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Executive summary
The rapid development of urban areas poses numerous problems for both urban planners
and citizens. The uncertainties associated with climate change are making the situation even
more complicated. It is unknown when an extreme climatic event will strike, what will be
its duration and power. The concept of urban resilience perceived to be promising in that
regards. Planning resilient “fail-to-safe” instead of conventional “fail-safe” cities provide us
with evidence in a positive future for urban areas. However, the practice of urban resilience
is holding up due to a variety of discrepancies: about its meaning, how it can be assessed,
and what are the potential solutions for it. During the last decade, cities have been accumu-
lating a lot of data that is available now for public use. Advances in hardware and software
engineering boosted machine learning field and provided it with a possibility efficiently pro-
cess and analyze complex data sets. To bridge the gap between the theory and practice of
urban resilience, it is proposed to use open data and machine learning algorithms for its
assessment.

This study has three major outcomes. First, a new conceptual framework is created. This
framework combines vulnerability concept with socio-ecological resilience. Resilience, in this
case, is not general, but shock-specific: a city should be resilient to extreme heat. To op-
erationalize the components of socio-ecological resilience, three theory-based infrastructure
solutions are proposed: critical, green, and social. Critical infrastructure is represented by
ambulance services. Green infrastructure stands for vegetation in the form of trees, shrubs,
and grass. Social infrastructure is an umbrella term for places where people can gather,
build up, or improve their relationships. Important to mention that the proposed frame-
work is relatively flexible. It can be reconfigured for other shocks such as flooding or an
earthquake.

Secondly, an advanced computational framework is developed. The goal of this frame-
work is to convert proposed concepts to measurable indicators. To do so, it uses a variety of
open data sources and machine learning algorithms. The data sets are covering: ambulance
calls and temperature, socioeconomic, socio-demographic attributes and health indicators,
amenity locations, street networks, and places popularity. The concept of vulnerability is
operationalized with time series forecasting (to study the impact of the heat wave on the
population), dimensionality reduction and clustering (map vulnerable people in the city),
and regression (identify relations between the heat wave calls and population characteris-
tics). Socio-ecological resilience and corresponding infrastructures are analyzed with net-
work analysis (the lengths of the routes) and geospatial analysis (clustering the objects into
groups).

Thirdly, created computational framework is applied to the case study: The Hague. The
results are divided into three parts: extensive analysis of the recent heat wave, assessment of
population vulnerability, and resilience capacities. It was found that the recent heat wave of
July 2019 had a significant impact not only The Hague’s population but also on the citizens of
Rotterdam and Amsterdam. This fact is demonstrated by the number of ambulance calls that
has doubled and even tripled during the heat wave. Besides, the study confirmed the fact
the vulnerability is unequally distributed in time and space. There are certain periods where
the number of calls is higher, and there are specific areas in the city where from more calls
were made. Prediction of ambulance calls is possible but highly challenging if an extreme
even is taken into account. The analysis revealed that the number of ambulance calls made
from the urban heat islands in the city center was higher than on average.

Vulnerability assessment strengthens the conclusions of the previous part. Vulnerable
population is unequally distributed across the city. Based on identified profiles (a unique
combination of citizens attributes), the areas for specific attention were found. Importantly,
the granularity of the data allows us to go beyond the discussion of districts or neighborhoods.
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iv Executive summary

500 by 500 𝑚ኼ resolution provides us with a possibility for more precise interventions. Re-
gression analysis revealed two important insights. The number of citizens above 65 years old
cannot fully explain the number of ambulance call made during the heat wave. It is quite
controversial. The simplest vulnerability model imposes that the age group is a single major
factor. Second, the improved vulnerability model based on the profiles did not demonstrate
significant relations with ambulance calls. This finding stresses the importance of concepts
of green and social infrastructure for combating extreme heat threat.

Resilience capacities assessment is divided by the type of infrastructure: assessment of
critical, green, and social. It was found that all parts of the city are relatively well-connected
to the hospitals. The lengths of the shortest driving route from any hospital to any polygon
within the city do not exceed 4.2 kilometers. It turned out that the number of trees in the city
center is relatively small in comparison to the southwest. Importantly, within this area, there
is a high concentration of vulnerable individuals. The study revealed that for inhabitants of
certain parts of the city, southwest, for instance, the libraries (the chosen type of social
infrastructure) are hardly reachable. Again, this part of the city has a high concentration of
vulnerable individuals and communities.

Most publications on urban resilience use a single case study or innovative solutions as
a source for analysis and conclusions. Opposite to it, this research uses open data and ma-
chine learning algorithms to operationalize urban resilience. Such an approach promotes
reusability of the results and back up existent empirical evidence with numbers. For in-
stance, vulnerability, as well as resilience capacities, are unequally distributed across the
city. Besides, the mismatch between the number of ambulance calls and demography pointed
out the need for bottom-up resilient solutions. The data sets used in this study can be used
for establishing better data collection practices. This was quite limited by the data available
on critical, green, and social infrastructures. With more extensive data sets defined in line
with the created conceptual framework, a much better picture of how resilient is the city can
be obtained.

Based on these findings, a policy advice is formulated. There is a need for investments
in The Hague’s green and social infrastructures. Such solutions installed in specific parts of
the city will enhance absorptive and adaptive capacities and make The Hague more resilient.
In simple terms, vegetation will decrease the temperature within the areas of its placement
and combats urban heat island effect. Libraries promote establishing better relationships
that are extremely useful when extreme event happening.
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1
Introduction

This chapter discusses some of the major problems of modern urban areas such as urban-
ization, climate change, and extreme heat. The complexity of the challenges requires an
alternative to conventional planning approach: urban resilience. However, it is unclear how
the assessment of such an abstract concept can be made. The proposed method is a combi-
nation of open data and machine learning algorithms. This discussion is summarized in the
research gap and research questions.

1.1. Problem
1.1.1. Grand challenges: urbanization, climate change and extreme heat
During the last decade, the evidence for the ubiquitous growth of cities and their future
importance has become highly recognizable. According to the latest projections, the urban
population will increase to 68 percent by 2050 (United Nations, 2017). Today more than
80 percent of the world GDP is generated by cities, and therefore they can be considered as
the main contributors or barriers to sustainable development. As a response, governmental
bodies and international organizations have raised the priority of urbanization problems in
their agenda.

The need for inclusive, safe, resilient, and sustainable cities was recognized by the United
Nations and transferred in Sustainable Development Goal number eleven (United Nations,
2018b). This goal poses a set of seven targets that should be achieved by 2030. The set
covers multiple aspects of urban life, for instance, poverty, climate change, and healthcare.
The key players in the political arena have built their agendas around this goal. For example,
the World Bank aimed at facilitating the building of sustainable cities and communities. To
achieve this, it invests on average $6 billion in urban development and resilience projects
every year (World Bank, 2019).

Alongside policy-makers, academia also stresses the challenges of such rapid urbaniza-
tion. The consequences vary: from massive degradation of ecological systems (Alberti, 2005;
Pickett et al., 2011), to plausible disruptive effects caused by flooding and urban heat islands
(McGranahan et al., 2007; Rizwan et al., 2008). As much as is known about specific issues
and cases, there is a lack of comprehensive understanding of cities (Batty, 2013). Usually,
researchers are driven by a specific issue of interest and tend to narrow the study. Bet-
tencourt et al. argued that there is a need for predictive and quantitative theory to ensure
sustainable development. They proposed a set of empirically found relations, so-called ”scal-
ing laws” (Batty, 2013), between the total population of a city and a variety of indicators:
serious crimes, HIV cases, and GDP. As the population grows, the corresponding indicators
also grow exercising urban planning in place.

Apart from the issuesmentioned above, significant attention is given to climate change. An
agency of the United Nations, UN-Habitat, responsible for human settlements and sustain-
able urban development, emphasized the disastrous impacts of climate change on the future
of cities (UN-Habitat, 2011). According to UN-Habitat, the rise in temperature will result in
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2 1. Introduction

more frequent storms and cyclones as well as in extreme heat and heatwaves. Problemati-
cally, the population groups that are the most vulnerable to climate change related problems
are usually urban poor and elderly. In the latest report by Intergovernmental Panel on Cli-
mate Change (IPCC) - a part of UN responsible for accessing climate change, it was stated
that climate change is a complex issue that is connected to multiple areas such as water
scarcity, drought and health (Intergovernmental Panel on Climate Change, 2018).

Various researchers highlighted the devastating effects of climate change on urban ar-
eas. One of the main problems here is extreme temperatures. The extreme heat in the form
of heatwaves spreads unequally across the city, thus creating microclimates: urban areas
where the temperature is significantly higher than in other city areas called urban heat is-
lands. Bowler et al. (2010) stressed the connection between heat waves and heat strokes,
hyperthermia, and increased death rates. The authors presented empirical evidence in fa-
vor of greening to reduce health problems caused by climate change. Rizwan et al. (2008)
stated that rapid urbanization leads to accumulation of heat in cities and as a result, in-
crease energy consumption and, again, can serve as a cause of increased mortality rates.
Importantly, some population groups are more vulnerable to extreme heat: old, urban poor,
people with existent health problems of certain types, and so on (Klinenberg, 2003; Swalheim
and Dodman, 2008; Zaidi and Pelling, 2015).

Thus, rapid urbanization and climate change amplify already existent problems and chal-
lenges and require an alternative approach (Feliciotti et al., 2017).

The following Figure 1.1 summarizes the relations between the problems mentioned above
and demonstrates the scope of this study (depicted with dashed line):

Figure 1.1: Simplified relations between the upcoming challenges of cities and the scope of this research

1.1.2. Opportunities: urban resilience, open data and machine learning
Urban resilience
One promising attempt to combat sustainability challenges is the concept of resilience (Meerow
et al., 2016). When applied to urban areas, regardless of the system of interest (transporta-
tion, cyber, economiс, etcetera), the concept usually called urban resilience. Remarkably,
there is no agreement on the definition of urban resilience and its major concepts yet (Bour-
dic et al., 2012; Chelleri et al., 2015; Leichenko, 2011). Usually, a scholar interprets the
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concept and the ideas based on his or her scientific domain and system of interest. Conse-
quently, a new definition and a conceptual framework often proposed. In the study made
by Meerow et al. (2016), the authors named a variety of subject areas researching urban
resilience: agriculture and biological sciences, engineering, social sciences, business man-
agement, and accounting, etcetera. As a result, there are many different types of resilience.

This fact counts in favor of interdisciplinary nature of resilience and partly explain the
amount of attention given to it during the last decade. Not surprisingly, the notion of re-
silience was quickly taken onboard by city scientists who tend to think of cities as complex
entities with a variety of interconnected subsystems (Batty, 2008; Godschalk, 2003). Despite
the debates and discrepancies, most of the researchers pointed to the work of Holling (1973)
made in system ecology field in the early 70s as the foundation for this concept. Holling
(1973) proposed the following definition of resilience:

Definition 1.1.2.1 Holling (1973)
Resilience is the measure of the persistence of systems and of their ability to absorb
change and disturbance and still maintain the same relationships between populations
or state variables.

As can be seen from this definition above, it stresses the importance of absorption capacity
and the ability to maintain stability. Other research on resilience usually has these concepts
as a core. However, as mentioned previously, scholars tend to emphasize a variety of city
layers and see resilience from different angles. For instance, from the engineering perspec-
tive of Lamond and Proverbs (2009) urban resilience defined as follows:

Definition 1.1.2.2 Lamond and Proverbs (2009)
Urban resilience encompasses the idea that towns and cities should be able to recover
quickly from major and minor disasters.

Engineering resilience is interlinked with a concept of robustness, or in simple terms, how
much damage an engineering system within a city, electric power system, for example, can
handle before a collapse. Resilience, in this case, viewed as the ability to ”bounce back” fast
to the original state. The definition taken from the social sciences by Desouza and Flanery
(2013) is not so straightforward as the previous one:

Definition 1.1.2.3 Desouza and Flanery (2013)
Urban resilience is the ability to absorb, adapt and respond to changes in urban sys-
tems.

This definition introduces two more concepts: adaptability and transformation. A city as
a social system not necessary should bounce back to its original state. Instead, it can adapt
or transform and reach a new, yet unknown, but beneficial state. For example, during a
heatwave, certain individuals may take care of their more vulnerable friends. That is, when
faced a threat, they realized the importance of it, adapted and took a series of actions.

After the immediate danger of the threat is gone, the system can transform. Continuing
with the previous example, vulnerable individuals may want to undertake a radical change;
for instance, move to a place where there is no threat of heatwaves. In this example, adap-
tation is a short- or mid-term response, whereas transformation is a long-term. As can be
seen, these concepts are not easy to operationalize.

Thus, it is clear that resilience is a complex theory that requires more elaborate research
to make sense of it. However, the question that is left, what are the reasons for adopting it?
First of all, resilience is tightly bound with the notion of uncertainty, what makes it highly
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relevant while dealing with such complex systems as cities (Bourdic et al., 2012; Chelleri
et al., 2015). It is uncertain how a city as a system will respond to a shock or stress, which
part of it will collapse first and how this collapse will affect other parts. Consider a failure
of an IT system. Due to unknown reasons, some IT system of the large telecommunication
company collapsed. Importantly, this company provides services to a national emergency
network. As a result, all emergency numbers are unavailable for a couple of hours. Coupled
with a high temperature in a city, and as a result, increased need for ambulances, this
accident can have serious consequences. This situation happened in the Netherlands on
June 24, 2019 (Nederlandse Omroep Stichting, 2019).

Previously, the intention of city planners was focused on making urban areas as robust
as possible. The stable state once achieved, should be in there for generations. Ahern (2011)
formulated this paradigm as ”fail-safe.” However, practice demonstrated the need in the
opposite. Modern cities can be better described as dynamically changing nonlinear systems
(Rodin, 2014; Tyler and Moench, 2012) that can ”fail.” Instead of continuous empowerment
of infrastructure in place, there is a call for ”safe-to-fail” resilient cities.

Apart from the uncertainty and complexity of contemporary urban areas (internal), there
are uncertainties brought by the shocks and stresses (external). Climate change is a complex
phenomenon that often causes unpredictable before disruptive events. As a result, to prepare
for the climate change, policy-makers cannot count on typical urban planning practices with
a core in known future and planning horizon in 10 years anymore (Cretney, 2014; Henstra,
2012; Ruth and Coelho, 2007). Ernstson et al. (2010) taking this argument even further by
stating that the traditional paradigm of planning for predictable future is not only insufficient,
but it may, in some ways, also be destructive. However, opposite the risk management, it
promotes mid- and long-term planning instead of short- and mid-term (Mehmood, 2016;
Yamagata and Sharifi, 2018).

Open data
Over the past years, the amount of data collected by cities has become more than significant.
It happened due to a variety of reasons. Partly because of the development of technologies:
data storage is cheaper now, there are new ways of collecting the data, for example, with
sensors or satellites. Partly due to the intention of city managers to brand themselves as
”smart” or ”digital” city. Without a doubt, there are more rationales for this data gathering
trend. However, in spite of this, the bottom line is that more extensive usage of data can
contribute to better decision-making.

The concept of open data goes alongside with this idea. In simple terms, open data aimed
at promoting public use of collected data sets. It can be made just by publishing the data
online and giving an open access to it with easy to use API. From there, the data sets can be
downloaded and used by citizens enthusiasts or scholars to conduct a study and possibly
contribute to some positive changes within an urban area.

Of course, there are some drawbacks of extensive data collection and usage— for instance,
privacy issues. Van Zoonen (2016) and many others extensively discussing privacy concerns
of smart cities. The main questions are: what data, on what resolution and for what purpose?
In many cases, these questions are addressed with a specific law. As a result, published data
sets only include aggregated averages that do not violate the rules.

However, data does not speak for itself. Therefore, there is a need for algorithms that can
be used to analyze it and derive meaningful insight.

Machine learning
Machine learning (ML) defined as automated detection of meaningful patterns in data (Shalev-
Shwartz and Ben-David, 2014). With increased computational power, development of open-
source programming languages such as Python and R, and newly available data sources, ML
provides a variety of opportunities for urban analytics. On the one hand, it helps to analyze
large data sets and come with a better understanding of urban areas. On the other side, it
can help to test theories or strength empirical findings.

Taken together, urban resilience, open data and ML provide us with means and ends for
the problem of extreme heat.
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1.1.3. Case Study: The Netherlands and the city of The Hague
The history of the heatwaves in the Netherlands count three exceptional cases: the heatwaves
of 2006, 2010 and 2018. The reports posted by the Central Agency for Statistics (CBS)
highlight the key facts about these three cases (Centraal Bureau voor de Statistiek, 2018a;
Harmsen and Garssen, 2006, 2010).

2006’s heat waves were lasting from 26 June to 6 July the first one and from 15 July
to 30 July the second one respectively. July of 2006 was the hottest month ever recorded
by KNMI. The temperature was 6.6 °C higher than the average. Consequently, there was a
significant increase in deaths - 1000 deaths more than on average, mostly among elderly of
two age categories 65-79 and over 80 years old.

The upcoming heatwave of 2010 also resulted in an increase in around 500 deaths. Last-
ing from 23 June to 12 July it claimed 500 extra lives. The increase in temperature was
again around 6 °C more than an average in 28 °C.

The recent heatwaves of 2018 continued this trend. However, according to the report from
CBS, it causes less damage than the previous two. The three vertical color bars on Figure 1.5
represent the periods of extreme heat. The blue one depicts the heatwave of 2006 and the
two pink ones, the heatwaves of 2018 overlapped with the second heat wave of 2006. As can
be seen from the graph, there is an increase in deaths for both 2006 and 2018 line charts.

Figure 1.2: Differences in mortality per week: during the heatwaves and the average values for 2015, 2016, and 2017. Data of
the graph available at Centraal Bureau voor de Statistiek (2018a)

The next Figure 1.3 demonstrates what age groups were affected the most. According to
the data, the most affected are citizens of age from 65 to 79 and over 80 years old.

A couple of valuable insights can be derived from these graphs. First, talking chronologi-
cally, there is a significant difference between the average values and 2006. The heat waves
of 2006 were one of the most devastating in the Netherlands. The peak of mortality in 2006 is
3046, whereas on average it is 2554. The difference is striking, and it is almost 500. Second,
it is hard to compare 2018 values with others. At first glance, it seems that the increase
in mortality was not significant as it was for 2006. However, a remarkable event preceded
the 2018 heatwave. An epidemic of flu significantly affected the vulnerable population dur-
ing the winter period (Centraal Bureau voor de Statistiek, 2018b). An increase can be seen
from week 3 to a peak in week 10. Extra graphs emphasizing these points can be found in
Appendix A.1.

At the moment of finalizing this study, another heat wave reached the Netherlands. The
effect of it was so heavy that many Dutch cities renewed the historical maximums in tem-
perature. For instance, a new record in 39.2 °C was recorded at the Gilze-Rijen weather
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Figure 1.3: Comparison of deaths by age group. Data of the graph available at Centraal Bureau voor de Statistiek (2018a)

station near Breda. It lasted for only six days: from June 22 to June 27, but, again, caused
an increase in mortality. On August 9, preliminary numbers on mortality were published
by Centraal Bureau voor de Statistiek (2019a). Figure 1.4 demonstrates morality values of
three heatwaves: 2006, 2018 and 2019. As can be seen from the graph, the numbers of 2019
almost reached 2006 at its peak.

Figure 1.4: Preliminary numbers of 2019 heat wave mortality in comparison with 2006 and 2018 values. Data of the graph
available at Centraal Bureau voor de Statistiek (2019a)

According to the data, the age group affected the most is above 80 years old. There is a
minor increase for the age group of from 65 to 79 years old as well, but not as significant as
for the first one. Also, CBS reported that there is a difference in mortality between the regions
of the Netherlands. Due to some reasons, it is higher in the east (corresponding graphs can
be found in Appendix A.1).

Important to mention that mortality is not the only way to measure of the damage made
by heat waves. Besides the fatal outcomes, extreme heat significantly worsens person health,
but keep him or her alive. Thus, these numbers clearly indicate the importance of the prob-
lem, but not cover the whole broad range of consequences.
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The Netherlands recognizes the importance of the extreme heat threat. In 2007, the
Netherlands National Institute for Public Health and the Environment (RIVM), an indepen-
dent agency within the Ministry of Health, Welfare and Sport, created the first version of a
National Heat Plan (Rijksinstituut voor Volksgezondheid en Milieu, 2011). According to the
RIVM, long-lasting periods of hot weather can cause serious health problems from severe
respiratory distress to a heart attack. The research shows that certain population groups as
more vulnerable to such issues: people who have chronic illnesses or obesity, and children.
The National Heat Plan defines the following:

• Conditions under which there is a threat;

• Responsible actors to whom the threat should be communicated;

• Actions that should be taken by the citizens to minimize the consequences.

The current version of the plan 27 °C daily temperature for four days threshold. If the
forecast of the Royal Netherlands Meteorological Institute (KNMI) indicates so, the plan must
be activated, and all key actors are informed. From the perspective of the actions, the RVIM
has a series of straightforward recommendations such as: drink more water, be in the shade,
ventilate living places. Besides that, the RIVM also recognizes the importance of taking care
of each other by neighbors as an essential action. The last action in the recommendation list
emphasizes it with a statement to pay extra attention to people in need.

The climate puts significant pressure on the population of the Netherlands. The fact that
the population of the Netherlands is experiencing ageing is amplifying the importance of this
problem.

As was stated earlier, metropolitan areas are experiencing numerous shocks and stresses.
According to the report prepared by 100 Resilient Cities network one of the largest cities
of Netherlands - The Hague, is expected to suffer from the following continuous stress -
climate change and corresponding shock - extreme heat (Resilient The Hague, 2018). The
Municipality of The Hague recognizes that climate change will put significant pressure on
vulnerable individuals communities. According to the studies of Klinenberg (2003), Swalheim
and Dodman (2008), Zaidi and Pelling (2015), some specific socio-demographic attributes of
the vulnerable population makes it hard for them to adapt during extreme events. The part
of the policies of the Municipality of The Hague is built around its vulnerable citizens (der
Sangen, 2018) what makes us think that it is especially relevant to get a better insight into
the distribution of such vulnerable individuals and communities across the city.

