RIVM (2016)

Table 1: Vulnerability factor, chosen proxy variables, and scale and source of available data

3.6 Conceptual model
Following Loughnan et al, (2013) heat vulnerability is described as a function of exposure,
sensitivity and adaptive capacity. Within the literature there is ambiguity about whether
indicators belong to sensitivity or adaptive capacity. The study by Loughnan et al, (2013)
categorizes socioeconomic status under sensitivity while Romero-Lankao (2011) categorizes it
under adaptive capacity. In the case of this study, no distinction is made between sensitivity and
adaptive capacity categories because they both determine whether someone is able to cope with
heat exposure. That is why it was decided in this study to apply a two division of heat exposure
and sensitivity. If one of these elements is missing, there is no vulnerability.
In this research the Urban Heat Island effect solely represents heat exposure since the Urban Heat
Island effect increases local temperatures. While the other four variables (age, pre-existing
medical conditions, socioeconomic status, isolation and housing quality) are combined into a
single sensitivity index that indicates to what extent the residents of a neighborhood are sensitive
to heat. The exposure and sensitivity index are combined to form the heat vulnerability index.
Which forms the heat vulnerability index structure of the tool (figure 14).
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Figure 14: Heat vulnerability index structure for Dutch urban areas
Now the scale of analysis, the indicator set and model structure are clear the remaining steps of
the approach by Tate (2013) will be explained namely; Transformation-, Normalization-,
Weighting- and Combining of the data.

3.7 Transforming, normalizing, weighting and combining the data
The next step in the applied methodology is to transform the data from the sensitive data layer
into absolute or relative proportion of sensitive population. If high sensitivity is best characterized
by the absolute number or relative proportion of sensitive population remains unclear in the
literature (Rygel et al, 2006). For absolute values, there is a danger that the areas with the greatest
sensitivity are equal to the areas with the largest population (Jones & Andrey, 2007). For the
relative proportion, there is a danger that a neighborhood with 50 out of 100 people being
sensitive would have the same transformed indicator value as one with 500 out of 1000 (Tate,
2013). Practical application of the tool should reveal whether a relative or absolute
representation is more suitable. After choosing between relative and absolute values the
variables including both exposure and sensitivity are normalized between values of zero and one
by using Min-Max scaling in SPSS using the following equation:
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𝛽= [

𝑥 − 𝑥𝑚𝑖𝑛
]
𝑥𝑚𝑎𝑥 − 𝑥𝑚𝑖𝑛

Where 𝛽 corresponds to the normalized value, x is the original value and 𝑥min and 𝑥max are the
minimum and maximum values of the dataset. Normalizing values ensures that each variable is
illustrated on the same scale and that different data layers can be combined.
When combining layers it is possible to vary weighting values between variables. The ultimate
goal would be to weigh variables objectively based on to their relative explanatory abilities
regarding heat mortality or morbidity data. By adding varied weighting values the process will
become subjective and the maps are open to manipulation. In this study therefore, all weightings
have been kept equal in order to keep the vulnerability map transparent. In addition, other
studies have used equal weighting methods with success (Wolf et al, 2014; Johnson et al, 2012;
Tomlinson, 2011 Vescovi et al, 2005). Thus, the heat vulnerability layer is formed by exposure and
sensitivity both equally weighted at 50%. Sensitivity is formed by the four proxy variables: elderly,
health condition, age of housing and socio-economic status, each weighted equally at 25%. While
exposure is determined by the relative mean of the Urban Heat Island effect in the neighborhood,
which includes: the absence of green, presence of hard surfaces and buildings, shade and water.
Every factor weighed in the validated model, depending on the specific location and the degree
at which these factors are present. Because both exposure and sensitivity are weighed and scaled
equally, vulnerability scores can only be high if both exposure and sensitivity score high.