According to Resilient The Hague (2019) The Hague is a segregated city, and it can amplify
these problems. The population structure of different districts and neighborhoods varies
widely in terms of income, employment, educational level, and health. Low rates of social
integration can prevent acts of community response during crises. From the technical side,
to improve the policy-making process, the city of The Hague together with CBS launched an
Urban Data Center Den Haag (Centraal Bureau voor de Statistiek, 2017). The data collected
by the center is open for public use. Thus, researchers and scholars can use it to develop
data-informed solutions for combating extreme heat.

1.2. Research gap
There are a variety of conceptual tensions regarding the concept of urban resilience starting
from its definition (Meerow et al. (2016) counted at least 25 definitions that can be met in
major scientific publications for the last 15 years) to the unified version of its assessment
(Bourdic et al., 2012) and the type of institutions that should be built to ensure its imple-
mentation (Zaidi and Pelling, 2015). Such discrepancies, partly caused by multidisciplinary
nature and novelty of the concept, considered by some as benefits since they allow stakehold-
ers to come up with their own understating of resilience (Engle, 2011). However, many other
argue that it creates obstacles for practitioners and make them doubt the ideas behind ur-
ban resilience (Chelleri et al., 2015; Jabareen, 2013; Leichenko, 2011; Meerow et al., 2016).
The questions like ”resilience where” and ”resilience of what” (demarcation of urban system),
”resilience to what” (identification of external factors), ”resilience for what purpose” (defining
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goals and objectives) are often left without unambiguous answers. Thus, there is a need for
a clear, but flexible specification of urban resilience concept in regards to a particular shock:
extreme heat, in a specific city: The Hague. The word flexible here refers to the possibility of
using it for either similar nature-based shocks (flooding, earth earthquake, etcetera) or other
cities (in the Netherlands or any other country).

Apart from it, most of the frameworks available operate on a highly abstract level, allows
multiple interpretations and lack of practical utility. Resilience criteria built by (Sharifi and
Yamagata, 2016) to measure urban resilience seems to cover all possible aspects of urban
life and do not provide insight to resilience itself and rather just resembles general impact
assessment models. We argue for a conceptual framework that should be, on the one hand,
built on the solid theoretical foundations (to preserve major beneficial ideas of resilience), but
on the other side be operationalizable.

Another aspect of urban resilience that requires research is the solutions realize it. Typ-
ically resilience scholars briefly mention possible measures that might be helpful in one or
another case Chelleri et al. (2015); Jabareen (2013). It is especially the case while dealing
with non-engineering, but social systems: vulnerable individuals and communities. Here we
are seeking for explicit theory-based or empirically proven solutions that can become parts
of urban resilience framework.

There are different ways of how the assessment of conceptual framework can be done.
One is to try innovative ideas in a particular city like it was done by Crowe et al. (2016); other
is to identify proxies and formulate variables that sufficiently reflect on the main components
of the framework Bourdic et al. (2012). Joined with open data and open-source ML pack-
ages, the second provides opportunities for future reusability of results. Moreover, empirical
findings regarding the usefulness of certain solutions should be carefully assessed with the
data before actual implementation. However, currently, urban analytics is still in its early
stages (Batty, 2019). Thus, there is a lack of knowledge about what algorithms should be
used for comprehensive analysis of city problems.

1.3. Research questions
The research gap discussed above pushes us to formulate two equally important research
questions. The first one oriented towards bridging the gap between theoretical foundations
of urban resilience and its implementation, whereas the second one relates to the method-
ology and methods.

Due to a variety of discrepancies, the actual practice of it is held up. An extensive literature
review should be conducted to: identify and fix the main components of it; formulate oper-
ationalizable frameworks; and, finally find potential solutions. Since the focus of the study
is on a specific shock: extreme heat, the notion of it should be included in the formulation.
Thus, the corresponding research question can be formulated as follows:

Research question 1

What concepts of urban resilience are useful for planning in case of extreme heat?

The second research question reflects on the lack of knowledge about using machine
learning algorithms for city problems (apart from being almost absent in urban resilience
literature):

Research question 2

Using what machine learning algorithms these concepts of urban resilience can be
operationalized?

The search is limited by two factors: first, the availability of data, and second, the nature of
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the task. The next step after the concepts were fixed, and corresponding proxies formulated,
is to identify the data that is sufficiently covering them. Based on this, the algorithms can
be selected. The prior hypothesis is to use three types of algorithms: unsupervised learning,
regression analysis and deep learning for time series forecasting.

The final question covers the case study: the city of The Hague. Now we know the con-
cepts and how they can be operationalized. More specifically, the concept of urban resilience
is tightly connected to the concept of vulnerability. Besides, resilience capacities depend on
different types of infrastructure solutions (emergency, green, and social). The following two
questions reflect on it.

Research question 3

How vulnerable individuals and communities are distributed across The Hague?

Research question 4

How various areas of The Hague differ in terms of resilience capacities?

The final research question summarizes the findings of the previous ones. It formulated
rather broad and ambiguous, but on purpose. Conventionally, when dealing with such com-
plex concepts as urban resilience, an unified metric is proposed. For example, a single liv-
ability index based on 96 variables. Such an approach makes it easy to operate with since a
single number is assigned to each neighborhood. However, the weights, the contribution of
each factor are highly arguable and can cause a lot of debates and wrong decisions. Opposite
to it, I argue for a more transparent approach. It should be clear what are the variables that
make the city resilient.  Each of the interventions and their contribution should be discussed
separately. Only then a more comprehensive assessment and resulting from it policy change
can be proposed.

Research question 5

Is The Hague resilient to extreme heat?

1.4. Research flow
The thesis consists of 5 chapters. The first chapter consistently introduces the problem of
the study: from urbanization and climate change to extreme heat and its effect on vulnerable
population. Then, it discusses a promising approach to tackle it: urban resilience in combi-
nation with open data and machine learning. This discussion is followed by the description
of the case study: the Netherlands and the city of The Hague. After that, the chapter de-
scribes the research gap that needs to be filled: there is a lack of clarity and practical utility
in urban resilience literature. Besides, it is not clear what machine learning algorithms can
be used for assessment of urban resilience. The research gap is followed by the research
questions. The chapter ends with the research flow of the study and a brief summary of the
points made.

The second chapter is dedicated to an extensive literature review. It covers urban re-
silience concept, essential aspects of extreme heat threat and proposes theory-based and
empirical solutions to tackle it. The chapter ends with the formulation of two conceptual
frameworks that should be further operationalized. Thus, it answers the first research ques-
tion.

Chapter three illustrates how a transfer from a conceptual to a computational framework
can be made. To do so, it suggests a set of variables, lists available data sets and proposes
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four types of algorithms that can be used in the analysis. These findings summarized in
a computational framework that can be used for assessment of resilience to extreme heat.
That is, this chapter seeks to answer the second research question.

The fourth chapter presents the results of the case study analysis. The algorithms are
sequentially applied to, first, map vulnerability, and, second, analyze a set of capacities.
Therefore, it provides answers to research question 3 and 4.

The final fifth chapter concludes the study with explicit answers to the posed research
questions. In addition, it discusses the benefits and limitations of operationalizing urban
resilience with machine learning. After that, it draws the avenues of future work. It also
reflects on the case study findings and presents a policy advice for the city of The Hague.

Figure 1.5: Simplified representation of the research flow

1.5. Conclusion
Rapid urbanization is a complex process that puts a lot of stress on modern society. Climate
change and extreme heat put vulnerable population of cities at risk. A phenomenon known
as urban heat island effect intensifies it by keeping higher temperatures in certain areas.
Take together, they require a better approach rather than conventional urban planning.

The concept of urban resilience seen by scholars and policy-makers as an opportunity to
create safer cities that can sustain under a wide array of shocks and stresses. To opera-
tionalize it and promote further reusability, we propose to use open data with open-source
machine learning packages. The city of The Hague, along with other cities of the Netherlands,
just recently in July 2019 experienced disruptive effects of the heatwaves. Now, the Munic-
ipality of The Hague is seeking for a way to make the city more resilient to extreme heat.
However, due to a variety of tensions around the resilience concept, implementation rather
tricky. Besides that, there is a lack of examples of how its complex and often ambiguous
frameworks can be operationalized. This thesis aimed at bringing more clarity and practical
utility to the field of urban resilience. It proposes a computational framework that can gain
insight on how to protect vulnerable individuals and communities from the danger of heat
waves.



2
Literature Review

This chapter aims to provide a background and lay down the foundations for this study.
First, it discusses recent findings in urban resilience literature: what are the main concepts
of it and how they can be applied. Second, it briefly introduces essential aspects of an
extreme heat threat: the heat wave phenomenon, the urban heat island concept, and defines
people who are vulnerable to extreme heat. Finally, this chapter describes different types of
infrastructure solutions that can be used to combat extreme heat threat. Thus, this chapter
seeks to answer the first research question.

2.1. Urban resilience
During the last decade, the concept of urban resilience has received attention from interna-
tional organizations, city planners, and academia. The United Nations connected it with goal
number eleven and a specific unit of it - UN-Habitat is actively involved in its implementation
(United Nations, 2018b). The World Bank is also facilitating the process of making cities
more resilient (World Bank, 2019).

Many cities have started to build up their strategies around it. Now, they are aimed at
becoming more resilient against a variety of threats: earthquakes, climate change, terrorist
attacks, etcetera (100 Resilient Cities). One of the initiatives - 100 Resilience Cities network,
united more than 30 cities from all over the world. The member cities identified the challenges
that they have experienced in the past or likely to face in the future. The promise is that these
problems can be successfully addressed by urban resilience.

However, from the research side, the number of approaches to it and corresponding frame-
works make it hard to put urban resilience into practice (Jabareen, 2013; Leichenko, 2011;
Meerow et al., 2016). Moreover, there is an opinion that the theory is still relatively vague
and understudied and, therefore, practitioners cannot really benefit from it (Chelleri et al.,
2015).

There is a need for a clear but flexible specification of the urban resilience concept. The
word flexible here refers to the possibility of using it for either similar shocks and stresses or
being applied by different cities around the world.

In order to bridge this gap, I propose to conduct an extensive analysis of the concept.
The analysis is divided into 8 steps, represented in Figure 2.1. The first three steps are
aimed to decompose the concept into the central parts: what are the types of resilience,
related concepts and components, resilience definitions. The fourth one dedicated to the
discussion of conceptual frameworks: how the ideas of previously identified elements can be
put into practice? The fifth step provides an overview of assessment models. On contrast
with the conceptual frameworks, the assessment models operate with specific proxies and
indicators. They propose ways to ”measure” or ”quantify” urban resilience. The sixth step
gives a short overview of the practice of applying urban resilience. In step seven, I discuss
the critique of urban resilience: is it a positive concept, and if not, what are the drawbacks
of it? Conventionally analysis ends with the summary of findings.

11
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Figure 2.1: Schematic overview of the content of the urban resilience section

2.1.1. Origins and current stage
Let us start by introducing the definition of resilience that can be found in one of the most
popular dictionaries - the Oxford Dictionary. Originated from a Latin word resilio - ”to bounce
back,” nowadays, resilience defined by the Oxford Dictionary of English (Stevenson, 2010) in
the two ways:

Definition 2.1.1.1 Stevenson (2010)
Resilience is the capacity to recover quickly from difficulties; toughness.

Definition 2.1.1.2 Stevenson (2010)
Resilience is the ability of a substance or object to spring back into shape; elasticity.
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These definitions highlight the essential parts of resilience that also can be met in the
scientific literature. The first one introduces a set of 4 interconnected concepts: capacity,
recovery, and time and difficulties. Capacity here is a way to measure resilience, recovery -
a type of response to external shock, or to difficulty, the time represented by a word quickly:
if something is resilient it must recover quickly. However, the synonym that is given: tough-
ness, resembles robustness more than resilience (see Figure 2.2). Robustness perceived by
academia differently from resilience (Scholz et al., 2012). Something robust, not necessary
resilient, and vice versa.

Figure 2.2: Performance of robust system under a set of shocks

Consider an example of the track on a railway or railroad. It is relatively robust. Daily,
it experiences a lot of stress made by trains and maintains the same shape. A single
piece of it may preserve the same shape even under a TNT explosion. However, if you
bend it (of course, with the usage of special equipment), it breaks. Thus, it has high
robustness, but a low resilience. An opposite example is a bamboo tree. Bend it and
release and it will go to the original shape. However, try to hit multiple times with a
hammer, and it will break.

The second one operates with two essential concepts: spring back and shape. Spring back
refers to a type of actions that returns an object to its original shape. In scientific literature,
this shape called an equilibrium and resilience that operates with one possible shape - one-
equilibrium resilience. An example of such a resilient system is a rubber. It can be easily
stretched and then go back to the original shape.

The visual representation of these definitions is given by Figure 2.3. Let us explain it in
details. The system of interest was in its original state or equilibrium 𝑠፨ at time 𝑡ኺ. It faced
a shock at time 𝑡፬, and after that, the performance of the system has started to deplete until
it reached the minimum 𝑠፛ at time 𝑡፛. That is a starting point for a system to bounce back
to the original shape. In total it took 𝑡፫ − 𝑡፬ to recover.
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Figure 2.3: Performance of resilient system under a shock

The above-described definitions provide us with a general understanding of resilience.
However, when used in scientific publications, the concept has a much broader meaning.

The opinions on the roots of resilience vary. One named psychology and physics (Barata-
Salgueiro and Erkip, 2014; Maruyama, 2016). Psychology treats resilience as an ability to
recover from a shock or a trauma (Fletcher and Sarkar, 2013), and this partly resembles the
Definition 2.1.1.1.

For example, a person was bitten by a dog in childhood. Such an event can be treated
as a shock or trauma. If a person has psychological resilience, he or she can go back
to the original state when there was no fear of dogs.

Physics or more specifically - materials science, consider resilience as an ability of an
object to go back to its original state after being stretched (Treloar, 1975). Such an approach
is similar to Definition 2.1.1.2 and hardly requires further elaboration to cover the behavior
of physical systems.

Consider a physical object - elastic band. This object has been stretched or deformed
but below its elastic limit. Therefore, it will not be torn. If this elastic band is of good
quality, it will get to its original shape without any signs of distortion.

However, most of the scholars refer to Holling (1973) with the theory of ecological sys-
tems as the primary contributor to resilience in its modern understanding (Ahern, 2011;
Leichenko, 2011; Meerow et al., 2016). In this early work, Holling described an important
difference between resilience and stability in ecological systems. For example, in a pop-
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ulation of fish, owls, or mice. These systems experience a variety of external stresses and
shocks that can lead to the extinction of the species. From his point of view, resilience is an
attribute of a system that determines the capacity to absorb changes and persist, whereas
stability represents the speed of returning to the original state. The faster the system goes
back to the original, the more stable it is.

Definition 2.1.1.3 Holling (1973)
Resilience is the ability of these systems to absorb changes of state variables driving
variables and parameters and still persist.

However, such an approach considers only one equilibrium state, for example, when the
number of predators in the system balances the number of preys. As a result, it criticized for
being static and does not suit for more complex socio-ecological systems (Barata-Salgueiro
and Erkip, 2014).

In the next work, the author took a broader perspective (Holling, 2001). He suggested to
consider human-nature interactions as complex adaptive system (Levin and Lelvin, 1999).
This implies having a large system that consists of multiple subsystems of different nature:
natural, human, combined human-nature, and socio-ecological ones. These subsystems
interact through a panarchy - a combination of adaptive cycles of growth, accumulation,
restructuring and renewal (Holling, 2001). Similar to the early works, to sustain the larger
system should persist and be resilient. Resilience now is a measure of vulnerability:
how vulnerable is the system to unexpected events and changes? However, the notion of
adaptation puts a new perspective on the way how it can be achieved. The system must
continuously adapt to sustain.

The following publication of Folke et al. (2002) emphasized the importance of learning and
development as a path to become more resilient (see Definition 2.1.1.4). The work proposes
to cover the concept of resilience from multiple perspectives. First, resilience relates to the
magnitude of shock that the system can absorb. Second, it is a degree of self-organization.
Third, it characterizes the capacity to learn and develop. Thus, starting from rather a static
concept with one equilibrium state that must be preserved, resilience became a conceptual
framework. Now it prescribes what the desired system attributes are and how they can be
achieved (Folke et al., 2002).

Definition 2.1.1.4 Folke et al. (2002)
Resilience is the capacity to buffer change, learn and develop.

However, what always in place is importance of uncertainty. Whatever the type of the
system is: natural, ecological, or socio-ecological, it faces multiple challenges that have not
been expected.

The ”branch” of resilience discussed above known as socio-ecological resilience (Barata-
Salgueiro and Erkip, 2014; Meerow et al., 2016). The researchers of this branch formed
Resilience Alliance (Walker and Salt, 2012) - an interdisciplinary research network that ad-
dresses the problems of sustainability via the panarchy model and resilience thinking.

Apart from physics, psychology, and theory of ecological systems, there are other opinions
on the roots of resilience that worth to mention. Ernstson et al. (2010) highlighted complex
adaptive systems theory with its important concept of self-organization, whereas Simmie and
Martin (2010) emphasized the contribution of complexity theory and the corresponding idea
of evolution.

Given these promising foundations, the idea of resilience has started to spread across
a variety of disciplines. Now applications of resilience can be found in engineering (Fiksel,
2006), energy systems(McLellan et al., 2012), economics (Rose, 2004; Simmie and Martin,
2010), political sciences and institutions (Zaidi and Pelling, 2015), security studies (Coaffee,
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2016), etcetera. But most importantly, city scientists have started to use the concept of
resilience and corresponding ideas. To avoid ambiguity, let us note that when applied to cities
and urban areas, the concept named urban resilience. Without a doubt, urban resilience as
an attribute for a city seems to be promising and desired. Using definitions mentioned above,
a resilient city can sustain, adapt and develop under a variety of unexpected shocks and
stresses. The city is conventionally perceived as a combination of different subsystems. As
a result, different scholars proposed to consider resilience towards either a specific threat or
resilience of a specific subsystem. Leichenko (2011) proposed to categorize urban resilience
literature into four main groups: urban-ecological resilience, urban hazards and disaster risk
management, urban and regional economies, urban governance and institutions. In addition
to this, Meerow et al. (2016) highlighted studies on social resilience and vulnerability (Cutter
et al., 2003). Remarkably, the vast majority of publications on urban resilience is dedicated
to climate change and cities (Leichenko, 2011; Wardekker et al., 2010).

As can be seen from the discussion above, the concept of resilience is relatively new and
complex. In various fields of studies, it has been developing differently. Physical systems
are still can be relatively well described by Definition 2.1.1.2. In socio-ecological systems,
the concept slowly progressed from a static ”persist to sustain” with one equilibrium to more
comprehensive, but more ambiguous ”absorb, adapt and develop.” The complexity that has
arisen can be explained by a mismatch between the system and the model (Ackoff and
Gharajedaghi, 2003).

For instance, try to explain an engineering system - city sewerage, with an ecological
model - predator-prey relations. Of course, some similarities between these two can be
found. The resilience of the sewerage system can be explained via ecological resilience
- it must be able to handle the designed amount of rainfall and sanitary. However,
when adding humans to it, it stops being just engineering systems and requires more
a comprehensive model.

Besides, applied to different systems of interest, the corresponding concepts of absorp-
tion, adaptation, and development will be inevitably explained differently. On top of it, the
researchers have their specific domain, and even by stating that the city requires a holistic
approach, there is no consensus on such a model.

Thus, there a lot of discrepancies about the key concepts, their explanations, and defi-
nitions. Some argue that it is favourable. Resilience is a flexible concept that can be taken
onboard by scholars with different backgrounds and scientific domains and provide flexibility
(Brand and Jax, 2007; Vale, 2014). But most of the researchers see it as an obstacle (Chelleri
et al., 2015; Jabareen, 2013; Meerow et al., 2016).

2.1.2. Types, concepts and definitions
To find common ground, it is essential to, first, decompose the concept of urban resilience
into parts, second, highlight similarities and differences, and, finally select the ones that are
useful while dealing with extreme heat, and, moreover can be operationalized. To do so, let
us start the first name the sources of discrepancies or conceptual tensions:

1. What is the scientific domain behind the research and whatmodel of a city it propagates?

2. What type of resilience it implies?

3. What is the system of interest?

4. What are the key concepts and components?

5. What is the definition of urban resilience?

Similar approach has been taken by Meerow et al. (2016) and Maruyama (2016). Meerow
et al. (2016) proposed to differentiate the tensions regarding the definition, characterization
of ”urban,” (what is the city), the notions of resilience (key concepts), whether resilience a
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positive concept, pathways to urban resilience, and, finally understanding of adaptation.
Maruyama (2016) introduced a taxonomy of urban resilience. The taxonomy consists of the
type of shock or stress, characteristic of the target system, and, the type of recovery. Figure
2.4 is a schematic representation of how the concepts of urban resilience interconnected.
The directed arrow denotes ”A defines B” type of relationships.

Figure 2.4: The interrelations between the components of urban resilience concept

Scientific domain and model of city
Now, let us discuss the proposed classification in details. The first discrepancy occurred
due to various scientific domains and the implied model of a city. A scientific domain is a
combination of theories that are similar in some sense. They can have the same object of
studies, a problem of interest, or phenomenon under consideration. Explicitly or not, when
discussing resilience, the domain uses a particular model of the city. It may emphasize only
certain parts of it. For example, the problems of urban poor need to be addressed through a
set of subsidies: a city as a political system. Or the traffic congestion is the most import and
need to be tackled by traffic engineers: a city as a transportation system.

Opposite to a conventional standpoint, many scholars argued in favour of using a holistic
model of a city. For example, urban ecology percieves a city as complex adaptive system
(Wu, 2014). The elements of the system combined into networks of nodes. The material
exchange between these nodes is made via flows. Hazards and disaster management tends
to see a city as a system of failing infrastructures (Vale and Campanella, 2005). If an ex-
treme event occurs, it will lead to, first, a collapse of one infrastructure: telecommunication
system, for example. From there, other infrastructure objects will be damaged: hospitals,
fire stations, etcetera), thus, creating a cascade effect. Urban and regional economies while
considering urban resilience prefer to treat a city also as a complex adaptive system. The city
can evolve under shocks and stresses and reach new, unknown before, states. Governance
and institutions literature stresses the importance of how the political system of cities is or-
ganized. Institutional arrangements, social contracts are the main instruments to build up
resilience against climate change, for instance (O’Brien et al., 2009; Ostrom, 2010). Climate
change science usually operates with a socio-ecological model of the city where the urban
population alongside businesses pollute the environment (Wardekker et al., 2010). The final
domain: urban theory, examines the city as a social system. The remarkable work by Ja-
cobs (1961) lay down the foundations of social resilience. She emphasized the importance of
diversity in all its manifestations: buildings types, businesses and people located and living
nearby. There are other domains the are using the concept of urban resilience, for example,
landscape ecology (Botkin, 1990). However, most of the work has been done in the domains
that were mentioned earlier.
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Thus, the classification proposed by Leichenko (2011) can be enlarged from 4 to 6 cate-
gories and summarized with the Table 2.1.

№ Scientific domain Model of city
1 Urban ecology Complex adaptive system
2 Hazards and disaster risk reduction Combination of critical infrastructures
3 Urban and regional economies Evolutionary market
4 Governance and institutions Political system
5 Climate change and adaptation Socio-ecological system
6 Urban theory Social system

Table 2.1: Classification of resilience by scientific domain and corresponding model of a city

Type of resilience
The second discrepancy follows from the first one. Resilience is a flexible theory that can
be taken onboard by scholars with different backgrounds and scientific domains (Brand and
Jax, 2007; Vale, 2014). Consequently, by looking at it from a different angle, the type of
resilience somehow is introduced. Ideally, together, the theory and the model should define
the type of resilience. For instance, if resilience is an engineering one, then, the authors will
stress the importance of infrastructure systems such as electric power system or a sewerage
network.

Engineering resilience is often associated with a concept of robustness and treated as an
opposite term to vulnerability (Engle, 2011). The system should have a certain capacity to
absorb and then recover to its original state.

For example, after an earthquake (shock) a set of power stations is off (see Figure 2.5).
However, a city has a set of emergency generators for such a case. In resilience litera-
ture, this feature of the city system called redundancy. There must be a certain number
of redundant elements that should be in place to ensure systems performance around
a desired threshold. However, these generators cannot provide the full capacity, and
performance of the city goes down (𝑠፛). Some homes or even the whole neighborhoods
do not have access to electricity. Further, a specific agency within the city need to care
of repairing and after a while (recovery time) initial electricity supply will be restored
(𝑠፨).

Socio-ecological resilience is a more complex concept and it focuses around the interactions
between humans and nature, but oppositely to engineering resilience, it goes beyond of being
a ”flipside” of static vulnerability concept (Chelleri et al., 2015). To combat a shock socio-
ecological system can adapt and reach a new state that was not anticipated before (𝑠ፚ) (Folke
et al., 2002). The shock here plays the role of a trigger that launches the unpredictable
process of evolution. Usually, the new state of the system treated as a desirable one.

Consider the following example. The population of a certain area used to flooding. City
managers took the care of this threat by heightening up the dykes. However, this time,
the waves are much higher, and the barriers are not that useful anymore. The water
reaches a critical point, and the situation quickly becomes life-threatening. This is the
moment when individuals and communities are forced to adapt to survive: climb on
the roofs, try to escape from the area on boats.

As can be seen from this example, it is harder to map out the path towards a new state,
since the fact the water will cross the barriers was not anticipated.
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Figure 2.5: The performance of a system under a shock depending on the type of resilience

Social resilience stresses the importance of social relations and power (Friend andMoench,
2013). Since the city can be thought just as large human settlement, the questions of equity
and diversity can be central in defining social resilience. When facing a threat, what popula-
tion groups will be affected the most? How to ensure that vulnerable citizens such as urban
poor, sick, and elderly will receive help?

Economic and governmental resilience also operate on the top of the socio-ecological con-
cepts (Barata-Salgueiro and Erkip, 2014; Duit et al., 2010). However, the perspective of Duit
et al. (2010) is more pragmatic. The authors proposed to consider resilience as a problem
of social framing. Different actors have various preferences that should be satisfied and the
trade-offs between them addressed.

Besides that, there is an important distinction between general and specific resilience.
Having general resilience implies that the urban system should sustain no matter what
challenge will appear: flooding, disease outbreak, or cyberattack (Carpenter et al., 2001;
Maruyama, 2016). Opposite to it, specific resilience prescribes city to be to handle only a
particular type of problem - natural disasters, for example (Carpenter et al., 2001; Chelleri
et al., 2015).

One more distinction can be made between resilience of a city and resilience in city (Ernst-
son et al., 2010; Leichenko, 2011). In a way, these two can be treated as ”scales.” The first is
the lower one, and, the second is the higher one. Resilience in cities refers to the interactions
between urban form, land-use, and, population, on the one hand, and ecological processes
that arise from these interactions, on the other hand. Usually, the biggest attention is given
to these elements and intersections placed in a specific city. Therefore, the analysis implies
that cities are closed systems. On the contrary, the resilience of a city suggests considering
a bigger picture: ”systems of cities” (Batty, 2013).

To conclude the discussion about the types of resilience, let us note that the majority of
publications are dedicated to two types of resilience: socio-ecological and engineering ones
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(Duit et al., 2010; Meerow et al., 2016).

№ Scientific domain Type of resilience
1 Urban ecology Socio-ecological
2 Hazards and disaster risk reduction Engineering
3 Urban and regional economies Economic
4 Governance and institutions Social and socio-ecological
5 Climate change and adaptation Socio-ecological
6 Urban theory Social

Table 2.2: Classification of resilience by scientific domain and type

System of interest
Differences in the systems of interest create the third source of discrepancies. Again, even
the system of interest is usually defined as the city as the whole, often, researchers tend to
emphasize a specific part of it: resilience of the water supply system - in case of the drought,
it must be able to handle the demand, maybe with a short delay (recovery time), but to bounce
back to the original state; resilient communities - one of the recent observation backed up
with the data is that local communities are often can have much more influence in saving
peoples lives, bigger than international organizations (partly it follows from the fact that these
people are geographically closer to the epicenter of the disaster); etcetera. (Maruyama, 2016)
proposed to name this division as differences in the target system.

№ Type of resilience Predominant system of interest
1 Socio-ecological Environment, people and physical infrastruc-

ture
2 Engineering Infrastructure systems
3 Economic City economy, businesses and organizations
4 Social Individuals and communities

Table 2.3: Classification of resilience by type and system of interest

Related concepts
Therefore, by defining: the type of resilience, the system of interest, related concepts, the
definition often also predefined. Partly the related concepts were already named above, but
let us describe them sequentially. There is no strict division between the concepts that are
used in case of different type of resilience. There is often an overlap. However, usually,
researchers emphasize some concepts over other ones.

The literature on socio-ecological and economic resilience mostly puts the accent on the
adaptation and transformation (Crowe et al., 2016; Engle, 2011; Ernstson et al., 2010; Mehmood,
2016). Sometimes transitioning, learning, and development (Folke et al., 2002). These can
be treated as desired city attributes when transferred to measurable capacities (adaptability
or adaptive capacity), or as the ”pathways” to resilience (via adaptation). For example, to
what extent the city can adapt? Or, to survive the city must adapt. The exact meanings of
the adaption and adaptability concepts are ambiguous, and there are a lot of debates around
it (Meerow et al., 2016). Barnett (2001) stated that adaptation is hard to grasp since it re-
quires system-wide understanding and analysis. Besides that, there are a variety of possible
ways how a city can adapt which are defined by the system of interest (a part of the city that
should do so). He defined the adaptation in the general terms (see Definition 2.1.2.1). This
definition operates with ecological and social systems and proposes to modify them. Now
the difference between engineering and socio-ecological resilience becomes more clear. In-
stead of maintaining status-quo and often improving robustness or speed of bouncing
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back, socio-ecological resilience proposes a more complex task of ”modifying” the city.

Definition 2.1.2.1 Barnett (2001)
Adaptation is the task of modifying the ecological and social system to accommodate
climate change impacts such as accelerated sea-level rise so that systems can persist
over time.

The Committee on Climate Change also considered adaptation as an action that goes be-
yond simple recovery to the original state (Jabareen, 2013) (see Definition 2.1.2.2)

Definition 2.1.2.2 Jabareen (2013)
Adaptation is adjustment of behavior to limit harm, or exploit beneficial opportunities,
arising from climate change.

Meerow et al. (2016) highlighted the differences between general adaptability, so the city
has a set of actions that must be taken in case of any king of shock or stress (similar to having
general and specific resilience), and specific adaptations, for example, a course of measures
in case of an earthquake.

By considering adaptability as an attribute of the city instead of as a set of action, we
loosely equate it to the concept of adaptive capacity (Walker et al., 2004). Engle (2011) ex-
plained adaptive capacity in simple terms as the ability of a system to adapt. The more
adaptive capacity city has, the higher the ability of it to adapt under uncertain and unpre-
dictable challenges.

Definition 2.1.2.3 Berkes et al. (2000)
Adaptive capacity is the capacity to adapt to and shape change.

One of the most often overlapping concepts with resilience (apart from the robustness) is
the concept of vulnerability. In broad terms, vulnerability can be defined as susceptibility to
harm. According to the IPCC, vulnerability consists of three components: exposure, sensitiv-
ity, and adaptive capacity. Exposure defined as the extent to which the system is physically
in harm’s way. For example, inhabitants who live close to the sea are more exposed to a
tsunami. Sensitivity determines to what extent the system can be affected by stress or a
shock. Given a lot of protective measures coastal population might be well-protected from
the waves and therefore have low sensitivity to it. The final component is adaptive capacity.
The notion of adaptive capacity is similar to the one used in urban resilience literature. It
defines the system’s ability to prepare for and adjust to stress or a shock, mainly to lessen
the negative impacts and take advantage of the opportunities (Adger et al., 2007; Smit and
Wandel, 2006). Therefore, adaptive capacity is one of the factors that can decrease exposure
and sensitivity.

The concepts of transformation and corresponding transformative capacity seem to be
understudied. Transformation in resilience literature implies a fundamental change, radical
shifts, and, thus, is different from adaptation (Moore et al., 2014; Walker and Salt, 2012).

Definition 2.1.2.4 Moore et al. (2014)
Transformation involves fundamental change, which in the context of sustainability,
requires radical, systemic shifts in values and beliefs, patterns of social behavior, and
multilevel governance and management regimes.
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Definition 2.1.2.5 Walker and Salt (2012)
Transformative capacity is the capacity to create a fundamentally new system (includ-
ing new state variables, excluding one or more existing state variables, and usually op-
erating at different scales) when ecological, economic, and/or social conditions make
the existing system untenable.

Without a doubt, such transformative changes in systems structure are often needed.
However, many modern cities locked-in with previously accepted development plans, or, in
terms of complex adaptive systems, path-dependant. The past defines the future, and the
amount of resources needed to transform the city is usually much higher than to persist with
its current structure. The time required for transformation is higher than for adaptation and
absorption (Chelleri et al., 2015).

Definition 2.1.2.6 Walker and Salt (2012)
Transformative capacity is the capacity to create a fundamentally new system (includ-
ing new state variables, excluding one or more existing state variables, and usually op-
erating at different scales) when ecological, economic, and/or social conditions make
the existing system untenable.

The biggest challenge when dealing with the concepts of socio-ecological resilience is to
come up with a way to transfer these concepts into quantifiable constructs (Engle, 2011).

Addressing the problems of climate change researchers often introduce the concept of
mitigation as an import part of resilience (Mehmood, 2016; O’Malley et al., 2014). In simple
terms, mitigation refers to the changes aimed at reducing the sources that contribute to
climate change (Jabareen, 2013). However, let us note that mitigation is out of the scope of
this research and will not be considered further.

The scholars of general and engineering resilience stressed the importance of certain sys-
tems attributes that should be enhanced: robustness, multifunctionality, modularity, redun-
dancy, connectivity, efficiency (Feliciotti et al., 2017; Friend and Moench, 2013).

Social resilience literature emphasizes diversity, equity, integration, distribution of power
(Jabareen, 2013).

№ Type of resilience Important concepts
1 Socio-ecological Absorption, adaptation, transformation, learn-

ing, development, mitigation
2 Engineering Absorption, equilibrium, status-quo, robust-

ness, recovery time
3 Social Diversity, equity, integration, power

Table 2.4: Classification of resilience by type and corresponding key concepts

Urban resilience definitions
Finally, everything is summarized by the definition of urban resilience. Some authors pro-
posed definitions of general resilience. For example, Yamagata and Sharifi (2018) have a
broad perspective on resilience: a city must survive during any shock either a natural one -
earthquake, or human-made - economic crisis. They perceive shocks as an opportunity for
a system to become stronger. Maruyama (2016) has a similar position. According to him,
resilience is ”an ability of a system to withstand shocks and stresses and recover from failure.”
Despite the fact that he has taken a perspective of a biological system, the definition does
not operate with the notions of adaptation and transformation. In his definition, he con-
trasted the ability of organisms to survive, and countries and commercial companies combat
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unexpected changes. From his point of view, the concept of resilience is similar to biologi-
cal robustness and can be also framed as a definition useful from the engineering resilience
perspective. As was discussed previously, modern socio-ecological literature proposes to go
beyond a static concept of vulnerability and stresses the importance of adaptation, learning,
and development (Folke et al., 2002). Lamond and Proverbs (2009) provides a great example
of urban resilience from the engineering perspective. If a disaster occurs a city should be
able to go back to its original ”pre-disaster” state: electricity, water, and food supplies are
restored, roads and houses are fixed, etcetera. Remarkably that not all definitions given by
social science domains directly address the concepts of equity and diversity.

№ Type of resilience Definition example
1 General The capacity to withstand shocks and stresses

while retaining system properties
2 Socio-ecological Resilience is the capacity to buffer change,

learn and develop
3 Engineering Urban resilience encompasses the idea that

towns and cities should be able to recover
quickly from major and minor disasters

4 Social Urban resilience is ability to absorb, adapt and
respond to changes in urban systems

Table 2.5: Classification of resilience by type and definition

Apart from the scholars, international organizations involved in building resilient cities
developed their definitions (see Table 2.6). Notably, these definitions are more explicit re-
garding who should benefit from urban resilience: inhabitants, individuals, or communities.
For these definitions, the ones as mentioned above are generic. The similarity is in the mea-
sures that should be taken in case of crisis: adaptation, transformation, and growth.

№ Definition Organization
1 The measurable ability of any urban sys-

tem, with its inhabitants, to maintain continuity
through all shocks and stresses, while posi-
tively adapting and transforming towards sus-
tainability

UN-Habitat

2 The capacity of individuals, communities, in-
stitutions, businesses, and systems within a
city to survive, adapt, and grow nomatter what
kind of chronic stresses and acute shocks they
experience

100 Resilient Cities Network

Table 2.6: Definitions of urban resilience proposed by international organizations

Ideally, there should be a consistency between all 5 aspects of urban resilience: domain,
type, a system of interest, related concepts, and definition. However, often literature demon-
strates the opposite. Coaffee (2016) proposed the following definition of urban resilience:
”...the capacity to withstand and rebound from disruptive challenges.” It seems that this def-
inition taken from social science domains do not fully cover the whole complexity of social
systems. Nevertheless, the fact that there is a mismatch between the system and the model
does not mean that there are no benefits of using the concept. It merely means that one
should be careful when trying to put it into practice.

Without a doubt, the review proposed here does not fully cover all aspects and advances
in urban resilience literature. The concept has spread across a variety of disciplines and now
has different definitions and key ideas. It is still somewhat challenging to obtain a compre-
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hensive understanding and immediately put it into practice and operationalize. However, the
review clarified the crucial differences between major types of urban resilience: engineering
and socio-ecological ones, discussed what capacities of the city should be enhanced, what
are the possible pathways to resilience: absorption, adaptation, and transformation, and fi-
nally examined example definitions that are common in the field. The next step is to examine
all this can be combined in a conceptual framework.

2.1.3. Conceptual frameworks and assessment
According to Jabareen (2009) conceptual framework is ”a network, or ’a plane,’ of interlinked
concepts that together provide a comprehensive understanding of a phenomenon or phenom-
ena.” Conceptual frameworks are often built to push forward the implementation and play
the role of guidelines. However, the process of building conceptual frameworks for urban
resilience is complicated by the tensions mentioned above. The vast majority of publica-
tions is still focused around defining urban resilience: what is ”the right” definition, what are
measures that can ensure transitioning to resilience and so on. It results in the lack of the
frameworks, and, slows down the practice of urban resilience.

The number of frameworks present in the literature is relatively small. Among all of them,
two seems to cover the theory of urban resilience from the right angle: by Jabareen (2013)
and Chelleri et al. (2015). So far, the applicability of the concepts has not been discussed.
By the right angle, we mean that it should be useful (provide relevant insights) and be oper-
ationalizable (quantifiable to a certain extent) for extreme heat threat and protecting vulner-
able individuals and communities. In the terminology defined above, it should have a focus
around socio and socio-ecological resilience to a specific shock - heat waves.

The framework proposed by Jabareen (2013) defines four main concepts that are en-
abling urban resilience. Namely: vulnerability analysis matrix (VAM), prevention, urban
governance, uncertainty-oriented planning. The first one is essential for this study. In short,
it can be used for socio-demographic mapping of risks and vulnerabilities. Even the de-
bates about relations between vulnerability and resilience are still ongoing, these concepts
are rather complementary than contradictory and can strengthen each other Engle (2011).

VAM consists of four main components: uncertainty, informality, demography, and spa-
tiality. Uncertainty refers to unpredictable environmental challenges posed to modern urban
areas. Conventional risk assessment often ignores uncertainties and operate based on prob-
abilistic predictions. According to the author, such an approach showed its inability to deal
with climate change impacts. The second component seeks to answer the question on the
demography of vulnerability: who is vulnerable, what are the main attributes of these indi-
viduals and communities, etcetera. The third component reflects the fact that urban areas
often develop not according to a plan, but rather chaotically and unorganized. As a result, in-
formal settlements appear. These settlements are often not registered and underrepresented
in the processes of planning. They lack essential infrastructures and usually vulnerable due
to specific socio-demographic attributes. The final component - spatial distribution of vul-
nerability, stresses the importance of the fact that the effects of the threat spread unevenly
across the city. For example, coastal are more subject to a tsunami; residents who live in an
urban heat island experience higher temperatures. What is essential here is that fact that
more vulnerable areas usually populated with vulnerable individuals. Sometimes, it happens
because of the land price differences. The more the place is subject to damage, the cheaper
it is.

It seems beneficial to start the analysis from VAM, and only after that shift the focus on
other concepts of the framework: developing preventive measures, addressing specifics of
the governance process and putting planning measures in practice. The aspects of VAM is
summarized in Figure 2.6.
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Figure 2.6: The components of Vulnerability Analysis Matrix concept connected. Adapted from Jabareen (2013)

The research of Chelleri et al. (2015) and Meerow et al. (2016) defined possible approaches
of transition to urban resilience. The way how vulnerable individuals and communities can
tackle a shock may resemble a set of sequential steps. First, absorb and recover if possible.
Second, adapt if needed. And finally, perform a radical transformation to become fully
”safe-to-fail” (Ahern, 2011).

For example, when heat wave strikes, ”a part” of it will be absorbed by vegetation
around a specific place (O’Malley et al., 2014). Emergency services will respond and
help the population to recover. However, some people do not call an ambulance. Еhey
may not be aware of the danger or underestimate it. In this case, other individuals
(friends, neighbours or relatives) could take care of those who are more prone to heat
and vulnerable (Klinenberg, 2003). Finally, the lessons learned can lead to radical
transformations in the future: rebuilding a city in a way that it will not have an urban
heat island effect, or buying an air-conditioner (not a sustainable solution though).

More formally, Chelleri et al. (2015) explained recovery as an immediate response to the
system shocks and aimed at returning the system in its initial state (engineering resilience).
Adaptation is defined as ”the process of adjustment to actual or expected changes and its con-
sequences, disregarding system boundaries by moving the thresholds to make persist within
the same regime.” The third measure proposes long-term structural transformations are a
response for shocks that cannot be tackled by the previous two. Figure 2.7 describes the
framework.

Figure 2.7: Approach to urban resilience: absorb and recover, adapt and transform. Modified from Chelleri et al. (2015)

Importantly, many authors argued in favour of the combination of top-down and bottom-
up measures to ensure resilience (Chelleri et al., 2015; Swalheim and Dodman, 2008; Zaidi
and Pelling, 2015). The example of a top-down action is, again, emergency services that are
run by the city, well-informed and ready to help people in need. The bottom-up approach
implies an initiative coming from individuals or communities. Neighbour is taking care of the
neighborhood. To promote such actions, social infrastructure can be used (Klinenberg, 2018).
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In a nutshell, social infrastructure is an umbrella term that refers to various places where
people gather and create or empower social ties, for instance, libraries. Empirical research
showed that libraries play an essential role in bringing people with various background and
social status. It is especially relevant for individuals who can be considered as vulnerable to
extreme heat: elderly, low-income, lonely.

A few words can be said about the other way to operationalize urban resilience through
assessment models. Usually, such models are build-up on the top of conceptual frameworks.
Thus, along with the complications related to building conceptual frameworks, a new problem
arises: how to translate sometimes rather vague and abstract ideas into numbers (Jabareen,
2013). For example, the work of Sharifi and Yamagata (2016) and Bourdic et al. (2012) is far
from being specific and does not differ from general assessment models. These models put
attention on the variety of broad indicators such as a stable economy, strong demographics,
modern transportation system, and so on. Somehow it seems that they neglect the complex
interplay between the parts of the urban system.

Two frameworks described above provide fertile soil for the defined problem: how to protect
the vulnerable population from extreme heat. Combine VAM and the measures of socio-
ecological resilience to:

1. map the threat, vulnerable individuals and communities;

2. identify the possible measures that should be taken to ensure resilience.