3.8 Relationships among variables
To investigate the nature of the relationships between vulnerability elements, Pearson’s
correlation can be calculated for each variable. This analysis ensures that the mutual relations
between variables are better understood and, like the vulnerability mapping, can be used to apply
customized strategies for addressing vulnerability to heat.
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3.9 Conclusions
This chapter is used to go through the several stages involved in the development of a heat
vulnerability tool explained in 2.3.4. In the different stages several important choices have been
made which shape the theoretical outline of the vulnerability tool.
In this chapter multiple indicators have been identified which potentially influence the heat
health relationship in Dutch context (section 3.3). However, for most indicators no research has
been conducted as to whether they actually modify the heat health relationship in Dutch context.
Therefore the vulnerability indicator selection for the tool is based on the international context
dependency of the indicators. Indicators with low context dependency were included because
the probability of these indicators to also apply in the Dutch context are high. These indicators
include the Urban Heat Island effect, age, health conditions, housing quality, socio-economic
status and isolation.
Proxy variables are chosen to represent these indicators on the most detailed scale at which all
the data is available, namely at the neighborhood level. Apart from the map of the Urban Heat
Island effect, all data is readily accessible for Dutch municipalities either through RIVM (2016) or
CBS (2018). The conceptual model (section 3.6) shows in which form the data can be combined
and is based on the principle; heat exposure plus heat sensitivity is heat vulnerability. A practical
interpretation of the tool must show whether the data should be represented in an absolute or
relative way. Finally with the lack of an objective way to weigh the variables, it was decided to
keep weights equal.
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4. CASE STUDY: EINDHOVEN
In this chapter the GIS-based tool is applied for practical use as a case study performed in the city
of Eindhoven, the Netherlands. Section 4.1 introduces the Eindhoven case study. Section 4.2 gives
an explanation on the model and map that is adopted in this study to capture the Urban Heat
Island effect in Eindhoven. Section 4.3 describes the application of the tool and presents the
results. In section 4.4 two experts from Dutch municipalities give an evaluation on the tool and
the practical application of the tool on Eindhoven. Finally section 4.5 is used to draw conclusions.
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4.1 Study area
The city of Eindhoven is the sixth largest city in the Netherlands covering over 89 km2 and
inhabiting a population of 231,469 (CBS, Januari 2019). Eindhoven has a sea climate with slightly
warmer summers than the coastal parts of the Netherlands. In figure 15 an overview of climatic
data from Eindhoven since 1981 is given, with highest temperature measured in 2018 at 36.7°C.

Figure 15: Climate data for Eindhoven 1981-2018 (KNMI, 2018)
Dutch census geographic entities have a structured hierarchy. For this research the neighborhood
level was chosen, which is the second most detailed scale level at which data can be obtained.
Data availability at the most detailed level (four digit zip-code) is very low, thus a neighborhood
level analysis has been chosen. This scale level has also been used in various other international
heat vulnerability studies (Tomlinson, 2011; Buscail, 2012). Eindhoven consists of 116
neighborhoods with a surface ranging from 0.13 to 6.26km2 (mean 0.76km2), and a population
from 0 to 7,217 inhabitants (mean, 1975 inhabitants).

4.2 Heat map Eindhoven
As mentioned in paragraph 2.1.3. the Urban Heat Island effect can be mapped using observational
and simulation methods both being widely used to predict the Urban Heat Island phenomenon.
Recently due to extensive computer progress and limitations of observational methods,
researches focused more on simulation approaches (Mirzaei, 2010). In this line, where the
emphasis is more on a simulation approach, Tauw (2018) has developed a model to simulate the
Urban Heat Island effect for Dutch urban areas. This model is also applied to map the Urban Heat
Island effect for the city of Eindhoven and is displayed in figure 16. Data from the simulations is
used as input variable for the Urban Heat Island effect in this case study.
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Figure 16: Heat exposure map under heatwave conditions (2014) city of Eindhoven, Netherlands
(Tauw, 2018)