2.1.4. Applications
Scientific literature does not have many examples of putting the urban resilience into prac-
tice. There are several reasons for that: the novelty of the concept, and, therefore lack of
knowledge; scientific debates around it, and thus, inability to precisely define it; vagueness
or ambiguity of related ideas, for example, how to quantify adaptive capacity?

Crowe et al. (2016) argued in favor of innovations to built up resilience. The authors
stressed the importance of imagination, creative approach, and design thinking. They pre-
sented five experiments that were aimed to promote urban resilience in Dublin. In short: a
website www.reusingdublin.ie to map underused places in the city; a smartphone applica-
tion ”Geo-timeline” to capture the current state of a place and keep track of the development;
another web platform ”Community gains” to share the resources that are needed to realize
a certain project; etcetera. Ahern (2011) supported such an approach by emphasizing the
importance of ”learning-by-doing” and ”experimental probes.”

Oppositely, O’Malley et al. (2014) proposed to incorporate a conventional solution into
urban resilience framework - vegetation to fight urban heat island effect. The simulation
model that was built by authors for the city of London, showed a positive impact of green
infrastructure on reducing the average temperature.

The largest challenge in urban resilience practice is to propose solutions that are consis-
tent with the theory. So far, they either framed as experiments (Crowe et al., 2016) or aimed
at only one aspect of urban resilience O’Malley et al. (2014).

2.1.5. Critique
Urban resilience is a relatively new concept, and as a result, it is still understudied and has
a lot of debates around it. The biggest obstacle is its vagueness, ambiguity and complexity
(Engle, 2011; Friend and Moench, 2013). Having a variety of definitions makes it hard to
put it into practice. Moreover, there is no comprehensive theory about the object of urban
resilience: cities (Batty, 2013). Cities can be studied from a variety of angles that are all
desire equal attention. What model should be used to ensure that every essential aspect and
relationship of it covered ”good enough?” And what is good enough?

Another critique relates to whether or not it urban resilience a positive concept (Chelleri
et al., 2015; Meerow et al., 2016). A growing body of literature seeks to answer the questions
of equity, transparency, and inclusiveness (Leichenko, 2011). Resilience has its cost, and
since the distribution of vulnerability is usually unequal, how to make sure that everyone
benefits from it, especially the urban poor, minorities and vulnerable?

www.reusingdublin.ie
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2.1.6. Concluding remarks
The goals of this section were: to provide an overview of urban resilience concept, then de-
compose and explain main parts of it, and lastly, identify those are relevant for extreme heat
and can be operationalized.

It was found that urban resilience is a beneficial and complex concept. Urban systems
should be resilient in order to survive during the times of hitherto unseen problems. But
there are a lot of components to unfold quite carefully. First, what is the predominant theory
that is used to explain the performance of the city? What type of resilience is desired? What
is the system of interest? What are the key attributes of an urban area that should be
enhanced? What measures can be used to ensure the transitioning to urban resilience? On
the one hand, these questions make it hard to operationalize urban resilience, but, on the
other side, provide a researcher with flexibility.

Given the fact that the focus of this study is on a specific threat (extreme heat) and sys-
tem of interest (vulnerable individuals and communities), it will be fair to assume that urban
ecology theory along with socio-ecological resilience will be a beneficial standpoint. Conse-
quently, the main focus will be first on mapping vulnerabilities using Vulnerability Analysis
Matrix by Jabareen (2013), and, second on the three essential processes and correspond-
ing capacities described in Chelleri et al. (2015): absorption and recovery, adaptation, and
transformation.

However, we will not limit ourselves by considering urban population. A significant con-
tribution is made by different types of infrastructures: critical, green and social. These will
be discussed in the following chapter.

Unfortunately, none of the definitions present in the literature does not fully cover all of
the assumptions made above. Therefore, we will use a definition that is as close as possible.
The one given by (Desouza and Flanery, 2013) seems to summarize the essence quite pre-
cisely (see Definition 2.1.6.1).

Definition 2.1.6.1 Desouza and Flanery (2013)
Urban resilience is an ability to absorb, adapt and respond to changes in urban sys-
tems.

2.2. Extreme heat
This section aims to cover the essential aspects of the extreme heat threat. First, it provides a
short note on climate change and explains the heat wave phenomenon. Second, it describes
urban heat island effect and how it amplifies the effect of heat waves. Finally, it defines
vulnerable to extreme heat population.

More frequent higher temperatures are one of the future challenges for all world countries
(Straub, 2018; United Nations, 2018a). Even for those that have not had a great history in
combating such climatic problems and the Netherlands is not an exemption. The scientific
evidence is summarized in the latest report made by The Intergovernmental Panel on Climate
Change (IPCC) (Pachauri and Mayer, 2015). The visualization made by Ed Hawkins, a climate
scientist at the University of Reading in the UK and a lead author of the IPCC’s Sixth Assess-
ment Report, provides great insight into these changes (Hawkins, 2019). It demonstrates the
annual average temperatures for the Netherlands from 1901-2018 using temperature data
from Berkeley Earth. The average temperature in 1971-2000 is set as the boundary between
blue and red colors, and the color scale varies from +/- 2.6 standard deviations of the annual
average temperatures between 1901-2000. Figure 2.8 demonstrates that the average yearly
temperature, along with the frequency of hot extremes, is rising.
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Figure 2.8: Annual average temperatures for Netherlands from 1901-2018 using data from Berkeley Earth. Visualization made
by Hawkins (2019).

2.2.1. Heat wave
Heat waves are a relatively well-studied phenomenon (Wu et al., 2013). Broadly speaking,
the primary cause of it is climate change. The damage made by the recent heat waves is
tremendous. For instance, the Chicago heat wave of 1995 was a cause for around 700 deaths,
the European heat wave of 2003 claimed the lives of 70000 people (Åström et al., 2011). Given
the fact that average temperatures are rising, the problem requires extra attention.

The situation is complicated by the uncertainties about: the location (where another heat
wave will take place), and the frequency (how often heat waves can be expected to appear).
Urban resilience literature stressed the fact that cities should be ready for all sort of uncer-
tainties to survive (Ahern, 2011; Leichenko, 2011). Thus, even the past history of a specific
city has no examples of heat waves, it should be ready to face it. Due to uncertainties related
to climate change, for instance, the amount of greenhouse gas emission, it is hard to predict
the number of upcoming heat waves. As a result, the conventional infrastructure measures
sometimes are not ready for the shock.

Another important factor is the aging population. Typically, people who are under the
risk of heat wave are elderly. According to population projections made for the Netherlands
in 2010, the percentage of people aged over 65 expected to increase to 26% in 2035 (Smits
et al., 2014). Centraal Bureau voor de Statistiek reported that ”half of the Dutch adults will
be over 50 in 2019” (Centraal Bureau voor de Statistiek, 2014).

The definitions of heat wave usually have an accent on two critical attributes: temperature
threshold (Definition 2.2.1.1) and duration (Definition 2.2.1.2)

Definition 2.2.1.1 Stefanon et al. (2012)
A heat wave is an extreme event that is defined when the temperature exceeds a given
threshold.

Depending on the country this threshold may vary. For example, the threshold set by
the Netherlands National Institute for Public Health and the Environment (RIVM) is 27 °C
(Rijksinstituut voor Volksgezondheid en Milieu, 2011).
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Definition 2.2.1.2 Zaidi and Pelling (2015)
A heat wave is a period of hot weather lasting for more than five consecutive days.

The duration is also a point of discussion. RIVM recently have lowered down the duration
from 5 to 4 consecutive days.

Other important factors can be considered: night temperature, humidity, etcetera. How-
ever, the crucial role is played by the temperature and the number of days that it lasts.

2.2.2. Urban heat island
One of the factors that can amplify the effect of the heat wave is urban heat island (UHI).
Formally, it can be defined as:

Definition 2.2.2.1 O’Malley et al. (2014)
Urban heat island is a phenomenon where the significant temperature difference be-
tween inner micro-climates of a city and their neighborhoods micro-climates can be
perceived.

Thus, inhabitants who live in UHI experience higher temperatures and, therefore, are
more vulnerable.

Some argue that the urban heat island is relatively easy to find. It is just an area within the
city with the highest population density. The more extensive approach revealed the following
important contributors to creating of UHI: land coverage, emission, and energy consumption
(O’Malley et al., 2014).

2.2.3. Extreme heat vulnerability
The higher temperatures challenge the cities in many ways: failing infrastructure, disrup-
tions in food and water supply, but most importantly, it causes deaths. According to the
studies, certain population groups are more vulnerable to the effects of the heat waves than
others. The vulnerability here is susceptibility to harm that can made by a heat wave.
The factors that characterize these groups can be split into the following categories: age
group, health problems, other socio-demographic or socioeconomic characteristics.

Conventionally, researchers highlight the importance of the age factor (Knowlton et al.,
2008; Naughton et al., 2002; Zaidi and Pelling, 2015). Others stressed the fact that heat
wave can exacerbate existent deceases, for instance, cardiovascular, cerebrovascular, and
respiratory problems (O’Neill et al., 2009; Schwartz, 2005). The third branch of the research
emphasizes the importance of income, education, lifestyle, etcetera. Swalheim and Dodman
(2008) named the urban poor as the main category that is vulnerable to climate change
and extreme heat. Klinenberg (2003) in his famous study additionally pointed out leaving
alone individuals, people with mobility restrictions, and those who do not have access to
transportation.

These factors mentioned above dictate the choices of future data. To summarize, we are
looking at the following variables or their proxies:

• age;

• sex;

• ethnicity;

• household composition;

• income;

• education
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• employment;

• health issues.

2.3. Solutions for resilience capacities
This section aims to explore possible solutions for urban resilience. Given the focus on a spe-
cific threat: heat waves, and a system of interest: vulnerable individuals and communities,
the question is: what measures can be useful?

There are different ways to become more resilient. The approaches and related complica-
tions were discussed previously (see Subsection 2.1.4). The solutions can be split into the
two groups: innovative, framed as experiments, with some possible positive contribution,
and, conventional, that is used to combat a specific threat and has been proved via simula-
tion models. Overall, there is a lack of practical examples of how urban resilience should be
operationalized and what are the possible, proven with data, ways to do so.

One way to proceed further is to assess urban resilience based on existent theories. The
framework of socio-ecological resilience defined in Subsection 2.1.3) requires us to find some
solutions that will support each of the components: absorption, adaptation, and transfor-
mation. We proposed to use different types of infrastructures for it (see Figure 2.9). These
infrastructures should increase the corresponding capacities, and, promote the actions (de-
noted by the bold the lines). Importantly, sometimes there is an overlap between the type of
the infrastructure and the capacity that it should enhance (denoted with the colored lines).
For example, green infrastructure, when presented by a park, can increase adaptive capacity
as well as absorptive. In the following subsections, we will discuss these infrastructures in
more details.

Figure 2.9: Conceptual framework of socio-ecological resilience supported by the different types of infrastructure solutions
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2.3.1. Critical infrastructure
The importance of critical infrastructure cannot be underestimated. When a shock occurs,
the immediate response is required. In case of extreme heat threat, critical infrastructure is
represented by ambulance services. Heat wave is a continuous phenomenon that can last
for days (during the daytime and nighttime as well). This fact pushes ambulance services
beyond the borders of its capacities. This type of infrastructure contributes to absorptive
capacity and helps vulnerable individuals and communities to recover.

Evaluation of critical infrastructure can be done differently. For example, by demand and
supply ratio. How many cars and doctors are available in case of an extreme situation? Or
by measuring the lengths of the routes from vulnerable individuals and communities to the
closest hospital. Some parts of the city are not easy to reach due or common traffic conges-
tion, or it is just physically far. The third way is to analyze ”preparation time.” How long will
it take to get personnel ready? Since the heat wave may strike unpredictability, for example,
during the autumn, some staff can be on vacation when the help is needed. Without a doubt,
more comprehensive metrics for assessment of critical infrastructure exist. However, for the
sake of this research, we will limit ourselves only with the first and the second. Ideally, criti-
cal infrastructure should be able to tackle any increase in demand caused by an unexpected
heat wave. Besides, the hospitals should be well connected to the places where the most
vulnerable people live.

The following Figure 2.10 is a simplified representation of critical infrastructure concept.
It depicts an abstract city with one hospital highlighted.

Figure 2.10: Sketched representation of critical infrastructure concept. Adapted from Envato (2019)

2.3.2. Green infrastructure
The concept of green infrastructure (sometimes called blue and green) is an integral part of
sustainability and resilience concepts. In short, green infrastructure is a term used to denote
vegetation in the form of trees, shrubs, and grass.

The support that green infrastructure provides varies from the immediate response (ab-
sorption) in case of standalone trees to mid-term (adaptation) in case of parks and places
where people can gather and create or improve social ties O’Malley et al. (2014); Peters et al.
(2010).

According to multiple studies, such infrastructure plays an essential role in decreasing
urban heat island effect and decreasing the temperature. In the simulation study conducted
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by O’Malley et al. (2014) 3 strategies to tackle urban heat island effect were selected: vegeta-
tion, water, use of materials with albedo rating. The vegetation strategy performed the best.
Places with a high amount of vegetation showed lower temperatures.

Jabareen (2013) also highlighted the role of greening. Apart from the positive contribu-
tion to urban climate, it has also improved biodiversity and citizens health (MacKillop, 2012;
Swanwick et al., 2003). Ahern (2011) also argued in favour of green infrastructure. From
his point of view, there is a big overlap between resilience and sustainability. greenifica-
tion is usually a part of sustainable development strategies. Modern cities require massive
redevelopment. As a result of this process, future cities need to be much greener.

In Sharifi and Yamagata (2016), the authors proposed a set of indicators that can be
used to measure resilience. Some of them are directly dedicated to green infrastructure:
the number of parks and forest conservation. However, neither the connection of green
infrastructure to extreme heat problem nor discussed its implementation were discussed.
For example, how many parks should be in a city?

In simple terms, there should be more green spaces in cities. Both trees and parks.
Especially where the vulnerable individuals and communities are concentrated.

Figure 2.11: Sketched representation of green infrastructure concept. Adapted from Envato (2019)

2.3.3. Social infrastructure
Social infrastructure is an umbrella concept recently proposed by Klinenberg (2018) for the
places where people can gather, build up or improve their relationships. The concept refers to
libraries, community centers, parks. Klinenberg argued that social infrastructure not equal
to ”social capital” - the concept that is commonly used to measure people’s relationships,
since it has a place in space.

There is empirical evidence on the usefulness of informal activities organized by libraries
and other community centers to build up relationships and prepare people for extreme heat
Klinenberg (2015). Importantly, these activities may not be directed to the extreme event
itself, but rather aimed at socializing and fun. Having healthy relationships usually implies
taking care of each other. People with different statuses, backgrounds and ethnicity, vulner-
able and not, who met at the library, become aware of each other status. As a result, during
a heat wave they may offer help to each other. Social infrastructure is connected to mid-term
adaptation and long-term transformation. It is a bottom-up solution since it promotes proac-
tive behavior of citizens when a shock is in place. In addition, since it is a physical space, it
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can be used as a place to gather in case of an extreme event, and therefore, contributing to
absorptive capacity and recovery phases.

In his work, Klinenberg named certain factors that affect the process of building up social
ties even if the social infrastructure is in place. Examples are high crime rates and constant
migration (Klinenberg, 2018). However, he showed in the cases how the presence of social
infrastructure could gradually transform even quite problematic neighborhoods. He argues
that the development of it contributes to extreme heat resilience and much more important
than investing in conventional infrastructure measures.

Figure 2.12 emphasizes one type of social infrastructure that will be studied later: public
libraries.

Figure 2.12: Sketched representation of social infrastructure concept. Adapted from Envato (2019)

2.4. Conclusion
This chapter had three main goals that are connected to the first research question. First, to
explore the current stage of urban resilience and identify its key components and operational-
izable frameworks for extreme heat threat. Second, identify the main aspects of extreme heat
shock, its amplifier: urban heat island, and understand who is the most vulnerable in this
case. The final third goal was to explore what are the possible infrastructure strategies that
can tackle the extreme heat threat.

Resilience is a complex concept. Originated from systems ecology it has spread across
a variety of disciplines: from economics to social sciences. Recently it has adopted by city
scientists and became urban resilience. During the literature review, it was found that there
are three main types of urban resilience: general, engineering and socio-ecological. The last
two are connected to specific study domains and have some model of the city to operate
with: a city as a combination of engineering systems and a system as complex adaptive sys-
tem. Besides that, they have certain key components: robustness, vulnerability, absorption
and recovery, adaptation, transformation. Due to the nature of the problem and focus on
vulnerable individuals and communities it seems useful to adopt urban ecology theory and
socio-ecological resilience. It comes with the notions of absorption and recovery, adaptation,
transformation. To support the computations two conceptual frameworks were chosen and
merged into one from Jabareen (2013) and Chelleri et al. (2015).

The main attributes of the heat wave threat highlighted in the scientific literature are
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temperature threshold and duration period. Based on those, a specialized agency of the
country plans the emergency actions. The opinions of the researchers regarding heat wave
vulnerability vary. Some tend to emphasize age as the key factor, when others stress the
importance of other attributes: education, for example. In this study, I will merge those
opinions. The vulnerable individuals are people above a certain age threshold (typically, 65),
living alone, with low income and set of health issues. The urban heat island plays a role of
an amplifier. If a vulnerable individual lives in a heat island, it is a point of concerns.

From the solution perspective, three types of measures can be successfully incorporated
into the framework of socio-ecological resilience — first, green infrastructure or vegetation
in the form of trees, shrubs and grass. Vegetation absorbs the heat and extremely helpful
to combat urban heat island effect. Second, critical infrastructure or ambulance services.
When the heat strikes, certain people will ask for help via an emergency network. Ideally,
all vulnerable individuals should be easily accessible by ambulance cars. Besides, the per-
sonnel of hospitals must be ready for unexpected peaks in demand caused by heat waves.
The third component: social infrastructure is aimed at adaptation and transformation. This
concept denotes physical spaces where people can gather and build up healthy social ties,
for instance, libraries. Opposite to the previous two solutions, social infrastructure promotes
proactive behaviour of certain citizen groups, and therefore, it is a bottom-up solution. A re-
silient city should is a city that has well-developed social infrastructure, especially in places,
where a lot of vulnerable individuals live.

The next chapter describes how a transfer from identified conceptual framework to a single
computational model can be made.

The following Figure 2.13 concludes the theoretical discussion and summarizes the find-
ings of this chapter.

Figure 2.13: The Seven Whys of Urban Resilience modified from Meerow et al. (2016) and Ospina (2018)
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This chapter aims to match the concepts described previously with data and methods that
are used to operationalize them. First, it discusses the essential details of how the chosen
conceptual frameworks are operationalized. In line with this, it presents an overview of the
open data sources supporting this process. After that, it covers the important aspects of
machine learning algorithms. Finally, it proposes a computational framework. Thus, this
chapter provides the answer to the second research question.

3.1. Introduction
The components of urban resilience concept are hard to operationalize. They are sophis-
ticated and allow multiple interpretations. For this study, we need to propose a way to
operationalize, first, Vulnerability Analysis Matrix (VAM) by Jabareen (2013), and, second,
the framework of socio-ecological resilience of Chelleri et al. (2015) Meerow et al. (2016) com-
bined with infrastructure solutions (SER). Besides, we also need to present evidence in the
extreme heat threat and discuss urban heat island effect. To promote future reusability of
results, I will start by explaining what kind of data required generally, and only after that,
introduce case-specific data sets.

3.2. Data
This study heavily relies on open data. On the one hand, this fact promotes future reusability
of the research, but on the other side, the data available predefines the way how certain con-
cepts can be operationalized. Ideally, operationalization of VAM requires to have microdata
about the city of interest: The Hague. Microdata in statistics usually denotes the informa-
tion collected on the level of individuals: income, education, occupation, and other. However,
due to rising data privacy concerns, such an approach is undesirable. Therefore, the study
forced to use aggregated data sets. The same argument on data availability holds for the re-
silience capacities assessment. Hence, this study also can be used to formulate future data
needs. Especially in regards to social infrastructure. The examples are: numbers of library
members, their living addresses, how often do they participate in the events organized by the
library.

Now, let us dive in to the details of the VAM. Let us recall that it seeks to answer the
following questions:

1. What is the threat and where it is intensified?

2. Who is vulnerable?

3. Where are they located?

Therefore, first, there is a need for historical data about heat waves and corresponding
damage made to a specific city (The Hague in our case), or at least to a particular country

35
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(the Netherlands). The damage can be measured differently. The conventional metrics are
all variations of mortality. Plus, we need to have two types of temperature data: average
temperature across the city (to fix the presence of a heat wave) and local temperatures (to map
urban heat islands within the a city). Thirdly we need the sets of socio-demographic and
socioeconomic indicators of citizens to analyse vulnerability. Importantly, these indicators
should be allocated geographically. In addition, I propose to use an extra variable to analyze
vulnerability: the number of ambulance calls. Ideally, we would like to know the reasons
for these calls: does a person experience a discomfort because of heat, there is an accident,
or protracted illness caused some complications? If this information is unavailable, then we
will need make an assumption about relations between the temperature and the number of
ambulance calls. The hotter it is, the more calls hospitals will receive.

The SER, together with the solutions, can be operationalized in the following way. The
first component of it: absorption and recovery, is covered by two types of infrastructures:
green and critical. In simple terms, the aim for green infrastructure is to analyze to what ex-
tent a specific unit, for example, a district, is covered by vegetation. The more vegetation a
district has, the more absorptive capacity is there. The contribution of critical infrastructure
can be measured through street network analysis: how close are the hospitals to vulnerable
individuals and communities? The closer they are, the faster the recovery can happen. Basi-
cally, the variable is proximity. Besides, the ambulance calls data to provide an interesting
insight into the demand for emergency services. The hospitals around a specific area should
have enough capacity (simply personnel and cars) to tackle an increased number of requests.

The adaptive capacity is the most complex to measure. There are many different types
of social infrastructure: libraries, community centers, churches, and so on. The critical as-
sumption is if the infrastructure is in place and easily reachable, then relationships will be
built. Again, the variable is proximity. Besides, I propose to use the data source called Pop-
ular times. Recently introduced by Google, it has information about popularity of a certain
place: ratings, distribution of costumer other the day, average visiting times. Certain factors
can degrade social infrastructure. These factors are much easier to measure. It is constant
migration and high crime rates.

3.2.1. Heat wave and urban heat island
The data sources that are used to demonstrate the importance of the heat wave threat and
urban heat island effect showed in Figure 3.1. These data sets do not require further elabo-
ration and just need to be carefully analyzed.

Figure 3.1: Data sources used to map the extreme heat threat
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Let us explain the data set from Figure 3.1 in details. The first one has the data about
increases in mortality during the periods of extreme heat in 2006, 2010, 2018 and 2019
(Centraal Bureau voor de Statistiek, 2018a, 2019a). The graphs showing these statistics can
be found in Section 1.1.3 and Appendix A.1.

The second one has results of the study conducted by Hoeven (2018). In 2017 the authors
analyzed the daytime and nighttime temperatures using remote sensing and crowd-sourced
weather data from around 200 stations. The observations were aggregated and resulted
measurements reported on the scale 100 by 100 square meters. The data set of the study
is open-access and can be found online at Hoeven (2017). The result of the analysis can be
found in Chapter 4.

The final third data set contains information about the temperature in The Hague. The
data is provided by The Dark Sky Company that is specialized in weather forecasting and
visualization. To access the data, I used a Python package darkskylib and The Dark Sky API
(Lukáš, 2019; The Dark Sky Company, 2019). It is free for a 1000 requests and allows to
collect temperature data in real-time.

3.2.2. Extreme heat vulnerability
The main data sources that are used to operationalize the other two components of VAM are
demonstrated in Figure 3.2:

Figure 3.2: Data sources used to map vulnerability

Socio-demographic and socioeconomic variables
The first three data sources reflect on the discussion of vulnerability from Section 2.2.3.
People with specific socio-demographic and socioeconomic attributes are more prone to the
damage of heat waves; therefore, more vulnerable. The data provided by CBS and the mu-
nicipality of The Hague is census data and reported yearly. Important to remember that the
actual changes may happen monthly or even daily: moving, marriage, change of workplace.
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Besides that, the variables of these data sets are allocated according to the address of reg-
istration. Of course, an individual spends some of his time at this location. However, his or
her daily behavior patterns are mostly hidden: travel to work, walking around or going on
vacation, etcetera. Nevertheless, we can still benefit from using such data. As it was found
during the literature review, vulnerable individuals are those who above a certain age (above
50 or 65 in some cases), have limitations in mobility and health issues. It is fair to assume
that such individuals will spend a significant amount of time in their living places. Therefore,
a map of the city, which represents such vulnerability is highly relevant and can provide us
with insight.

As can be seen, the necessary data about the inhabitants of The Hague is available at
different sources: the data provided directly by Centraal Bureau voor de Statistiek (CBS),
the data collected by Rijksinstituut voor Volksgezondheid en Milieu (RIVM) and provided by
the infrastructure of CBS, and the data collected and published by the Municipality of The
Hague.

Quite recently, CBS has started to publish Kaart met statistieken (Maps with statistics in
English). These data sets are maps with assigned attributes. They have different resolution:
100 by 100 𝑚ኼ, 500 by 500 𝑚ኼ, 6-Digit Postal Codes, 4-Digit Postal Codes. The resolution
here is the size of the area covered by the data. That is, the data with 100 by 100 𝑚ኼ
resolution reports only about the citizens and built environment that registered within this
area. Important to mention that the higher the resolution, the less data is available. For
instance, is income data is not available for 100 by 100 𝑚ኼ resolution. Since manipulation
with postal codes is somewhat complicated, it was decided to use only 100 by 100 and 500
by 500 𝑚ኼ data sets.

The name of the other CBS data set is Kerncijfers wijken en buurten (Key figures of districts
and neighborhoods in English). The variables of this data set available on three levels: city,
district and neighborhood. The total number of variables here is higher than for Maps with
statistics. It has such attributes as family composition, income and crime rates.

In 2016 RIVM collected a variety of health indicators for all Dutch cities (Rijksinstituut
voor Volksgezondheid en Milieu, 2016). For example, obesity, limited mobility, and so on.
This data is available on district and neighborhood levels. The resulting data set called
Gezondheid per wijk en buurt 2016 (Health per district and neighborhood 2016 in English).

Apart from CBS, cities themselves also collecting the data. Municipality of The Hague has
a more broad range of variables that characterize its population. For instance, there is data
about migration and occupation. This data is also available with district and neighborhood
resolution.

Thus, we have three data sources and four data sets that complement each other and
should cover the concept of extreme heat vulnerability. However, two major problems should
be addressed. First, the availability of the data. The Maps with statistics are not available for
2018 and 2019 years. Same holds for RIVM study that was conducted in 2016. To overcome
this limitation and preserve consistency, I will use the data for 2016 for further analysis.
Second, the resolutions of the data do not match. For instance, the variables about family
composition are available only on the neighborhood level, whereas desired data resolution
is 100 by 100 𝑚ኼ. I propose the following solutions: create a multi-resolution model. In
simple terms, we want to assign the variables available on the neighborhood level to the
higher resolution of 100 by 100 𝑚ኼ. Such assignment is pretty complicated if the difference
between the areas is large (a neighborhood can consist of around 50 squares of 100 by 100
𝑚ኼ. Therefore, to minimize inconsistencies, let us keep working with the data with 500 by
500 𝑚ኼ resolution. The assignment will be done as follows. Take a single neighborhood and
a variable of interest. From a geometric point of view, this neighborhood is covered by n
squares of the lower space. Let us uniformly distribute the variable of interest between these
squares. Visual representation of this procedure is depicted with Figure 3.3.
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Figure 3.3: Multi-resolution assignment: from district level to 100 by 100 ፦Ꮄ

Emergency network
Emergency calls are an excellent data source for analysis of vulnerability. For this study, we
will use the calls collected from P2000 network: a one-way communications network used
for emergency services in the Netherlands.

There are three hypotheses to test with this data set. The first one relates to the distri-
bution of the calls. It is highly likely that it is unequal over a day, week, and month. For
example, there can be more calls during the morning or late afternoon. Second, the calls
are made from different geographical locations. The number of calls made from certain parts
of the city can be higher, thus, creating certain ”hotspots” of high vulnerability. The final
hypothesis examines the connection between the number of ambulance calls and the tem-
perature in the city. Whether the assumption: the higher the temperature, the more calls
are made, holds.

The data sets discussed previously were preprocessed and published for public use by
governmental institutions. Therefore, they can be downloaded, unpacked, and almost im-
mediately used (some preprocessing is still required). Oppositely, the data on emergency
calls need to be collected first, second, carefully preprocessed, and only after that used to get
an insight. Consequently, it is necessary to describe the data collection process.

There are a variety of websites that are translating calls from P2000 network. www.

www.p2000mobiel.nl
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p2000mobiel.nl was chosen because of its relatively simple interface (the way how the in-
formation is presented). The web site does not state any limitations of the usage or collection
of its data. Therefore, it was assumed that the data could be collected via
textitweb scraping. Web scraping is a direct collection of information from a web site utiliz-
ing a script in any programming language. This script first collects and then transfers the
information published on the web site to a server where the script was launched. Table 3.1
represent a set of records scraped from the web site.

№ Call type Original message Date Preprocessed mes-
sage

1 Ambulance [[1520031] Ambu-
lance Haaglanden]

2019-06-25 12:16:22 A2 Pisuissestraat
SGRAVH : 15131

2 Ambulance [[1520014] GGD Den
Haag-Waldorpstraat (
Ambula...

2019-06-25 11:56:28 A1 Huisartsenpraktijk
Loosduinse Hoofd-
straat S...

3 Ambulance [[1520021] Witte
Kruis Den haag (
Ambulance 15...

2019-06-25 11:41:29 A2 Pisuissestraat
SGRAVH : 15121

Table 3.1: Sample records of P2000 network

Important to mention that by default, a record does not have coordinates. Instead, it has
only a postal code written in the message. In case of The Hague or Haaglanden region, it is
4-digits Postal Code (6-digits Postal Code available for Rotterdam and Amsterdam). Thus,
the assignment should be made manually, for example, by finding a middle point of a certain
postal code. As a result, there can be a certain shift or bias. To match the postal codes with
coordinates, I used one extra data set that has not been discussed yet. OpenAddress is a free
and open global address collection. Stored online at www.openaddresses.io street names,
postal codes, and corresponding coordinates can be easily downloaded in CSV format.

www.p2000mobiel.nl
www.p2000mobiel.nl
www.openaddresses.io
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3.2.3. Solutions for resilience capacities
The data sources that are used for the analysis of resilience capacities are depicted in Figure
3.4:

Figure 3.4: Data sources used to analyze resilience capacities

Critical infrastructure
The data provided by OpenStreetMap (OSM) is an excellent source for urban analytics. It has
extensive and up-to-date information about street networks and amenities around a specific
location.

To analyze the critical infrastructure of the city, at first, we need to collect hospital loca-
tions. After that, we can analyze the driving routes of ambulance cars using street network
data. The question is: what is the length of the shortest route from a hospital to a vulnerable
individual or community? Since we are operating with 500 by 500𝑚ኼ polygons, the distances
will be measured from a hospital to the centroid of a polygon. There are multiple hospitals,
and numerous driving routes should be analyzed. The result of this analysis is an isochrone
map representing the lengths of the shortest paths from any hospital to any polygon in the
city.

Let us provide a short note on the data collection procedure. The data can be derived with
either an API provided by OSM or via a package written in Python programming language.
For this study, a Python package called OSMNx is chosen (Boeing, 2017). It is relatively
stable and provides a variety of built-in functions to analyze and visualize street networks.

Green infrastructure
The analysis of green infrastructure can be done in two ways: by using satellite images or
with statistical information given by the municipality of The Hague. In both cases the aim is
to understand to what extent a certain part of the city is covered with vegetation.
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The satellite images of the Netherlands are provided by Publieke Dienstverlening Op de
Kaart (Public Services On the Map in English) Publieke Dienstverlening Op de Kaart. These
images are stored online in WMS databases at https://www.pdok.nl/datasets. To retrieve
these images in JPEG format, a Python package owslib is used. For the sake of convenience,
the whole image of The Hague area is split into n parts.

The second data set created by the municipality of The Hague represents a permanent
revision of the trees in the city. It has a variety of attributes such as tree type, the age of
planting, and so on. The attributes that are important for this study: the number of trees
and their coordinates.

Social infrastructure
The analysis of social infrastructure and corresponding adaptive and transformative capaci-
ties is based on three data sources: OSM, Google, and the municipality of The Hague.

OSM data used in the similar to critical infrastructure way. We aimed at collecting library
locations and analyze the shortest routes to them. But for now, these routes are walking
ones.

The data set from Google, generally called Popular times data, provides a set of variables
about ”popularity” of a certain place: live visit information, wait times, and typical visit dura-
tion. Google states that this is aggregated information collected from Google Location History.
Thus, if a person has a smartphone with installed Google Maps application on it and a feature
to share information about the location on (by default it is on), then the fact that he or she was
present at the particular place will be included in the overall statistics. The goal is to come
up with an additional measurement of how much a specific library is used. Without a doubt,
certain places located in the city center might be used not only by the citizens of the adjacent
territories but by tourists, people working closeby. However, taking together with proximity
data from OSM will provide us with a better insight about to what extent public libraries are
used. Popular times data can be accessed via an API prodvided by Google. Again, similarly
to OSM I will adopt a Python package to download necessary variables. The package called
populartimes and available at https://github.com/m-wrzr/populartimes.

As was discussed in Section 2.3, particular factors might degrade social infrastructure
and prevent establishing strong social ties. The data sets provided by the municipality of
The Hague have such indicators: migration, crime. Besides, since transformative capacity
defined as a radical change, for example, change of living place to less heat-sensitive (there
is some evidence that recently built housing is more heat-proof), the income and housing
prices can provide us with some insight.

Concluding remarks
The data sources discussed above can be classified in the following way:

1. Data about the threat: heatwave, and its amplifier: UHI;

2. Data about citizens: a set of variables representing to what extent they are vulnerable
to extreme heat;

3. Data about infrastructure: vegetation, emergency services, and libraries.

All these three data sources sufficiently cover previously defined conceptual frameworks:
Vulnerability Analysis Matrix and socio-ecological resilience combined with infrastructure
solution. Without a doubt, there are more data sets that are useful in that regards. However,
since the practice of operationalizing of urban resilience is lacking, such an approach seems
to be an acceptable first step.

Let us conclude by mentioning that a more extensive description of all data sets can be
found in Appendix B.

3.3. Methods
The aims of this section are the following. First, to explain the choice of the methods, and,
second, to cover the necessary fundamentals of the chosen algorithms.

https://github.com/m-wrzr/populartimes
https://www.pdok.nl/datasets
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Different approaches can be proposed to analyze urban resilience. Some of them are
more qualitative; some are more quantitative. Quite recently, cities became a part of the
data collection race. Some of the data collected for the last couple of years is published
online as open-access. Besides the cities, private and non-profit companies such as the
OpenStreetMap Foundation, for example, also provide access to their extensive data set col-
lection. Taken together, these facts promote a shift towards using computational methods to
deal with urban problems. One the other hand, the last ten years characterized by the rapid
development of field know as machine learning. Defined as automated detection of meaning-
ful patterns in data (Shalev-Shwartz and Ben-David, 2014), machine learning can be used for
better understanding of cities and improve decision-making process. However, often, there is
a lack of understanding and practical examples regarding what methods should be used for
such novel data sets. Multiplied by the complex nature of cities, the task of using machine
learning for urban problems desires extra attention.

The impact of heat waves can be analyzed in the following way. The data from the P2000
network has two important dimensions: time and geographical location. Thus, it can be
presented in the format of time series with assigned coordinates. The type of algorithms
that are used for the analysis of such data is time series forecasting. In simple terms, the
tasks of time series forecasting are to a). Extract daily, weekly, or any other time pattern b).
Based on this, predict the future values. Therefore, we can adopt time series forecasting to
understand how the demand for ambulance services is distributed over time and what is the
geography of ambulance calls.

Applied to the VAM machine learning can help to reveal interesting patterns. The concept
of vulnerability has a sophisticated structure. As was found in Subsection 2.2.3, there are a
variety of factors: demographic, health, behavioral, and so on, define whether a not a person
is vulnerable to extreme heat. To handle such a complicated task, we propose to use two
types of unsupervised learning techniques: clustering and dimensionality reduction. Un-
supervised learning is one of the fundamental learning types of modern machine learning. In
unsupervised learning, the algorithm is not provided with a set of ”true” labels of classes. The
goal for using these algorithms is understand how vulnerable individuals and communities
are grouped and distributed across the city.

The three components of SER can be studied as follows. First, the data sets defined
previously for green infrastructure allow us to use three types of algorithms: clustering and
classification for the satellite data, and geospatial analysis for the trees data set. Since the
computational resources required for classification are quite high, it was decided to use only
clustering on satellite images. Without a doubt, such an approach is far from being perfect.
It provides us with quite a raw numbers regarding how green is a certain part of the city.
However, such ”proof of concept” might be quite useful in case of the lack of computational
resources. Second, to analyze critical infrastructure I propose to use network analysis with
calculation of short paths lengths from hospitals to vulnerable individuals and communities.
The same approach can be used for social infrastructure. In addition, for Google’s Popular
times data set I suggest to use conventional algorithms of geospatial analysis.

Finally, to match extreme heat vulnerability (represented by the number of ambulance
calls made during the heat wave) and distribution of vulnerable individuals and communities
(results of dimensionality reduction algorithms) I propose to use the methods of regression
analysis.
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№ Type of technique Package name Reference
1 Time series forecasting fbprophet, scipy Taylor and Letham (2018),

Jones et al. (2001)
2 Dimensionality reduction,

clustering and regression
analysis

scikit-learn, yellowbrick, hdb-
scan

Pedregosa et al. (2011),
Bengfort et al. (2018),
McInnes et al. (2017)

3 Non-negative matrix factor-
ization

nimfa Zupan et al. (2012)

3 Network analysis OSMNx Boeing (2017)
4 Geospatial analysis pysal Rey and Anselin (2007)

Table 3.2: Software implementation of the chosen algorithms

The following subsections explain the necessary fundamentals of proposed techniques
and corresponding algorithms.

3.3.1. Time series forecasting
Time series forecasting can be defined as predicting future values of a particular phenomenon
based on the previous observations (Azoff, 1994). Opposite to regression techniques, usu-
ally TSF does not require a set of predictors; instead, it operates only with the information
extracted from the past data.

Time series forecasting has a set of limitations. First, it is very sensitive to the amount
of data that was provided. The less data is provided to the algorithm, the less accurate
predictions. Second, the predictions can be complicated by outliers. Some algorithms are
robust to outliers. That is, they can extract the trend even if the time series curve has a lot
of abnormalities and noise.

For this study I propose to use The Prophet (fbprophet) time series forecasting model
proposed by Taylor and Letham (2018). It is based on decomposable time series model from
Harvey and Peters (1990), allows to extract non-linear trends, robust to missing data and
outliers.

As was discussed previously, we are going to use time series forecasting for analysis of
ambulance calls. Let us finalize the discussion of these type of techniques by providing an
example. Consider the following time series: the number of ambulance calls made in The
Hague from 23 of May to 1 of June 2019 (see Figure 3.5)

Figure 3.5: Number of ambulance calls made in The Hague from 23-05-2019 to 01-06-2019

The goal is to understand the daily patterns and come up with a prediction of future
demand. Let us make a prediction for next four days or 96 hours. As can be seen from Figure
4.9 the algorithm is able to catch the overall trend (depicted with the blue line). However,
since the number of data points is relatively low, the actual values (black dots) are often lay
above the uncertainty interval (blurred light blue curve).
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Figure 3.6: Prediction of ambulance calls by fbprophet

The final figure demonstrates the decomposition of the time series into the trend and
daily pattern. It seems that there are hills and caveats. Not surprisingly, there are fewer
calls during the night. However, what is interesting is that the curve has a certain number
of peaks. Such a result provides us with an insight into how vulnerability distributed over
time.

Figure 3.7: Extracting trend and daily pattern with fbprophet

3.3.2. Dimensionality reduction
Dimensionality reduction (DR) is a common technique of unsupervised machine learning.
The task of DR is to reduce the number of variables to consider. For example, if the
original sample of two observations has three attributes, they can be mapped into three-
dimensional space. For the sake of simplicity, let us assume that these observations have
converted into cylinders (see Figure 3.8). By reducing the number of dimensions n from 3 to
2, they transformed into circles, and after setting up n to 1, to segments.
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Figure 3.8: The task of dimensionality reduction

Typically, machine learning problems involve many variables, from hundreds to thou-
sands. In some cases, the information represented by specific variables can be treated as
unnecessary or redundant. For example, one of the main applications of DR is to compress
images. By reducing the initial number of variables, the weight of the image file will be re-
duced as well. However, the quality of the output can still be satisfactory. The Figure 3.10
demonstrates how Non-negative matrix factorization algorithm works on image data. From
left to right, the initial number of dimensions was reduced to 5.

Figure 3.9: Example of non-negative matrix factorization on image data

Some variables in the initial data set can be correlated. Therefore, by merging those, there
is no loss of information, to a certain extent. Another point of using DR is to clear up data
set and reduce the noise and thereby improve the performance of the next algorithm in the
pipeline (usually, supervised learning algorithm: regression or classification).

There are two main approaches top dimensionality reduction: projection and manifold
learning. The key assumption of the projection approach is that all initial observations lie
within a much lower-dimensional subspace of the high-dimensional space. Manifold learning
relies on the manifold assumption which holds that most real-world high-dimensional data
sets lie just close to a much lower-dimensional manifold.

The input of any DR algorithm is the original data set of n observations with m attributes.
The main parameter of all algorithms independent of the approach is the number of dimen-
sions d to which m should be reduced. The output is composed data set of n observations
with d attributes. The evaluation of performance depends on the algorithm. Often, there
is a need for expert validation, or at least the resulted variables should be checked by the
researcher.

DR algorithms can be used for the VAM as follows. Since the number of individual, house-
hold and environmental attributes is relatively high (at least it is hard to operate with the
initial m attributes), there is a need for reduced set of k variables. Besides, many of these
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attributes are correlated what makes it hard to perform regression analysis on it. The merged
variables will contribute to a profile of the individuals living at a certain place. By a profile, I
mean a specific combination of predominant characteristic. For example, middle-age, Turk-
ish, high-income, with kids. The assumption is that the city consists of a certain number of
unique profiles.

Necessary Principal Component Analysis
Principal component analysis (PCA) is one of the most popular dimensionality reduction al-
gorithms (Jolliffe and Cadima, 2016). The earliest publications about the PCA dated to the
early twentieth century by Pearson (1901) and Hotelling (1933). PCA is a projection method.
Therefore, it first seeks for the hyperplane that lies closet to the data, and the projects the
data onto it.

PCA creates a set of new orthogonal, and, therefore, uncorrelated, variables called princi-
pal components. These variables can be interpreted as directions of maximum variance.

Figure 3.10: Contrasting original axes ፱Ꮃ and ፱Ꮄ with principal components PC1 and PC2

In short, in order to perform PCA we need to construct a 𝑛×𝑚-dimensional transformation
matrix 𝑊. This matrix allow to map a sample vector 𝑥 onto a new 𝑑-dimensional feature
subspace:

𝑥 = [𝑥ኻ, 𝑥ኼ, … , 𝑥፦] , 𝑥 ∈ ℝ፦

↓ 𝑥𝑊, 𝑊 ∈ ℝ፦×፝

𝑧 = [𝑧ኻ, 𝑧ኼ, … , 𝑧፝] , 𝑧 ∈ ℝ፝

The resulted first principal component will have the largest possible explained variance.
Explained variance stands for the amount of variance accumulated in the component. The
more the variance, the more import is the component for recreating the overall picture. There-
fore, the second and all subsequent components will have less variance than the first one.