This particular heat model was developed by the Hogeschool van Amsterdam (HvA) and Tauw
(2018) in order to give a spatial picture of the temperatures during a heat period in municipalities
in the Netherlands. The methodology based on literature and measurement data has been
validated in collaboration with Wageningen University & Research (WUR) and TNO in the urban
areas Eindhoven, Rotterdam and Groningen. The heat model gives a forecast of the local air
temperature at about 1.5m above the ground around 3 pm on a hot afternoon during a fictional
heat wave (almost windless). The maps show the local temperature with a relative scale (from
much cooler to much warmer than outside the city). They therefore do not give absolute
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temperatures (every heat wave is different). The maps thus give an indication of differences in
temperature between different streets and neighborhoods. The model works as follows.
The amount of radiation that is received by the city’s surface is determined by the height of the
buildings. In addition, the model assumes that different types of elements have a particular
heating or cooling effect. Buildings (high-rise buildings, low-rise buildings) and pavements
(urbanization) ensure absorption of radiation and thus retain the heat more strongly. Trees cool
down due to evaporation and shading. A grass field provides cooling to a lesser extent due to
evaporation. Water has a cooling effect on the air temperature above the water. No distinction is
made in type of pavement. This cooler or warmer air gets in the vicinity of these elements through
mixing and drift, which means that the average temperatures near green and water will be lower
and in the case of paving and building will be higher than further away. The individual effects of
the various factors that contribute to the local temperature are 'insulated' as much as possible.
This means that these elements are identified in the different GIS layers, after which the effect
on the environment can be determined. It is assumed that the isolated effects have a linear
cumulative contribution to the heat stress, as shown in figure 17. The share of each effect is
determined by results from measurements taken by Wageningen University (WUR) and
Hogeschool van Amsterdam.

Figure 17: Contribution of individual effect of urbanization on heat stress: water, trees, (absence
of) green, radiation (direct) and radiation (Tauw, 2018)

In the literature, surface temperature measurements are often preferred over air temperature
measurements when there is no efficient way to determine air temperature for the entire city
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(Tomlinson, 2011). With this model being validated for Eindhoven there is a possibility to do this.
Therefore, this study will make use of a heat map (figure 16) derived from the model developed
by the HvA and Tauw instead of the more generally adopted remote sensing method that maps
land surface temperature.

4.3 Tool Application
The implementation of the GIS-based tool is executed, following the steps mentioned in chapter
3. This chapter presents the results of the analysis conducted to evaluate heat vulnerability across
the urban environment of Eindhoven. The paragraph begins with an examination of the exposure
layer which includes the mean Urban Heat Island effect on the neighborhood level. This section
is followed by an analysis of heat sensitivity on neighborhood level including relations among
sensitive elements. Finally the vulnerability map of Eindhoven is presented in combination with
relations between exposure and sensitive elements.

4.3.1 Exposure layer
Although figure 18 is an alternative representation of figure 16 this map shows at neighborhood
level which neighborhoods are most susceptible to the Urban Heat Island effect. Neighborhoods
in the city center and industrial areas are the most subject to the Urban Heat Island effect.
The neighborhoods are divided into classes ranging from very low to very high. Natural breaks
(Jenks) is used as classification method which maximizes the differences between the classes. This
ensures that the differences between neighborhoods form adjacent classes (for example,
between high and very high) are also relatively high. This classification method is used throughout
the rest of the thesis.

Construction Management and Engineering

73

Figure 18: Heat exposure map under heatwave conditions at neighborhood level (2014)
Eindhoven, Netherlands

4.3.2 Sensitivity layer
Eindhoven counts 116 neighborhoods of which 28 neighborhoods were excluded from the
analysis because there was no data available for these neighborhoods on most of the heat
sensitivity indicators. Descriptive statistics of the variables at the neighborhood level for
Eindhoven are presented in table 2.
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Minimum

Maximum

Mean

Std. Deviation

Amount of inhabitants

284

7217

2540.9

1424

Amount of houses

142

2620

1202.6

643

Amount of households

75

2670

1267.1

684

75+(%)

0.2

29.4

8.1

5.6

Low income (%)

0.0

21.4

7.9

4.6

Isolated people (%)

1

13

5.2

2.5

Longterm Illness (%)

3

35

21.6

5.0

0.0

99.7

53.9

31.6

Old houses (%)