The first step of the algorithm is to construct covariance matrix. For example, covariance
between two features 𝑥፣ and 𝑥፤ is equal to:

𝜎፣፤ =
1
𝑛

፧

∑
።዆ኻ
(𝑥(።)፣ − 𝜇፣) (𝑥(።)፤ − 𝜇፤)

where 𝜇፣ and 𝜇፤ are the sample means. In this terms covariance matrix for three features
equals:
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∑= [
𝜎ኼኻ 𝜎ኻኼ 𝜎ኻኽ
𝜎ኼኻ 𝜎ኼኼ 𝜎ኼኽ
𝜎ኽኻ 𝜎ኽኼ 𝜎ኼኽ

]

The eigenvectors of this matrix are principal components and the corresponding eigenval-
ues define their ”magnitude.” After eigenvectors and eigenvalues were defined, the final step
is to obtain eigenpairs. An eigenvector 𝜈 satisfies the following condition:

∑𝜈 = 𝜆𝜈
where 𝜆 is a scalar and eigenvalue. From here we can use 𝜆፣ to analyze the performance

of PCA algorithm. The following equation defines variance explained ratios:

𝜆፣
∑፝፣዆ኻ 𝜆፣

The ”right” number of dimensions is usually defined with elbow method. The method
points on how many dimensions should be chosen to cover 95% of the variance. Often, the
graph kind of breaks in this point and create an elbow.

Figure 3.11: Demonstration of the elbow method for PCA

Like any other method, PCA has its limitations. One of the crucial ones it relies on the
assumption of linearity. Secondly, it relies on orthogonal transformations. Currently, there
are many modifications of the algorithm that can overcome those (see Jolliffe and Cadima
(2016)).

Non-negative Matrix Factorization
Non-negative matrix factorization is a relatively novel algorithm for dimensionality reduction
(Wang and Zhang, 2013). In some sense, NMF works similarly to previously discussed PCA:
each data point is represented as ”weighted” sum of some higher-dimensional components.
The difference is that these components must be non-negative, whereas for PCA just orthog-
onal. Remarkably, since NMF operates with only non-negative components it is easier to
interpret the results.

In simple terms, NMF factorizes (breaks down) the feature matrix into matrices represent-
ing the latent relationships between observations and their features.

Let 𝑋 be the original matrix 𝑛 × 𝑚 composed out of observations and corresponding at-
tributes. The task of NMF is to find a solution for 𝑉 ≈ 𝑊𝐻 where W 𝑛 × 𝑟 and H 𝑟 ×𝑚. Thus,
each column of V, 𝑣።, can be found through:
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𝑣። = 𝑊ℎ።
where ℎ። is i column vector of matrix H.
The process of finding good approximation is optimization problem with respect to W and

H. Formally we have

min
ፖ∈ℝᑟ×ᑣ ,ፇ∈ℝᑣ×ᑞ

‖𝑋 −𝑊𝐻‖, such that 𝑊 ≥ 0 and 𝐻 ≥ 0

This problem can be solved by using in a couple of ways. For instance, alternating least
squares or multiplicative update rules methods (Lee and Seung). In simple terms, the first
one is using initial guesses, random number, forW given H is correct and other way around.

Ding et al. (2005) noted that NMF is equivalent to spectral and K-Means clustering.
One of the complications of NMF is evaluation of its performance. Opposite to PCA it does

not have a metrics similar to explained variance.

Other algorithms and metrics
Apart from PCA and NMF, in this study I used the following dimensionality reduction al-
gorithms: Factor Analysis, Singular Value Decomposition, Independent Component Analysis
and a variety of implementation of NMF. More information about these algorithms can be
found in Pedregosa et al. (2011), Zupan et al. (2012). The metrics that are used to evaluate
the performance of these algorithms are also extensively discussed in the sources mentioned
above.

3.3.3. Clustering
Clustering is one the techniques of unsupervised learning machine learning. In simple terms,
clustering is grouping of similar object into a certain number of sets or clusters. The
grouping is done based on some rule, for example, based on the density: if there are a lot of
data points within a certain area - it is a cluster, and the rest treated as a noise. The number
of clusters can predefined by a user or can be defined by the clustering algorithm itself.

Figure 3.12: The task of clustering

Further, I will use clustering to operationalize VAM in the following way. As was discussed
in the previous section, the result of any dimensionality reduction algorithm is a composed set
of individual attributes or profiles. Each of these profiles is distributed over the city. In some
places, one profile is predominant, in other areas another one. When we apply clustering on
these profiles, we will see how specific profiles are grouped together. The hypothesis is
that certain parts of the city will be highly homogeneous clusters. This is undesirable if a
homogeneous cluster is represented by a vulnerable profile and takes up a lot of space.
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Necessary K-Means
The K-Means algorithm is one the most popular and simple ones (Jain, 2010). First published
in 1982 now it is a point of departure of any cluster analysis. K-means refers to partitioning
algorithms, These algorithms are based on specifying an initial number of clusters, and then
iteratively reallocating objects among clusters to convergence.

Other algorithms and metrics
Apart from K-Means, in this study I used the following clustering algorithms: Mini Batch
K-Means, Affinity Propagation, Mean Shift, DBSCAN, HDBSCAN, Spectral Clustering, Agglom-
erative Clustering, OPTICS, Birch and GaussianMixture. More information about these algo-
rithms can be found in Pedregosa et al. (2011), McInnes et al. (2017). The metrics that are
used to evaluate the performance of these algorithms are also extensively discussed in the
sources mentioned above.

3.3.4. Regression
Regression is a type of statistical analysis used to measure relationships between a set of
variables. In this study, I will use regression algorithms to identify relations between the
number of ambulance calls and the attributes of the citizens within a specific area. For
example, if the amount of highly vulnerable people within a certain area is high, then the
number of ambulance calls made during the heat wave should also be high. Besides, there
is an essential factor affecting this: the presence of urban heat island.

In this study I used the following regression algorithms and techniques: Multiple-linear
regression, Ridge, Elastic Net, Support Vector Regression, Huber Regressor. More information
about these algorithms can be found in Pedregosa et al. (2011). The metrics that are used
to evaluate the performance of these algorithms are also extensively discussed in the source
mentioned above.

3.4. Computational framework
Conceptual framework, data, and methods joined together create a computational framework.
A computational framework should provide us with a clear and understandable way how the
concept of urban resilience can be operationalized utilizing machine learning algorithms. In
some sense, a computational framework should be a representation of a data-driven assess-
ment model and help to evaluate the current state of the urban system and estimate its future
performance. Formally we have two conceptual frameworks: one is aimed at vulnerability
and another one at resilience capacities, there should be two computational frameworks (see
Figure 3.13 and Figure 3.14).
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3.5. Reusable machine learning study
Reusability of computational models is complicated due to a couple of reasons, first, because
of the high prices. To get statistical software or access to the full potential of a programming
or simulation language, you need to buy a license that is usually pretty expensive. Second,
due to the way the project is organized, and the code is written. Without a clear template,
extensive documentation or well-organized API, it is highly likely that potential users will be
scared away. Finally, the data used in the study should be appropriately stored and easily
accessible.

To overcome these problems, it was decided to use the following approach. First, as was
briefly discussed above, the software implementation of computational models will be made
with Python programming language. It is high-level, general-purpose language, and it is
freely distributed and accessible for a single installation from www.python.org or with the
Anaconda distribution at www.anaconda.com. Currently, Python is one of the most popular
programming languages in the areas of data science, machine learning, and software engi-
neering. Thus, it is likely that on the one hand, the next users will get familiar with the way
how the study was made, but on the other side, they will get the access to it for free.

There are different approaches to code organization. In short, the fields of data science
and machine learning is aimed at creating certain flexible standards. IBM, Google, Amazon
propose their templates and guidelines. The solution that was chosen for this study is called
Cookiecutter (Driven Data Labs, 2019). Cookiecutter is an open-source solution for creating
project structures. The structure generated by Cookiecutter by default has the following fold-
ers: data, docs, models, notebooks, etcetera. Such simple at first glance folder organization
has a long story of improvements, modification, and critique. Besides the overall structure
of the project, the machine learning project itself needs to be organized a set of consecutive
steps. Again, there are various ways to conduct a study. The most common approaches are:
CRISP-DM and OSEMN. Géron (2017) proposed one more great template in the form step-wise
approach. The common ground between these three was found in the following steps: prob-
lem understanding, data gathering and preprocessing, future preparation, modeling, and
interpretation of results. That is, I split assessments into separate folders. Each folder has a
set of notebooks that have names of corresponding steps. Each notebook is supervised with
necessary comments on how and why certain actions were made.

All data sets that are used in this study are open-access; therefore, they can be collected
by any party. However, some may find the data collection procedure complicated. Besides, it
is essential to provide two types of data: raw and processed. Since sometimes, processing can
be done differently and significantly affect the results, any researcher can have a possibility
to do in his or her way. To satisfy these needs, I stored the main data sets in two folders:
raw and processed.

The following sections of this chapter will present the main results of the analysis. For
the sake of saving space, specific preprocessing will not be discussed. However, in case of
doubts regarding a particular procedure, the answers can be found on www.github.com/
mikhailsirenko/urban-resilience-ml.

www.python.org
www.anaconda.com
www.github.com/mikhailsirenko/urban-resilience-ml
www.github.com/mikhailsirenko/urban-resilience-ml
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3.6. Conclusion
This chapter had three goals, namely:

1. Propose a way to transfer identified conceptual frameworks into a set of measurable
indicators;

2. Discuss open data sources that are sufficiently cover these indicators;

3. Introduce the methods that can be used for the analysis of these data sets.

The discussion of these points should result in a computational framework, and, therefore,
the answer to the second research question.

Operationalization of Vulnerability Analysis Matrix implies, first, understanding of heat
waves and urban heat islands, and, second, analysis of socio-demographic and socioeco-
nomic variables associated with inhabitants of the city and their locations. The following
variables can cover the first component: mortality, the average temperature across the city,
and the temperature measured locally. The variables of the second one: age, ethnicity, family
and household composition, income, education, occupation, health. Besides, the data about
ambulance calls can be used to analyze vulnerability. It especially insightful to compare the
distribution of ambulance calls during a heat wave with an average day.

Operationalization of the framework of socio-ecological resilience in combinations with
solutions (SER) is more complicated. Critical infrastructure can be assessed via proximity
metrics or how close are vulnerable individuals and communities to hospitals. Besides, the
number of ambulance calls made during a heat wave provides us with a good indication
ща potential demand during crisis events. The variables for green infrastructure are the
number of trees planted within the city and vegetation depicted at satellite images. The final
component, social infrastructure, assessed, again, with proximity and with Google’s Popular
times data. The last data set includes ratings, the average number of clients, etcetera.

To analyze these data sets, four types of techniques are proposed: time series forecasting,
dimensionality reduction, and regression. Besides these major types, some methods geospa-
tial and network analysis are used. Time series forecasting aims to extract trend, daily and
weekly patterns. Also, try to predict the number of ambulance calls based on past data. By
means of geospatial analysis, I will try to match the ambulance calls made during the heat
wave with the locations of urban heat islands. The goal of dimensionality reduction algo-
rithms is to decompose numerous indicators into uncorrelated sets - profiles. These profiles
will demonstrate the distribution of vulnerable and non-vulnerable individuals over the city.
Clustering algorithms provides us with an opportunity to group these profiles to understand
the complex demography of the city better. To what extent vulnerable citizens are mixed
with non-vulnerable? The final type of algorithms, regression analysis, is used to match the
profiles with the number of ambulance calls. To what extent extreme heat vulnerability (pre-
sented by socio-demographic and socioeconomic attributes) results in the ambulance calls
during the heat wave. The study of resilience capacities is based on street network analysis
along with geospatial methods.

The data and the methods joined together create a computational framework and provide
the answer to the second research question.
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Results

This chapter aims to present the results of the case study analysis. That is, in this chapter,
I apply the proposed computational framework to understand: how resilient is the Hague to
extreme heat. It starts with a discussion of recent heat waves, reports time series forecasting
and outputs of geospatial analysis on ambulance calls. In addition, it explores the contri-
bution of urban heat island effect into the number of ambulance calls. The second section
reports the results of the vulnerability assessment. Here dimensionality reduction and clus-
tering algorithms are applied to identify vulnerable individuals and communities and their
distribution across the city. The discussion of vulnerability is followed by resilience capac-
ities assessment. Geospatial and network analysis are utilized to understand how various
parts of the city differ in terms of vital infrastructure. Thus, the chapter seeks to answer the
third and fourth research questions.

4.1. Analysis of heat waves and urban heat islands
Background information
In Chapter 1 of this manuscript we have already extensively discussed the history of heat
waves in the Netherlands. Before 2019, there were three major cases: in 2006, 2010, and
2018. At the moment of finalizing this thesis a new 6-days heat wave covered Dutch cities:
from 22 to 27 July 2019. This time the heat was so strong that some cities renewed their
temperature records. The Royal Netherlands Meteorological Institute (KNMI) issued code or-
ange and The Netherlands National Institute for Public Health and the Environment (RIVM)
activated National Heat Plan (Rijksinstituut voor Volksgezondheid en Milieu, 2019). How-
ever, according to the preliminary numbers reported by CBS the heat wave has devastating
consequences. The heat wave caused more than 400 extra deaths from all over the Nether-
lands. Hence, the 2019 heat wave caught up with the heat wave of 2006 in the damage made
to society. Figure 4.1 depicts the maximum daily temperature during the heat wave:

Ambulance calls
The concept of vulnerability from Vulnerability Analysis Matrix (VAM) states that suscepti-
bility to harm distributed unequally over time and space. That is, vulnerable individuals
and communities can be affected differently: during mornings or nighttime; at home or work-
place. The data on ambulance calls can provide us with an opportunity to reflect on both.
First, the calls are made at a particular time. The calls have time stamps. Second, a person
asks for help from a specific location. For this, we info have postal codes. 4-digits or 6-digit
Postal Codes are written in the message. The goal of this analysis is to understand time and
space differences. I will start the from general pattern and after that proceed to the study of
the calls made during the heat wave.

The data on ambulance calls was collected for the period from 23 May to 1 August, 2019.
Apart from The Hague, the data was collected for Rotterdam, Amsterdam and Eindhoven.

55
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Figure 4.1: The changes in temperature during the heat wave between different cities. The data is collected with Dark Sky API
(The Dark Sky Company, 2019)

Temporal patterns
Let us start the analysis from the time factor: how are the ambulance calls distributed over
day, week and month? Figure 4.2 shows the distribution of calls over a day averaged over a
month. The number of data points collected for each of the months is different. Therefore,
there are some ”discrepancies” on the x-axes (it holds only for May and August). Even though
this figure provides us with an exciting insight, we can observe certain regularities. It seems
that there are at least two flat peaks (for May and June): the first is around 14:00, and
the second close to 22:00. Somehow, these peaks indicate at what time vulnerability is the
highest. Consequently, during these times, the demand for ambulance services is also the
highest. The data of July is slightly different, and it pushes us to explore the second type of
pattern: the monthly one.
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Figure 4.2: Average number of ambulance calls made during the day for May. June. July and August 2019 respectively

Figure 4.3 how many ambulance calls were made in the Hague during May and June
2019. It is interesting that there a certain average value that keeps for many days. This
value equals to 180. However, there is a single peak on June 25. As we will see later, the
temperature on this day was higher than on average. This is one of the possible explanations
for such an increase.

Figure 4.3: Distribution of ambulance calls made in the Hague in May and June 2019

The observations for July 2019 when plotted monthly has a striking difference (see Figure
4.4). The number of ambulance calls made since 23 of July has almost doubled! That is a
clear indication that an extreme event happened. Let us note that the data for 26 of July is
incomplete for The Hague due to the failure of data collection script. Based on the data for
Rotterdam and Amsterdam I expect it to be not less than 350 (similar value of 24 of July).
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As we know, this is the heat wave hit the Netherlands at that time. We will elaborate on it in
the following subsection.

Figure 4.4: Distribution of ambulance calls made in the Hague in July 2019

Before proceeding to time series forecasting, let us explore the heat wave data in more
details. Figure 4.5 provide us with a better understanding of how the beginning of July
differs from the heat wave period.

Figure 4.5: Comparison of a relatively ordinary section with the heat wave period

It is interesting to see how the number of ambulance calls made during the heat wave days
varies from the average values. The hypothesis here is that the need for help will increase
during the night periods. The first figure of the second row demonstrates such a pattern. As
the temperature has risen, the more calls have been registered. The heat has accumulated,
and some people have started to experience problems. In addition, during the heat wave
period, one more peak has arisen: around 22:00.
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Figure 4.6: Comparison of the calls made during the heat wave wit the average values of July 2019

Time series forecasting
Now let us utilize methods of time series forecasting to get more method-based evidence in
the existence of patterns. The analysis of time-series usually starts from calculating aut-
corellations or generating autocorellation plots. In simple terms, autocorrelation represents
the similarity between data points as a function of the time lag between them. Autocorrela-
tion used a preliminary metric to make sure that time-series is not purely random. Figure
4.7 shows autocorrelation plots for three consecutive months. These plots can be read in the
following way. If the observations are purely random, no pattern can be found. In the case
of May 2019, the plot creates a clear pattern. However, since June has some missing values
and July has a set of peaks caused by the heat wave, the plots do not demonstrate such a
distinct similarity as for May. Thus, our hypothesis about a presence of a pattern derived
from Figure 4.2, now strengthen by a statistical measure.
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Figure 4.7: Autocorrelation plots based on the monthly ambulance calls data for the Hague

The next step is to apply the algorithms of time series forecasting provided by fbprophet
infrastructure. The goals remain the same: a). Extract the trend and the patterns; b) try
to predict the future number of ambulance calls based on past data. The input into the
algorithm is time-series data for either a single month or a set of consecutive months. The
specification and limitations of the algorithm are extensively discussed in Taylor and Letham
(2018).

Let us take 14 days as an example: from 23 of May to 7 of June 2019. Conventionally,
we split this data set into two parts. The first serves to train the algorithm, and the second
has the real values to compare with algorithm outcomes. The data looks as follows:
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Figure 4.8: Time-series data used for forecasting from 23 May to June 7

As can be seen, this segment is relatively stable and do not demonstrate some contrasting
peaks. The prediction will be made for 6 days. Besides, we need to extract the trend, daily
and weekly patterns. The results summarized with the following figure:

Figure 4.9: Prediction of 6 days made by fbprophet

This graph requires explanations. The left part of it represents the training data. The
black dots are the real values, the blue curve is a prediction, and the blurred blue line is
uncertainty ranges (a metric demonstrating the ranges of possible deviations). The red curve
on the right part of it show real values superimposed on predictions. Based on such a limited
data set, the algorithm demonstrated highly satisfactory results.

The next set of graphs show time-series decomposition. As expected, there is a stable
daily pattern: the highest peak during the noon with two lower bumps around 16:00 and
22:00. Extraction of the weekly pattern is complicated, and of course, the curve of the trend
cannot be used for the reasoning.
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Figure 4.10: Time-series decomposition

The next task is to test the performance of the algorithm on the data collected during the
heat wave. Figure 4.11 represents the initial time-series data.

Figure 4.11: Time-series data used for forecasting from 5 July to July 26

As can be seen from the graph, there is a couple of striking peaks from July 22 to July
26. Now, the predicted values are very far from being accurate.
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Figure 4.12: Prediction of 3 days (heat wave) with fbprophet

The conducted analysis provided us with three important takeaways. First, the number
of ambulance calls made during the recent heat wave is strikingly different from the average
days. It is twice as much for The Hague. Such a difference can serve as an indicator of
need in an increase of hospital capacities. Second, there are certain times of day when the
demand for ambulance services is higher: 12:00, 16:00, and 22:00. Again, it can be used for
optimizing the work of critical infrastructures. Finally, quite advanced time series forecasting
algorithms should be used quite carefully. Stand-alone learning on the past in case of such
sudden external shocks seems to be unreliable.

The performance metrics can be found in the online repository.

Geographical patterns
Let us start from examining a general pattern, or how ambulance calls distributed across the
city on average and then contrast it with how the distribution of ambulance calls has changed
during the recent heat wave.

According to the vulnerability concept, the calls should be distributed unequally; certain
parts of the city will have more requests than others. Since the total number of calls collected
for almost three months is almost 20000, it is hard to infer some insight immediately.

Figure 4.13: Distribution of ambulance calls over The Hague

To overcome this difficulty, let us assign the calls to 500 by 500 𝑚ኼ polygons and classify
them by the number of calls made. It was found that around one-fourth of the calls were
made from the central medical institutions of The Hague. The following figure shows how
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this may shift the overview. The second figure, the choropleth map, demonstrates the calls
combined into eight groups and assigned to the areas of 500 by 500 𝑚ኼ. The red circles on
the third map represent the main hospitals in the city. Contrasting these two, we can see
that three main were generated nearby the hospital. The next step is to remove these calls
and see how the picture will change.

Figure 4.14: Calls generated by hospitals highlighted

After the calls made from the hospital locations were excluded, the new points for atten-
tion appeared. The first ones are ones that are close to the beach area. Given the fact that
the records were collected during the summer, the appearance of such a pattern is under-
standable. Besides that, we start to see how unequally the calls are distributed over the city.
The first thing that catches your eye is that the area nearby to the city center (occasionally,
it is in the center of the map). It has a higher number of ambulance calls comparing to the
periphery (see Figure 4.15).
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Figure 4.15: Ambulance calls cleaned

The next step is to contrast the average number of calls made from May to July 2019
with the calls made during the heatwave. The resulting Figure 4.16 is highly insightful. The
average number of calls reflects on ”general” vulnerability of the city. All types of accidents are
included. It might be a car crash, scooter accident, or any other extreme case. Of course, the
same holds and for the heat wave data set. This is one of the reasons why we see an overlap
represented by cluster 2 colored with light green. However, since the number of data points
is relatively low, it is more likely that the left figure points us to a different conclusion. In
the highlighted areas, people were asking for help significantly higher number of times. The
hypothesis is that the population of these areas is highly vulnerable to extreme heat.
The discussion of this idea will be continued in Section 4.2 on vulnerability assessment.

Figure 4.16: Heat wave calls contrasted with the average values
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Ambulance calls and urban heat island
The study conducted by Hoeven (2018) allows us to explore relationships between The Hague’s
urban heat islands (UHI) and ambulance calls. The hypothesis is that there will be more calls
made from UHI since the temperature there is higher.