Table 2: Descriptive statistics for sensitivity variables Eindhoven

4.3.2.1 Relative or absolute
Because there is no clarity in the literature and both options have their potential disadvantages,
both transformation approaches are compared in Appendix I in order to choose the best suitable
method for this study. In the case of absolute values, the sensitive population per hectare is
examined. This is done because the neighborhoods have different surface areas most likely
resulting in the larger neighborhoods being more sensitive because they include more people.
A relative representation of sensitivity per neighborhood is chosen over absolute representation,
this choice is substantiated by three reasons. Firstly as expected (chapter 2.3.4) the absolute
representation of sensitivity was indeed a close representation of the population density in each
neighborhood with a correlation of 0.835 (Appendix I). Secondly, for the relative presentation
there was the possibility that a neighborhood with 50 out of 100 people being sensitive would
have the same transformed indicator value as one with 500 out of 1000. The exclusion of
neighborhoods with small number of inhabitants due to the absence of data has caused the
chance on such misrepresentation to be reduced. Finally there is also a strong correlation of 0.768
(Appendix I) between the population density and the intensity of the Urban Heat Island effect.
This ensures that population density is already included in the analysis, which results in the fact
that in the final vulnerability score, neighborhoods with smaller amount of inhabitants receive a
lower vulnerability score because they are to a lesser degree subject to the Urban Heat Island
effect.
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4.3.2.2 Relationship among sensitive factors
What is particularly interesting for this work is to inspect the relations between sensitivity factors.
Because the nature of the correlation can offer insight into how sensitive populations are grouped.
Pearson’s r values for the sensitivity variables are presented in table 3.
Notable is that the proportion of elderly in a neighborhood does not correlate with the other
sensitivity variables. Against expectations a high percentage of elderly people in a neighborhood
is not necessarily accompanied by a high percentage of long-term illness or personal isolation.
Other factors do correlate with each other. Neighborhoods with a high proportion of people with
a low income are often also the neighborhoods with relatively high proportion of people suffering
from a long-term illness, personal isolation and are the neighborhoods with high amount of old
housing. In addition, the proportion of isolated people in a neighborhood correlate with the
proportion of people with a long-term illness. Although limited by the scale of the analysis these
correlations indicate that there is a significant group of people that are extra sensitive because
multiple sensitive variables apply to them. For example, the correlations indicate that it is likely
that someone with a long-term illness also lives in social isolation and has little income.

75+ (%)

Low income (%)

Isolated people (%)

Low income (%)

-0.142

Isolated people (%)

-0.055

.359**

Long-term illness
(%)
Old houses (%)

0.168

.304**

.447**

0.162

.537**

0.143

Longterm illness
(%)

.254*

Table 3: Pearson r correlations between sensitivity variables

The four main sensitivity layers for Eindhoven are stored in a GIS database (figure 19).
Concentrations of old people are scattered throughout the city, with some clustering in the north.
This is no surprise since a large proportion of the care homes in Eindhoven are located to the
north of the city center. In addition, the proportion of elderly inside the city center is remarkably
low. As for the neighborhoods with a high proportion of people suffering from a long-term illness
are a bit more clustered, mainly in the north and south east of the city.
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Figure 19: Four heat sensitivity layers at neighborhood level (2018) Eindhoven, Netherlands

The four main sensitivity layers for Eindhoven were combined into a heat sensitivity map (figure
20). Heat sensitive neighborhoods are located outside the ring road and are mainly grouped in
the northern part of the city.
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Figure 20: Heat sensitivity map at neighborhood level (2018) Eindhoven, Netherlands

4.3.3 Heat vulnerability in Eindhoven
The heat vulnerability map is constructed by combining the exposure and sensitivity layer and is
shown in figure 20. In Eindhoven, the neighborhoods with higher vulnerability scores are
generally located in the northern part of the city, while those with the lowest vulnerability scores
tend to be located to the outskirts of the city. This pattern is not universally true, however; based
on the vulnerability scores; four of the top five most vulnerable block groups are located in the
south eastern part of the city. What else is notable is that despite the strong presence of the
Urban Heat Island effect, the city center is relatively invulnerable, due to the low proportion of
heat sensitive people living there.
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Figure 21: Heat vulnerability map (2018) Eindhoven, Netherlands
Relations between exposure- and sensitivity variables are interesting to understand because this
gives an insight in whether sensitive people live in neighborhoods that are susceptible to the
Urban Heat Island effect. What is immediately noticeable from this analysis (Appendix II) is that
the proportion of elderly has a negative correlation (-0.459) with the Urban Heat Island. This
means, that generally spoken the neighborhoods with a relatively high proportion of elderly have
a relatively low exposure to the Urban Heat Island effect. While the proportion of low income
households correlates positively (0.514) with the Urban Heat Island. This means that in general
the neighborhoods with a high proportion of low income households have a relatively high
exposure to the Urban Heat Island effect. This also applies to a lesser degree for people that are
socially isolated (0.237). While other factors and the combined overall sensitivity factors are not
correlated with the Urban Heat Island effect.
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4.4 Expert evaluation of the tool
Although municipalities are not the only organizations that are responsible for managing
vulnerability of heatstress, municipaities do represent the general local management of their
areas. Therefore municipalities have an important role in adaptation measures regarding the
Urban Heat Island effect and heat stress. The tool is build on a theoretical basis with requirements
and guidelines from Dutch municipalities adopted from previous research by Verbeek & Husson
(2013). In this section, a short evaluation is carried out by questioning two municipal experts to
get a first impression on whether there is support within Dutch municipalities to use the tool
developed in this research and whether they still see room for improvement. Expert 1 is a Climate
adaptation advisor at the municipality of Eindhoven and Expert 2 is an Environment advisor at the
municipality of Breda. Both experts were not involved in this research prior to this evaluation.
The section starts by stating the answers of the experts to the three questions that were asked
after which the answers are briefly discussed.

1. Do you think that the heat vulnerability tool can be useful for your organization and why?
Expert 1 Climate adaptation advisor, Eindhoven (personal communication, Februari 2, 2019)
“The vulnerability map and tool are very valuable for the municipality of Eindhoven and form a
good example for other municipalities. The tool provides the next step in visualizing problematic
areas for heat stress by making the step from heat to heatstress at the neighborhood level.”
Expert 2 Environment advisor, Breda (personal communiction, Januari 31, 2019)
“Policy choices must be based more on their influence on human health, this map provides this
insight. The assumption that heatstress can best be tackled in the city center, because of the high
amount of imprevious surfaces, is therefore incorrect if you combine them with sensitive groups.”

2. To what purpose would you use the heat vulnerability map?
Expert 1 Climate adaptation advisor, Eindhoven (personal communication, Februari 2, 2019)
“To make the abstract concept of heatstress more concrete for residents of the urban area and
the parties involved and create awareness about the problem. By identifying vulnerable
neighborhoods, the dialogue can be conducted with stakeholders (municipal health services,
district associations, housing cooperations) on measures and action perspectives. In addition, the
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heat vulnerability map supports prioritization in the implementation plans. The most vulnerable
neighborhoods should be targeted first to take climate-robust measures in public space.”
Expert 2 Environment advisor, Breda (personal communiction, Januari 31, 2019)
“Helps to prioritize in which neighborhood measures against heat stress should be applied first.
This tool helps to view matters integrally, also at the municipal management level. Ensures that
the alderman of health and the alderman of spacial development could discuss overlying issues
such as these more frequently in projects. Furthermore, it can help to shape policy by bringing
together the health and spatial domain.”

3. Where do you see the biggest room for improvement for the heat vulnerability tool?
Expert 1 Climate adaptation advisor, Eindhoven (personal communication, Februari 2, 2019)
In this tool only the ‘living environment’ has been included. It would be nice if the tool is expanded
with the ‘work environment’ as well. Industrial areas are now neglected in the analysis as if there
is no problem there. Temperatures are expected to increase drastically in inudstrial areas due to
the high amounts of imprevious surfaces, making it less ideal for new companies to settle there.
Is it possible to add the heat-senstive group of 0-4 year olds by plotting daycare locations in the
map for example?
Expert 2 Environment advisor, Breda (personal communiction, Januari 31, 2019)
Are babys and small children also not a heat sensitive group? And is there a possibility to also
involve swimming water quality?
Judging on the reactions of the two experts there is indeed support within municipalities to use
the heat vulnerability tool developed in this research. Both experts see the added value of the
tool due to the in depth insight that the tool brings linking heat and human health and the
prioritization that can be applied by using the tool. In addition, both experts indicate that the tool
can be used to initiate discussions between stakeholders from different fields.
Finally both experts indicate that it would be of added value to include babies and smaller children
as a sensitive group. While Expert 1 points to the bigger picture by advising to expand the tool
with the ‘work environment’ where heat is also expected to have negative effects.