Figures 4.17, 4.18 demonstrate one of the main results of the study: daytime and night-
time temperatures on May 27 and May 28 respectively. The surface of the districts with the
highest temperatures is painted over. It was concluded that there are some areas where the
heat island effect is significant. Namely, the following districts: Scheveningen, Centrum,
Schildersbuurt, Transvaalkwartier, and Binckhorst.

Figure 4.17: Daytime temperature in The Hague on 27 May 2017
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Figure 4.18: Nighttime temperature in The Hague on 28 May 2017

Now let us try to match the ambulance calls made during the heat wave with the UHI.
Figure 4.19 consists of two maps: ambulance calls on the left and the maximum tempera-
tures on the right. The orange polygons on the left one are the districts with the highest UHI
effect. Indeed, these districts have peaks of ambulance calls.

Figure 4.19: Ambulance calls overlapped with heat island effect

Ambulance calls and temperature
So far, we have become quite familiar with two facts. First, in July 2019 there was a heat
wave in the Netherlands, and The Hague, consequently. Second, the number of ambulance
calls has almost doubled during that time. Let us elaborate on relationships the temperature
and the number of the ambulance a bit more.

Figure 4.20 demonstrate an immediate increase in the number of ambulance calls with a
strike of the heat wave:
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Figure 4.20: Dependency between ambulance calls and temperature for The Hague

Importantly, the same type of relationships hold for other two largest Dutch cities: Rot-
terdam and Amsterdam (see Figure 4.21 and 4.22. For Rotterdam, the difference between
the average values and the heat wave numbers is almost three times!

Figure 4.21: Dependency between ambulance calls and temperature for Rotterdam
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Figure 4.22: Dependency between ambulance calls and temperature for Amsterdam

These graphs communicate two critical ideas. First, they are clearly showing that extreme
case demand is bigger in two or even three times than the average. Such information
can be used for planning future hospital capacities. Second, based on the data of three cities,
there are strong relationships between the temperature and vulnerability represented
by the number of ambulance calls. The population of Dutch cites is actively seeking for
help against the extreme heat threat.

Concluding remarks
The ambulance calls data along with temperature and UHI provided us with a great insight
into vulnerability and importance of the extreme heat for the population of The Hague. First,
we saw that the distribution of the calls is unequal across time and space. Generally, there
are two peaks in demand: around 12:00 and 22:00. During the heat wave, this pattern
slightly moved, and new peaks appeared. Time series forecasting with fbprophet is a useful
tool for planning even with a relatively small data set. However, it should be used quite
carefully while dealing with such problems as heat wave. The number of calls made during
the heat wave indicates a need to reconsider hospital capacities. Finally, in The Hague case,
we observed that the more calls were made from the places with high UHI effect.

4.2. Vulnerability assessment
The methods that are proposed to analyze vulnerability: dimensionality reduction, cluster-
ing, and regression analysis. Vulnerability assessment with dimensionality reduction should
identify where vulnerable to extreme heat individuals are concentrated. Clustering can give
an insight into how more vulnerable and less vulnerable individuals are coexisting. Methods
of regression analysis utilized to analyze relationships between citizens attributes and the
number of ambulance calls.

4.2.1. Dimensionality reduction
With dimensionality reduction algorithms, we seek to understand how vulnerable individuals
are distributed across the city. Opposite to clustering, when a ”hard” decision is made by
assigning a single cluster, dimensionality reduction shows relative numbers, ”proportions”
of vulnerable individuals living in a particular area.

The input data is defined by the collection of the data sources, namely from CBS, RIVM,
and the municipality of the Hague. These data sets have information about individuals and
households. The main input variables are age group, ethnicity, household composition,
whether or not an individual receiving benefits (a proxy chosen to represent income) and
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two health factors (mobility issues and having a serious disease). The resolution of the data
is 500 by 500 𝑚ኼ. The total number of observations is 339. Table 4.1 shows original variable
names and their meaning:

№ Variable name Explanation Type
1 INW_014 Residents from 0 to 14 years

old
Real number

2 INW_1524 Residents from 15 to 25 years
old

Real number

3 INW_2544 Residents from 25 to 44 years
old

Real number

4 INW_4564 Residents from 45 to 64 years
old

Real number

5 INW_65PL Residents over 65 years old Real number
6 P_AUTOCHT Native Dutch Percentage
7 P_WALLOCH Western foreigners Percentage
8 P_NWALLOCH Non-western foreigners Percentage
9 UITKMINAOW Benefits Real number
10 TOTHH_EENP One-resident household Real number
11 TOTHH_MPZK Multi-person household with-

out children
Real number

12 HH_ENOUD One parent with children Real number
13 HH_TWEEOUD Two parents with children Real number
14 ErnstigBep Seriously limited because of

health
Percentage

15 Mobiliteit Mobility impairment Percentage

Table 4.1: The list of the variables used

Let us start the study from analyzing results of Principal Component Analysis (PCA) al-
gorithm. The decision on the right number of components can be based on the amount of
variance (see Figure 4.23). As in the case of clustering, it is relatively hard to decide on
the desired number of dimensions. Let us stop with four components since the amount of
explained variance added by the fifth and other components is relatively low.

Figure 4.23: Variance of PCA components
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To understand the components of PCA, we can use a ”heat map” of its values. As can be
seen from Figure 4.24, it is relatively hard to infer the results immediately. However, three
remarkable patterns are present. Let us name a component of dimensionality reduction
algorithm as a profile. Each profile is a unique combination of attributes. Some of those at-
tributes are predominant, and some share similar values. Profile represented by component
1 has the highest number of non-western foreigners within a specific age group who receive
benefits. Profile 2 consists mostly of Dutch inhabitants with kids. Profile 3 characterizes
older people with health issues. The main profiles of interest for us is 1 and 3.

Figure 4.24: Components of PCA

Let us explore the distribution of these profiles on the map. In contrast to the cluster-
ing, profiles created by a dimensionality reduction algorithm reflect on the complex nature
of urban demography. The presence of each profile can be found elsewhere in the city. For
instance, we can see that profile number 1 dominates in the city center, the highest concen-
tration of profile number 3 in on the southwest of the city.
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Figure 4.25: Distribution of PCA components on map

On the one hand, having the knowledge of The Hague demographics it is possible to val-
idate such results. On the other hand, to ensure the robustness of the conclusions, let us
compare the performance of PCA with other dimensionality reduction algorithms. It is also
necessary due to the complexity of the task. The original data set has some non-linearities
that PCA might not be able to handle. As was discussed in Chapter 3, the other algorithms
are: Non-negative Matrix Factorization (NMF), Factor Analysis (FA), Singular Value Decompo-
sition (SVD) and Independent Component Analysis (ICA). The metric that is used to compare
the performance of the algorithms: explained variance. The metric is calculated on the train
data (80%) and test data sets (20%).
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Figure 4.26: Comparison of different dimensionality reduction algorithms

As can be seen from Figure 4.26, all algorithms demonstrate relatively the same perfor-
mance. ICA is doing slightly better than the rest, whereas NMF has the lowest score. The
next step is to compare the profiles identified by the algorithms. The choice of the tech-
nique should not be based only on the metric, but also on the fact that the results are easily
interpretable.
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Figure 4.27: Comparison of components of different dimensionality reduction algorithm

However, such an approach is hard to apply here. Due to the nature of the data set,
the algorithms identified slightly different patterns. In simple terms, it means that some of
them failed to decompose the initial variables in independent components successfully. Note
that extra metrics and other useful visual instruments can be found in the online repository.
Importantly, one algorithm - NMF, it is the easiest to interpret and operate with, even though
its explained variance was the lowest (4.28). It highlighted the most remarkable attributes of
the data set. Besides its components are non-negative, which makes it useful when working
with population data. The components of interest here are number 1 and 3. The first one
stands for low-income diverse age non-western foreigners with health issues, and the second
one represents mostly Dutch elderly with health issues.
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Figure 4.28: Components of NMF

Figure 4.29: Distribution of NMF components on map

Important to mention that the number of attributes of interest can be enlarged further.
NMF proved to be robust to outliers and provided easy to interpret results. Besides, the
number of components can also be increased to get a more precise picture of such a diverse
city like The Hague.
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Concluding remarks
Dimensionality reduction algorithms and primarily NMF provided us with the distribution of
vulnerable individuals over the city. This insight is highly valuable since it can help to plan
and allocate solutions for resilience capacities.

4.2.2. Clustering
By applying clustering, we seek to understand the complex demography of the city. More
specifically, we aimed to understand how previously defined profiles are grouped, or in simple
terms, whether vulnerable citizens living close by to less vulnerable.

The task of clustering differs from the task of dimensionality reduction. The second one
provides us with a distribution of profiles over the city, whereas in the case of the first on a
hard decision on a cluster should be made. Initially, clustering is highly challenging because
of the nature of the data sets. Multiple features are correlated, and typically, the algorithm
will fail to come up with interpretable results. However, the profiles generated by NMF are
not correlated any more. Thus, the task is easier and we can expect more straightforward
results.

As was discussed previously, the analysis will be started from the K-Means algorithm.
K-Means requires the researcher to define the number of clusters. The elbow method can
provide support in choosing the right number of clusters. However, when dealing with com-
plex data, the elbow method may not work. As can be seen from Figure 4.30 there is no
specific place where inertia is suddenly stabilizing. Instead, it is relatively smooth while the
number of clusters is increasing. The best guess is to select the number of clusters equal to
5, since after that there is something that slightly resembles an elbow. Thus, we still need
to take a look at the composition of the clusters and use expert knowledge about the case.

Figure 4.30: Elbow method for optimal number of clusters

There are different ways to evaluate the structure of the complex multi-dimensional data.
The one that is highly useful for clustering is parallel coordinates plot (Wegman, 1990). In
short, a multi-dimensional observation is represented as a polyline with the vertices on the
parallel axes. These vertices are values of the attributes. Let us explore the results of the
K-Means algorithm using parallel coordinates plot. As can be seen from the graph below,
clusters still often share the same values of the same attributes. It is not surprising since we
are working with the demographic data, what complicates the analysis. What is remarkable
is that the cluster number 4 significantly relies on a certain profile: NMF_1 (which stands for
the vulnerable population living in the city center). Cluster number 2 on NMF_3 that consist
of the elderly with health problems.
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Figure 4.31: Representation of clusters with parallel coordinates plot

Now let us evaluate clustering results from a geographical perspective. From Figure 4.32,
we see that certain individual clusters dominate in specific areas. For instance, in the south
of the Hague, the cluster number 4 prevails. The north of the city is separated between
clusters 2, 1 and 0. Cluster 3 mostly covers the areas with low population and parks.

Figure 4.32: K-means clusters on map

Again, to ensure the robustness of the conclusions, we need to analyze the performance
metrics and consider the outcomes of other clustering algorithms besides the K-Means. Two
standard metrics were chosen: Silhouette Score and Davies-Bouldin Index. These metrics
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are used in the real labels for the clusters are unknown. The extensive explanations of the
parameters can be found in Pedregosa et al. (2011). In short, we are looking for an algorithm
with the highest Silhouette Score and the lowest Davies-Bouldin Index. There is often a
trade-off between these two. The algorithms that have similar scores are K-Means, Mini-
batch K-Means, Spectral Clustering, and Ward. Since the differences are relatively low, we
will continue to operate with the K-Means. The outcomes of the other algorithms can be
found in the online repository.

Figure 4.33: Comparison of performance metrics for clustering algorithms

Concluding remarks
The performed clustering algorithms pointed us to the fact that vulnerable individuals are
often grouped in vulnerable communities, as in the case of cluster 4 and cluster 2. Such a
finding highlights the importance of social infrastructure for building better social ties and
establish healthy relationships among people with different backgrounds.

4.2.3. Regression analysis
Regression analysis is utilized to identify relationships between the number of ambulance
calls and different characteristics of residents of each of The Hague’s 500 by 500 𝑚ኼ polygon.
As was discussed in Chapter 2, there are a variety of attributes that define extreme heat vul-
nerability: age, household composition, health, and so on. Let us denote these as predictors
𝑋።. The fact that a person calls an ambulance somehow reflects on his or her vulnerability.
The hypothesis is: if a person is vulnerable, it is likely that he or she will call an ambulance
during a heat wave. Let us denote the number of ambulance calls as a predictive variable 𝑦።.

Let us first ensure the presence of relationships between the total number of ambulance
calls made from May to August 2019 and population. It is fair to assume that certain places
in the city have a higher number of ambulance calls because of their ”function,” so to say.
For example, city center may have a higher number of ambulance calls because of the daily
visitors. People come there, experience specific problems, and call an ambulance. However,
the general pattern should be still in place. The local population should make a certain
percentage of the calls. That is, the more people leave within the area, the more calls will
be made. Indeed as Figure 4.34 shows, there are some relationships between the number of
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calls and population. The middle line represents the regression curve, whereas the blurred
blue line shows regression confidence intervals drawn with translucent band lines.

Figure 4.34: Regression plot on population and number of ambulance calls

The 𝑅ኼ metric is equal to 0.482 which stands for low predictive accuracy. Informally, the
relationships are present, but the chosen predictor cannot fully explain the phenomenon.
The same impression can be derived from the graph. Importantly, the points above the
regression line are not part of a single district, city center, for instance. Instead, they are
spread all over the map (visual representation of the calls can be found in 4.15.

Let us continue the analysis with the simplest vulnerability model that can be found in
the literature. This model is based only on one predictor 𝑋 - the age group. If a person is
older than 65 (sometimes 80) years, he or she is highly vulnerable to extreme heat. This time
linear regression shows even lower accuracy. 𝑅ኼ is equal to 0.266.
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Figure 4.35: Regression plot on population over 65 years old and number of ambulance calls made during the heat wave

The final attempt is to connect the profiles with the number of calls. The profiles or the
components of 𝑊 matrix of NMF can serve as predictors. That is, a unique combination of
different citizens attributes may serve as a better predictor for the ambulance calls made
during the heat wave. More formally, the predictors are the components or columns of 𝑊
matrix (see Figure 4.28):

𝑦። = 𝑊ኺ,። +𝑊ኻ,። +𝑊ኼ,። +𝑊ኽ,። ,
where 𝑖 the number of polygon = 1, 339. Note that the relationships between 𝑦 and 𝑊፣

are not necessary linear. To test out this hypothesis we used a set of linear and non-linear
regression algorithms. It was found that that the predictive accuracy remains low. Figure
4.36 contrast the real values with predictions. As can be seen almost all of the algorithms
failed to identify the pattern.
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Figure 4.36: Contrasting real values with prediction
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Figure 4.37 represent performance metrics of these regression algorithms.

Figure 4.37: Comparison of performance metrics for regression algorithms

Concluding remarks
The goal of regression analysis was to analyze relationships between the demographics and
the number of ambulance calls. It was found that such relationships are present. The more
the population within a certain area, the more ambulance calls are made. Further, when
explaining the number of heat wave ambulance calls with previously defined vulnerability
models, no significant relationships were found. There are two ways to explain such an
outcome. The first one is to assume that vulnerable people feel good. They do not require
help and therefore, do not call an ambulance. However, such a conclusion is contradictory to
the official statistics. As we saw from preliminary data provided by CBS, mortality increased
significantly. The heat wave influenced vulnerable people. But some of them did not call the
ambulance. Thus, there is a need for other types of solutions apart from ambulance services.

4.3. Resilience capacities assessment
This section aims to assess resilience capacities. As was discussed in Chapter 2, they are
tightly connected to three types of infrastructures: critical, green, and social. The first two
responsible for absorption capacity: vegetation absorbs heat, whereas ambulance services
provide immediate help to people in need. Social infrastructure is attached to adaptation
and transformation capacities. Having a place close by, for instance, a public library, allows
people to gather and build better social ties. Such relationships can play a crucial role in the
case of extreme situations. Instead of relying on conventional measures, people can adapt
and behave proactively by taking care of their more vulnerable friends and acquaintances.

The methods that are utilized for analysis resilience capacities: geospatial and network
analysis.

4.3.1. Absorptive capacity
Critical infrastructure
In this study, critical infrastructure is represented by hospitals. The assessment of it can
be done it two ways: by assessment of capacities (number of cars and staff) and by street
network analysis (proximity). The raw estimates for the first one were presented in the first
section of this Chapter. There, we compared the average demand with the demand during
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the heat wave. The second one aims to evaluate the reachability vulnerable individuals and
communities for ambulance services.

According to OpenStreetMap (OSM) data gathered on July 31 2019, there are 15 hospitals
located nearby to The Hague administrative border.

Figure 4.38: Locations of the hospitals nearby The Hague

Now we are going to analyze the driving routes from the hospitals to each of The Hague’s
polygons. The areas of particular interest are with a higher concentration of profiles number
1 and 3 (vulnerable individuals and communities). Figure 4.39 contrasts the hospitals with
the distribution of profiles. As can be seen, each of the profiles is relatively well-placed with
respect to the hospitals. There are two hospitals nearby the area of the highest concentration
of profile 1. The points of profile number 3 are rounded with the hospitals.

Figure 4.39: Distribution of profiles contrasted with the hospitals

To have a complete picture, let us utilize the methods of network analysis. Using the graph
of The Hague’s streets, we are aimed to calculate the distances of the shortest routes between
hospitals and polygons. Example of such an approach for a single polygon represented in
Figure 4.40. The routes are depicted with colored lines. The closer you are, the redder the
line, The purple dot is a polygon with a high concentration of profile number 1.
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Figure 4.40: Shortest driving routes from 4 hospitals to vulnerable population

After iterating over all polygons we obtain the following proximity map. The polygons are
grouped into four clusters based on the length of the shortest path. The color here stands
for the distance. As can be seen from the figure, the length of any path does not exceed a
relatively small limit in 4.2 kilometers. The places with a high concentration of profile 1 and
3 have even lower distances. Thus, the vulnerable population is relatively well-located.

Figure 4.41: The distance of a shortest route to closet hospital in The Hague, km

Green infrastructure
Green infrastructure in the form of trees, grass, and shrubs plays an essential role in com-
bating extreme heat. Vegetation absorbs heat and cool down the temperature around its
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area. The analysis of it can be performed differently. Apart from the analysis of satellite
images with clustering or classification, there are some conventional methods, for instance,
by analyzing the number of trees per area. Such a metric will not reflect on drastic changes
that are happening during the year, but still can be a relatively good proxy.

The aim is to have more vegetation in the areas with the urban heat island effect. Besides,
green infrastructure is vital in the areas with a high concentration of vulnerable individuals
and communities. As was discussed previously, green and social infrastructure is essential
when ambulance services are not used. Vulnerable people do not realize his or her vulner-
ability and do not call for help. Their function is performed continuously independent on a
person willing to use it.

Figure 4.42 demonstrates that the trees distributed highly unequal across the city. Speak-
ing broadly, the city center has a lack of green. In addition, it has higher concentration of
vulnerable citizens of profile number 1. On the contrary, the southwest of the city has a
significant amount of vegetation. That the part of the city where citizens with profile number
3 mostly located. Thus, there is need for more vegetation in the areas close to the city center.

Figure 4.42: The number of trees per 500 by 500 ፦Ꮄ polygon

4.3.2. Adaptive and transformative capacities
The social infrastructure concept contributes to adaptive and transformative capacities. It
promotes establishing better or new social ties that are essential to have in case of extreme
heat. The analysis of social infrastructure can be performed in similar to critical infrastruc-
ture way. Now, the shortest walking paths to the nearest libraries will be analyzed. Besides
the proximities, we will study the popularity of the libraries based on the data provided by
Google.
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Again, we are using the data collected from OSM on 31 of July 2019. There are 25 libraries
located nearby to The Hague administrative border:

Figure 4.43: Locations of the libraries nearby The Hague

The goal is to analyze walking routes to the libraries from each of The Hague’s polygons.
The areas of interest remain the same: with a higher concentration of profiles number 1 and
3. Figure 4.44 contrasts distribution of profiles with the libraries. As can be seen, that is a
certain number of libraries located closely to the highest concentration of the profile number
1. However, the other areas with the less number of citizens of these profiles do not have
easily accessible libraries nearby. There are also a couple of libraries in the southwest of the
city that might to reachable to profile number 3.

Figure 4.44: Distribution of profiles contrasted with libraries

The network analysis is based on the shortest walking routes from polygons to the li-
braries. After iterating over all polygons, we obtain a proximity map similar to the one for
critical infrastructure. As can be seen from the figure, the distance to the closest library for
many parts of the city is more than 1 kilometer (especially for the regions on the north of the
city). This fact seems to be quite critical since we are operating with vulnerable individuals
that have severe illnesses and mobility issues. For such people, such infrastructure might
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be hard to reach.

Figure 4.45: The distance of a shortest route to the closest library in The Hague, km

The final part of the analysis is based on the recently introduced Google’s Popular times
data. The variables that are provided in this data set: the rating of a place and the number of
visitors over the day. The assumption here is that these two variables reflect on how popular
is the library among the citizens. Figure 4.46 demonstrates the rating multiplied by the
number of reviews. The large point in the middle represents The Hague’s central library. It is
not surprising since the place is highly popular not only among the citizens but also tourists.
On the contrary, other city libraries seem to be underrated.

Figure 4.46: Rating of The Hague’s libraries
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4.4. Conclusion
The goals of this chapter were: analyze the ambulance calls made during the recent heat
wave; identify how vulnerable individuals and communities are distributed across the city;
assess resilience capacities represented by different types of infrastructure.

It was found that the number of ambulance calls made during the recent heat wave is
significantly higher than the average. Besides The Hague, the same holds for Rotterdam and
Amsterdam. Such a finding indicates a high sensitivity of the urban population to extreme
heat and can be used for planning of hospital capacities for the next heat wave. Interest-
ingly, the ambulance calls are distributed unequally in time and space. On average there
are two peaks in demand around 12:00 and 22:00. When the heat wave came, this pattern
has changed slightly: a new peak around 23:00 appeared. In addition, the number of ambu-
lance calls made during the night has increased. There are certain places in the city where
the number of ambulance calls is higher. Importantly, during the heat wave there was an
increase (in comparison to the average) of ambulance calls made from the urban heat islands.