Construction Management and Engineering

81

4.5 Conclusions
The purpose of this case study was twofold. On the one hand, the case is used to map human
health vulnerability to heatwaves in Eindhoven. But more importantly, the case is used to
demonstrate the practical application of the GIS-based tool.
Through the practical application of the tool a relative representation of the sensitivity data
variables is chosen over an absolute representation mainly because absolute values were a close
representation of population density. In section 4.3.3 heat vulnerability is mapped on the
neighborhood level across Eindhoven. Despite the Urban Heat Island effect was strongest in the
city center this area is relatively invulnerable due to the low proportion of heat sensitive people
living there.
Furthermore, the mutual relationships between vulnerability variables also yielded interesting
insights. For example, elderly of Eindhoven are generally living in neighborhoods that are
relatively little exposed to the Urban Heat Island effect. While neighborhoods with a high
proportion of low income households are generally highly exposed to the Urban Heat Island effect.
Furthermore, positive correlations among sensitivity variables indicate that there is a significant
group of people that are extra sensitive because multiple sensitive variables apply to them.
Finally, judging on the reactions of the two experts there is support within municipalities to use
the tool. It provides a link between heat and human health, while it enables municipalities to
prioritize in adaptation strategies and initiates discussion between stakeholders.
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5. CONCLUSIONS
Urban areas are confronted with the challenge of both managing warming temperatures and
urban population growth simultaneously. Due to rising temperatures in urban areas, citizens are
at increased risk of the associated negative health effects. Dutch municipalities and other
stakeholders recognize the problem of heat stress, but struggle to define a suitable approach to
the heat problem. With little resources available the most effective approach will be the one that
takes advantage of associations between social and physical environments. An understanding of
where increased heat exposure and sensitive people meet therefore becomes invaluable for
municipalities, public health officials and city planners.

5.1 Sub-questions:
In order to answer the main research question, five sub-questions had to be answered. The first
sub-question involves understanding what Urban Heat Islands are and how they can be mapped.
Within an urban area the Urban Heat Island effect ensures that different levels of heat exposure
are experienced throughout the city. The lack of vegetation and the high amount of impervious
surfaces in urban areas compared to rural areas have increased temperatures within Dutch urban
areas up to 10°C. The Urban Heat Island effect can be mapped throughout an urban area using
remote sensing technologies and mathematical simulation models. Regarding the second subquestion, increased temperatures can have several impacts on human health. From mild impacts
on quality of life through reduced thermal comfort, sleep disturbance or reduced productivity, to
serious health problems causing heat related diseases, worsening existing illnesses or even
premature death. Concerning the third sub-question, the urban population is not equally affected
by extreme temperatures. Environmental and socio-demographic factors influence the extent to
which someone is affected by extreme temperatures. These potential factors identified in this
study influencing the heat health relationship in Dutch context are summarized in figure 12.
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Figure 22: Potential factors influencing vulnerability to extreme heat events in Dutch urban
areas (adopted and refined based on Loughnan et al, 2013)
The human sensitivity factors with the most evidence and agreement within international
literature that also apply to the Dutch situation are age, pre-existing health conditions,
socioeconomic status and housing quality. Regarding sub-question four, sensitivity factors can be
quantified and mapped using data variables representing a sensitivity factor. Factors such as age
can be directly represented with available data. Whereas other factors such as housing quality
have to be represented by a proxy variable (e.g. construction age), due to the complexity of
factors involved and the lack of data available. With respect to the fifth and final sub-question,
vulnerability assessment would be useful for Dutch municipalities to identify vulnerable locations,
make more informed decisions, provide argumentation for adaptations, and help engaging other
stakeholders. In addition, according to Dutch municipalities such a vulnerability assessment
should have low data requirements, involve little costs and should be easy interpretable.
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5.2 Main research question
The purpose of this thesis has been to develop a tool that is able to highlight areas where people
are most vulnerable to the effects of high temperatures and to answer the associated main
research question:
“How does a GIS-based tool look like that gains insight into human health vulnerability to
heatwaves in Dutch urban areas?”
Research on human health vulnerability to heatwaves in the Dutch context is relatively limited.
Therefore a key outcome of this research, is the collection of potential environmental and social
factors influencing heat vulnerability in Dutch urban areas (figure 12). This gives an overview of
the potential factors to include in a GIS-based tool. Subsequently, a selection of six factors (e.g.
Urban Heat Island effect, age, pre-existing health conditions, socio-economic status, isolation and
quality of housing) is made of which the evidence and level of agreement is highest within the
international literature that these factors influence the heat health relationship. These are
quantified using pre-existing digital data variables that are readily accessible for most
municipalities and combined in this research to construct a heat vulnerability tool. This makes the
tool accessible and relatively easily applicable for other municipalities. The variables are
combined based on the principle that vulnerability is a function of exposure and sensitivity and
are weighted equally because there is no objective way available to weigh the variables.
Finally the tool has been applied to the municipality of Eindhoven in order to demonstrate the
functioning of the tool. The heat vulnerability tool highlights neighborhoods in Eindhoven which
are more vulnerable to high temperatures and the associated negative health effects. Judging on
two municipal experts there is support within municipalities to use the heat vulnerability tool.
Because the tool provides a link between heat and human health, while enabling municipalities
to prioritize in adaptation strategies and initiates discussion between stakeholders.

5.3 Limitations
The major short coming of this research is that no validation of the tool has been applied.
Indicators applied in the tool are selected based on national or international evidence that they
contribute to the relationship between heat and health. However, the tool as a whole has like
multiple other heat vulnerability assessments not been validated. In addition, for some
vulnerability indicators proxy variables are chosen that might not adequately represent the local
Construction Management and Engineering

85

circumstances. Housing quality, for example, is in this research represented by the construction
age of the building. Although this seems to be the best variable to indicate the degree of housing
insolation applied, other factors that could influence the indoor temperature are neglected. In
addition, due to data availability, the scale level of the tool might not correspond to the location
or scale where vulnerability is manifested.
Despite these limitations, this tool and the associated research offers the foundations for a spatial
decision support tool for the Dutch urban environment. Supporting local authorities to allocate
their resources more efficiently and raise awareness among other stakeholders.

86

T.J.P. (Tom) Verputten

TU/e

6. RECOMMENDATIONS
The tool could be used to select neighborhoods where people are at highest risk from heat. In
addition, the tool provides insight into the composition of different vulnerability factors present
in a specific neighborhoods. The tool could assist heat warning systems, municipalities and
planners in targeting these high risk areas and form adaptation strategies to protect urban
residents from high temperatures. It is recommended, to use the tool in combination with
separate maps of the underlying indices to identify which dimension contributes the most to
health vulnerability for a given area. In addition, maps of separate indices can provide more
detailed information because some of them are available on a higher resolution.
In the case of spatial adaption, the municipality of Eindhoven can now set up a plan to increase
the amount of vegetation in the neighborhoods where heat vulnerability is highest. This
prioritization ensures that the Urban Heat Island effect is limited in the neighborhoods where the
risk of negative health consequences is highest. By using the tool in combination with the separate
Urban Heat Island effect map (figure 16) the municipality of Eindhoven can select areas within
these most heat vulnerable neighborhoods where the Urban Heat Island effect is most present.
It is also recommended to make use of the nature and direction of relationships between different
vulnerability variables. In the Eindhoven case study significant associations between variables
were identified. City planners and public health officials should use this information when
developing adaptive mitigation policies by capitalizing on these relationships. For example, the
negative relationship between the elderly and the Urban Heat Island effect in Eindhoven means
that the elderly receive relatively little exposure to the Urban Heat Island effect. This means that
the effectiveness of spatial adaptation to reduce the Urban Heat Island effect will have relatively
little effect on the negative health effects of heat among elderly in Eindhoven.
Future research should focus on conducting more research on environmental and social factors
influencing the heat health relationship in the Netherlands. Local heat mortality data for example,
could support as a tool validation method as suggested by Woodruff (2017). It is however
important to note that by choosing a heat vulnerability validation dataset such as mortality data
other possible health outcomes such as hospital admissions are neglected. As there is no device
that can measure general vulnerability choosing a certain validation dataset must be done by
keeping in mind that it is not a one on one representation of vulnerability. But such validations
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can provide objective guidelines to support weighting and indicator inclusion decisions in the
further development of the Dutch heat vulnerability tool.
For example, heat mortality data from Eindhoven collected over a consecutive number of
summers can help to validate the heat vulnerability map of Eindhoven. By investigating whether
there are indeed more heat deaths in the most vulnerable neighborhoods. As a result, weights
can also be assigned in an objective way to the factors depending on the extent to which they
affect the heat mortality rates.
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Appendix I Pearson correlation sensitivity factors

Correlations
AIperha
AIperha

Pearson Correlation
1
Sig. (2-tailed)
N
88
Nscore(meantemp) Pearson Correlation
.768**
Sig. (2-tailed)
.000
N
88
NOSensitive1
Pearson Correlation
.835**
Sig. (2-tailed)
.000
N
88
NPSensitive
Pearson Correlation
.242*
Sig. (2-tailed)
.023
N
88
**. Correlation is significant at the 0.01 level (2-tailed).
*. Correlation is significant at the 0.05 level (2-tailed).

Nscore(mea
ntemp)
.768**
.000
88
1
88
.575**
.000
88
.072
.507
88

NOSensitive
1
.835**
.000
88
.575**
.000
88
1
88
.690**
.000
88

NPSensitiv
e
.242*
.023
88
.072
.507
88
.690**
.000
88
1
88

AIperha = Amount of Inhabitants per hectare
Nscore(meantemp) = Urban Heat Island effect score
NOSensitive = Absolute Sensitivity score
NPSensitive = Relative Sensitivity score
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Appendix II correlation exposure and sensitivity factors
NUHI

NUHI

Pearson
Correlation
Sig. (2-tailed)
N

NPSensitiv
e

Pearson
Correlation
Sig. (2-tailed)
N

75+ (%)

Pearson
Correlation
Sig. (2-tailed)
N

Low
income
(%)

Pearson
Correlation
Sig. (2-tailed)
N

Isolated
people (%)

Pearson
Correlation
Sig. (2-tailed)
N

Longterm
illness (%)

Pearson
Correlation
Sig. (2-tailed)
N

Old houses
(%)

Pearson
Correlation
Sig. (2-tailed)
N

.072

-.459**

Low
income
(%)
.514**

.507

.000

.000

.026

.886

.167

88

88

88

88

88

88

88

.072

1

.429**

.592**

.464**

.698**

.791**

.000

.000

.000

.000

.000

1

NPSensiti
ve

.507

75+
(%)

Isolated
people
(%)
.237*

Longter
m illness
(%)
.016

Old
houses
(%)
.149

88

88

88

88

88

88

88

-.459*
*
.000

.429**

1

-.142

-.055

.168

.162

.187

.611

.117

.132

88

88

88

88

88

88

88

.514**

.592**

-.142

1

.359**

.304**

.537**

.000

.000

.187

.001

.004

.000

88

88

88

88

88

88

88

.237*

.464**

-.055

.359**

1

.447**

.143

.026

.000

.611

.001

.000

.185

88

88

88

88

88

88

88

.016

.698**

.168

.304**

.447**

1

.254*

.886

.000

.117

.004

.000

88

88

88

88

88

88

88

.149

.791**

.162

.537**

.143

.254*

1

.167

.000

.132

.000

.185

.017

88

88

88

88

88

88

.000

.017

NUHI = Urban Heat Island effect score
NPSensitive = Relative Sensitivity score
75+ = Percentage of 75+
Low income = Percentage of households with an income below or around the social minimum
Isolated people = Percentage people that experience (very) serious loneliness
Longterm illness = Percentage of people who suffer from a long-term illness
Old houses = Percentage of houses built before 1975
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