The outputs of dimensionality reduction algorithms strengthen the fact the vulnerability
distributed unequally across the city. Two profiles generated by Non-negative matrix factor-
ization have specific areas of concentration. With clustering, it was found that these profiles
are poorly mixed. That is, a single profile is mostly dominating with an area. Or in simple
terms, vulnerable people living close by to vulnerable people.

Regression analysis revealed a set of significant findings. First, the number of ambulance
calls can be partly explained by the population of an area where the calls were made. Such a
conclusion allowed us to test the second type of regression: the number of ambulance calls
made during the heat wave by the number of residents over 65 years old. Interestingly, the
performance metrics of this regression are lower in comparison to the previous ones. Finally,
the set of regression algorithms was applied to match the profiles with the number of heat
wave ambulance calls. Quite controversially, no significant relations were found. There are
two explanations for that. Either vulnerable individuals are not exposed to extreme heat
and therefore, do not call an ambulance. Or even they are exposed, but they do not call an
ambulance. This explanation is partly in line with the preliminary mortality data provided
by CBS and highly dangerous. A person that is exposed and vulnerable will face some severe
issues without some help supplied from outside. Such a finding indicates the importance of
other types of infrastructure besides critical represented by ambulance services.

The final section of the chapter was dedicated to resilience capacities assessment. Critical
infrastructure represented by hospitals was analyzed with street network analysis. It was
found that the length of the shortest driving route for any part of the city does not exceed 4.2
kilometers. Such a distance can be considered as relatively low. The green infrastructure
was studied with the means of geospatial analysis. It turned out that the number of trees
in the city center is relatively small in comparison to the southwest. Importantly, within
this area, there is a high concentration of vulnerable individuals of profile 1. Assessment of
adaptive and transformative capacities was simplified to the analysis of social infrastructure
represented by libraries. The study revealed that for inhabitants of certain parts of the city,
southwest, for instance, the libraries are hardly reachable. Notably, this part of the city
has a high concentration of profile number 1. In addition, according to Google’s data, some
libraries are underrated and perhaps not very popular among the citizens.
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Conclusion

This chapter aims to summarize the results of the research. After reiterating the accomplish-
ments of this research, answers to all of the formulated research questions are provided. After
that, a short discussion of findings and policy advice are following. The chapter ends with
limitations and prospects for future work.

5.1. Research summary
The rapid development of urban areas poses numerous problems for both urban planners
and citizens. The uncertainties associated with climate change are making the situation
even more complicated (Jabareen, 2013). It is unknown when an extreme climatic event
will strike, what will be its duration and power. The concept of urban resilience perceived
promising in that regards. Planning resilient “fail-to-safe” instead of conventional “fail-safe”
cities provide us with evidence in a positive future for urban areas (Ahern, 2011). However,
the practice of urban resilience is holding up due to a variety of discrepancies: about its
meaning, how it can be assessed, and what are the potential solutions for it. During the
last decade, cities have been accumulating a lot of data that is available now for public use.
Advances in hardware and software engineering boosted the field of machine learning and
provided it with the ability to efficiently process and analyze complex data sets. To bridge
the gap between the theory and practice of urban resilience, I propose to use open data and
machine learning algorithms for its assessment.

This study resulted in three major outcomes. First, I proposed an innovative conceptual
framework. This framework combines the concept of vulnerability with socio-ecological re-
silience (Chelleri et al., 2015; Jabareen, 2013). Resilience, in this case, is not general, but
shock-specific. A city should be resilient to extreme heat in the form of heat waves. To op-
erationalize the components of socio-ecological resilience, I identified three theory-based in-
frastructure solutions: critical, green, and social (Klinenberg, 2018; Zaidi and Pelling, 2015).
Critical infrastructure in this study is represented by ambulance services. Green infrastruc-
ture stands for vegetation in the form of trees, shrubs, and grass. Social infrastructure is
an umbrella term for places where people can gather, build up, or improve their relation-
ships. It is important to mention that the proposed framework is relatively flexible. It can be
reconfigured for other shocks such as flooding or an earthquake.

Second, I developed an advanced computational framework on this base. The goal of this
framework is to convert proposed concepts to measurable indicators. To do so, the compu-
tational framework uses a variety of open data sources and machine learning algorithms.
The data sets include: ambulance calls and temperature, socioeconomic, socio-demographic
attributes and health indicators, amenities locations, street networks, and places popular-
ity. The concept of vulnerability is operationalized with time series forecasting (to study the
impact of the heat wave on the population), dimensionality reduction and clustering (map vul-
nerable people in the city), and regression (identify relations between the heat wave and pop-
ulation characteristics) (Pedregosa et al., 2011; Taylor and Letham, 2018). Socio-ecological
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resilience and corresponding infrastructures are analyzed with network analysis (the lengths
of the routes) and geospatial analysis (clustering the objects into groups) (Boeing, 2017).

Third, I demonstrated how the created computational framework could be used in the case
study: The Hague. The results of this demonstration are divided into three parts: extensive
analysis of the recent heat wave, assessment of population vulnerability, and resilience ca-
pacities. It was found that the heat wave had a significant impact not only The Hague’s
population but also on the citizens of Rotterdam and Amsterdam. This fact is demonstrated
by the number of ambulance calls that doubled and even tripled during the heat wave. Ad-
ditionally, the study confirmed that vulnerability is unequally distributed in time and space.
There are certain periods where the number of calls is higher, and there are specific areas
in the city where from more calls were made. Prediction of ambulance calls is possible but
highly challenging if an extreme even is taken into account. The analysis revealed that the
number of ambulance calls made from the urban heat islands in the city center was higher
than on average.

Vulnerability assessment strengthens the conclusions of the previous part. A vulnerable
population is unequally distributed across the city. Based on identified profiles (a unique
combination of citizens’ attributes), the areas for specific attention were found. Importantly,
the granularity of the data allows us to go beyond the discussion of districts or neighborhoods.
500 by 500 𝑚ኼ resolution provides us with a possibility for more precise interventions. Re-
gression analysis revealed two important insights. The number of citizens above 65 years old
cannot fully explain the number of ambulance call made during the July 2019 heat wave.
It is quite controversial. The simplest vulnerability model imposes that the age group is a
single major factor. Second, the improved vulnerability model based on the profiles did not
demonstrate significant relations with ambulance calls. This finding stresses the importance
of concepts of green and social infrastructure for combating extreme heat threat.

Resilience capacities assessment was divided by the type of infrastructure: assessment of
critical, green, and social. It was found that all parts of the city are relatively well-connected
to the hospitals. The lengths of the shortest driving route from any hospital to any polygon
within the city do not exceed 4.2 kilometers. It turned out that the number of trees in the city
center is relatively small in comparison to the southwest. Importantly, within this area, there
is a high concentration of vulnerable individuals. The study revealed that for inhabitants of
certain parts of the city, southwest, for instance, the libraries (the chosen type of social
infrastructure) are hardly reachable. Again, this part of the city has a high concentration of
vulnerable individuals and communities.

Currently, most publications use a single case study or innovative solutions as a source
for analysis and conclusions. Opposite to it, I used open data and machine learning al-
gorithms to operationalize urban resilience. Such an approach promotes reusability of the
results and back up existent empirical evidence with numbers. For instance, we saw that
vulnerability, as well as resilience capacities, are unequally distributed across the city. Be-
sides, the mismatch between the number of ambulance calls and demography pointed out
the need for bottom-up resilient solutions. The data sets used in this study can be used
for establishing better data collection practices. In this research, I was quite limited by the
data available on critical, green, and social infrastructures. With more extensive data sets
defined in line with the created conceptual framework, we can get a much better picture of
how resilient is the city.

To summarize, this study is one of the first advances towards a more computational ap-
proach to urban resilience. It identified what, showed how, and demonstrated the outcomes.

5.2. Research questions and conclusions
This study had 5 research questions. The first one is theoretical, the second one is method-
ological, third and fourth are case study related. The final fifth research questions summa-
rizes the findings. Let us start answering them one by one. The first research question was
formulated as follows:
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Research question 1

What concepts of urban resilience are useful for planning in case of extreme heat?

The second chapter of the manuscript was aimed to answer this question. During the
extensive literature review, it was found that three streams of thoughts dominate in urban
resilience literature: general, engineering, and socio-ecological. Since the problem of inter-
est is the effect of extreme heat on vulnerable individuals and communities, it was decided
to select socio-ecological resilience as the point of departure. The related concepts are vul-
nerability, absorption, recovery, adaptation, and transformation. These concepts were
adapted and linked via two conceptual frameworks from Jabareen (2013) and Chelleri et al.
(2015). Each of these concepts is associated with capacity, for example, absorptive capacity.
This capacity is a relative measure representing to what extent this attribute is developed.
The more capacity the system has, the more resilient it is. To support these resilience ca-
pacities, three types of solutions were identified: green, critical, and social infrastructures
(Klinenberg, 2018; Zaidi and Pelling, 2015). Critical infrastructure represented by ambu-
lances services is a conventional top-down solution that is highly required in case of extreme
heat. Green infrastructure or vegetation can absorb the heat created by a heat wave and
minimize the effect of its amplifier - urban heat island. The concept of social infrastructure
is an excellent example of a bottom-up solution. It denotes places where people gather and
build up relationships. People with stronger social ties can take care of each other, and,
therefore provide vital help in case of extreme situation. The conceptual framework build on
these concepts differs from the ones that are present in the literature in two ways. First, it
explicitly states the types and example of solutions that positively contribute to resilience.
Importantly, these solutions provide a certain level of flexibility and can be reused for other
shocks such as flooding, for example. Second, the framework can be operationalized. That
is, it allows a researcher to define specific indicators and measure corresponding capacities.

The second research question was stated as:

Research question 2

Using what machine learning algorithms these concepts of urban resilience can be
operationalized?

The third chapter was dedicated to this question. It presented the data sources and the al-
gorithms that should be used for operationalization of created conceptual framework. Ideally,
more extensive data sets are needed. Such data sets should include micro-data, mortality
rates, and death causes. However, even with the limited number of socio-demographic and
socioeconomic attributes, a compelling insight can be generated. Importantly, only open data
was proposed for this research.

We suggested using four types of algorithms: time series forecasting, dimensional-
ity reduction, clustering, and regression. Besides that, street network analysis and
geospatial analysis played an important role in resilience capacities assessment. Time se-
ries forecasting was utilized to analyze the ambulance calls (an indicator of extreme heat
vulnerability). Such a method allowed us to a). Identify how the calls are distributed over the
day, week, and month; b). Predict the number of calls based on past data. Dimensionality
reduction and clustering algorithms were used to map vulnerable individuals and communi-
ties. That is, identify who is vulnerable and where they are located. Regression techniques
were utilized to understand the connection between the need for help, represented by the
ambulance calls, and specific population attributes. Street network analysis was used to
evaluate how reachable are specific parts of the city to ambulance services. The aim is to en-
sure that the most vulnerable people will receive help as fast as possible. The same approach
was applied to analyze the reachability of libraries (the chosen type of social infrastructure).
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During the analysis of the case study, it was found that proposed algorithms generate
valuable insights. Decomposable time series model of fbprophet allowed us to identify the
distribution of calls over the day and week Taylor and Letham (2018). However, one should be
extremely careful when relying on such an approach for predicting the number of ambulance
calls. Since it operates only with the past data as an input, it cannot predict peaks caused
by unexpected extreme events.

Additionally, the study showed that specific algorithms perform better than others. We
argue in favor of relatively novel method in machine learning - Non-negative matrix fac-
torization (NMF) (Wang and Zhang, 2013). The results of NMF on socio-demographic and
socioeconomic data are relatively robust and easy to interpret. The algorithm always high-
lights the most remarkable features of the data set. Such a feature is extremely useful when
dealing with large amounts of variables. Plus, as it was recently reported, NMF can be treated
as a clustering algorithm. The main drawback relates to the evaluation of results. The re-
searcher should be supported with information about the case; otherwise, it will be hard to
identify the right number of components. K-Means and Mimi Batch K-Means clustering
algorithms showed the best performance (Jain, 2010). This result is due to the nature of the
data. After being composed by NMF, the features became grouped in a way that is easily
tractable by these algorithms. Regression analysis is was highly challenging and does not
reveal the best algorithm in terms of performance.

Important to mention, that the same algorithms can be used for analysis of any other city
or other shocks such as flooding, for example. In case of the other city, given the data of the
same type, a researcher will be provided with the same output. For another shock only new
vulnerability model should be defined.

The third and fourth questions relate to the analysis of the case study:

Research question 3

How vulnerable individuals and communities are distributed across The Hague?

Research question 4

How various areas of The Hague differ in terms of resilience capacities?

The fourth chapter presents the results of the case study analysis and answers third and
fourth research questions. It was found that vulnerable individuals and communities are
highly unequally distributed over The Hague. Analysis of ambulance calls showed that
certain parts of the city have more calls than others. These findings hold for both the calls
made during the heat wave and the average number of calls. During vulnerability assess-
ment, it was found that some areas of The Hague have higher concentrations of vulnerable
individuals and communities. For instance, old citizens that have mobility issues and serious
sicknesses leave on the northwest of the city. The areas close to the city center have a high
number of low-income single-household inhabitants with the same health problems. Accord-
ing to the literature, both these groups represent people that are vulnerable to extreme heat.
Since these places have such demographics, they require more attention. Plus, the neigh-
borhoods close to the city center were identified as urban heat islands. The wast majority of
the aged population live on the north of the city, and therefore, they are not subject to urban
heat island effect. However, the second group of people is.

Resilience capacities assessment was based on three types of infrastructure: critical,
green, and social. Similar to vulnerability, resilience capacities are also distributed un-
equally over The Hague. It was found that the length of the shortest driving route for any
part of the city does not exceed 4.2 kilometers. Such a distance can be considered as rel-
atively low. It turned out that the number of trees in the city center is relatively small in
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comparison to the southwest. Importantly, within this area, there is a high concentration of
vulnerable individuals. The study revealed that for inhabitants of certain parts of the city,
southwest, for instance, the libraries are hardly reachable. And again this part of the city
has a high concentration of vulnerable citizens.

5.3. Discussion
The discussion section will be driven by the final fifth research question:

Research question 5

Is The Hague resilient to extreme heat?

The conducted study showed that extreme threat is a real problem for The Hague. Be-
sides The Hague, other Dutch cities proved to be highly sensitive to it: Amsterdam and
Rotterdam. The rise in ambulance calls and preliminary mortality data seem to be a call
for urgent measures. The findings of the vulnerability assessment provided us with points
of attention. Now we know how vulnerable individuals and communities are distributed
across the city. Some parts of The Hague have a higher concentration of the elderly with
mobility problems, whereas others have a higher number of low-income single-household
residents with prolonged health issues. Resilience capacities assessment revealed points for
potential intervention. Different parts of The Hague have a different amount of vegetation,
accessibility to libraries. The Hague has complex demographics. There a variety of reasons
why specific population groups are concentrated within certain areas: historical, economic,
etcetera. Since the equal distribution of vulnerability seems to be hard to reach if not impos-
sible, the improvements in resilience capacities are vital. The ultimate goal here is to have
high resilience in places with high vulnerability. Currently, it is not the case. Achilles’ heel
of this study is the proposed metrics for absorptive, adaptive, and transformative capacities.
They are simplifications. However, I believe that this research will lay down the foundations
for more elaborate data-based studies of urban resilience. A more in-depth understanding
of how each of these concepts can be operationalized will allow us to have a straightforward
and hopefully positive answer to this question.

5.4. Policy advice
Climate change continuously exercising modern urban areas. Some with hurricanes and
earthquakes, other with extreme heat. Uncertainties involved in climatic processes do not
allow us neither fix the date of the next heat wave coming nor estimate its capacity. Urban
resilience seems to be the right if not only one planning possible approach in that regards. No
matter when the heat wave will strike, and no matter how strong it will be, The Hague must
absorb, adapt, and transform. More specifically, the damage made to vulnerable individuals
and communities show be minimized. Vulnerable to extreme heat people conventionally de-
fined as older than 65. The fact that the Netherlands experiences population ageing amplify
the importance of measures aimed at this population group. Other vulnerability models oper-
ate with a more complex combination of individual attributes: low-income single-household
individuals with health issues. The policy measures need to be concentrated around both
of those. To tackle extreme heat threat, we argue for investments in critical, green, and so-
cial infrastructures. Critical infrastructure represented by the hospitals, and it is the first
instance for people in need. We need to ensure that The Hague’s hospitals are ready for
sudden increases in demand. When such a conventional measure fails, green and social
infrastructure start to play an essential role. There is a lack of vegetation in the city cen-
ter, and it has already resulted in an urban heat island effect. Importantly, this part of the
city is populated by vulnerable individuals. Besides, there is a need for the development of
various types of social infrastructure: libraries, community centers, and so on. Such places
promote establishing new social ties and relationships among citizens. It was empirically
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proven having such connections is crucial when the extreme event is happening.

5.5. Limitations and further work
This study is one of the first attempts of quantitative analysis of such a complex concept
as urban resilience. More specifically, its operationalization with the methods of machine
learning. Quantification always brings certain challenges to the researcher. It implies sim-
plifications and simplifications, in turn, limit the potential of the concept. We stated that
critical, green, and social infrastructures would positively contribute to urban resilience.
But the metrics proposed did not allow us to make an absolute decision in favor of being
resilient or not.

For instance, we have not talked about the actual amount of vegetation required to de-
crease the temperature below a certain threshold. Instead, we were driven by am assumption:
the more, the better. The assessment of critical infrastructure was also narrow. Two facts
did not allow us to come up with a straightforward conclusion. First, the actual capacity of
each hospital is unknown. The demand for ambulance services skyrocketed during the heat
wave, and perhaps some extra facilities were used. If so, we need to have more extensive
data sets to create a more comprehensive assessment model. Second, we do not know how
the calls are distributed across the hospitals. Possible, almost all requests are handled by a
single hospital, whereas we assume that all of them have the same ”priority.” Therefore, the
proposed metric (proximity) is rather a call for a more elaborate analysis of critical infrastruc-
ture than the absolute decision in favor of high absorptive capacity and as a result, urban
resilience. A similar argument holds for adaptive and transformative capacities assessment.
When simplifying it to only reachability of libraries, the actual outcomes were not measured.

Thus, it is hard to measure resilience capacities, and, moreover, account for, with a spe-
cific degree of certainty, that proposed measures will lead to the most resilient city. One can
argue that these measures are not the best ones when others find better ways to quantify
them. To overcome this, we argue for more extensive theoretical, what is more important,
and, empirical research.

Modern cities generate more and more data. It pushes researchers to find ways to bridge
the theory with the data sets that recently became available. With more data, for instance,
mortality rates and causes, better results can be obtained. However, even with the most
extensive data set, data analysis can misinterpret such a complex system as a city. To over-
come this limitation, we propose to conduct a simulation study based to test the assumptions
of this study. Given the fact that there is only empirical evidence and a lack of data that can
demonstrate the full potential of social infrastructure, a simulation study also can be useful.
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A
Supplementary information

This appendix chapter aims to provide the reader with some extra information about the
findings of this study. To simplify the navigation, it was decided to make the structure of it
identical to the structure of the thesis. Thus, the sections of it have the same names as the
chapters of the original manuscript. The sections consist of additional graphs, tables and
explanations.

A.1. Introduction
In the first chapter, while discussing the heat wave mortality data from Centraal Bureau voor
de Statistiek (2018a), a couple of points were emphasized. Let us discuss them inmore details
with some new graphics. First, the heat wave of 2006 was the most devastating comparing
to 2010 and 2018. The peak of mortality in 2006 depicted with a red dot on the figure below.
The corresponding number is 3046, whereas the average value of the blue line is 2554. The
difference is striking: almost 500 extra deaths.

Figure A.1: Contrasting the maximum mortality of the 2006 heatwave with the average value. Data of the graph available at
Centraal Bureau voor de Statistiek (2018a).

Second, the actual comparison of 2018 with 2006 hardly possible. At first glance, it seems
that the increase in mortality in 2018 was not so significant as it was for 2006. However, a
remarkable event preceded the 2018 heatwave. An epidemic of flu significantly affected the
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vulnerable population during the winter period (Centraal Bureau voor de Statistiek, 2018b).
An increase can be seen from week 3 to a peak in week 10 (thick red line on the graph below).
Thus, by using only these numbers it is difficult to evaluate the efficiency of responsible
parties such as ambulance services, informal caregivers, etcetera.

Figure A.2: The possible effect of the flu on mortality in 2018 highlighted. Data of the graph available at Centraal Bureau voor
de Statistiek (2018a).

According to the preliminary data, 2019 heat wave mortality almost reached the values of
2006 with the value of 2964. The difference is only 82. And again, this value is much higher
than the average depicted with a blue line.
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Figure A.3: Comparison of mortality during the major heat waves with averages from 2015, 2016, and 2017. Data of the graph
available at Centraal Bureau voor de Statistiek (2019a).

The age group affected the most is above 80 years old, then age group of from 65 to 79,
and finally the effect is the least for others (below 65 years old). The figure A.4 shows this
difference.

Figure A.4: Differences in deaths in various age groups. Data of the graph available at Centraal Bureau voor de Statistiek
(2019a).

The final remark relates to the differences in numbers between the regions of the Nether-
lands. The east of the Netherlands has the highest mortality numbers for above 80 years old
age group. The west and south regions share the second position. The north of the country
has a decrease in numbers compared to 2018 and a slight increase in comparison with the
average.
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Figure A.5: Comparison of deaths for above 80 years old citizens in different regions. Data of the graph available at Centraal
Bureau voor de Statistiek (2019a).

A.2. Results
A.2.1. Analysis of heat waves and urban heat islands
The following figures demonstrates the distribution of ambulance calls for Rotterdam and
Amsterdam.
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Figure A.6: Distribution of ambulance calls in Amsterdam

Figure A.7: Distribution of ambulance calls in Rotterdam
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Figure A.8: Distribution of ambulance calls in Amsterdam during the July 2019 heat wave

Figure A.9: Distribution of ambulance calls in Rotterdam during the July 2019 heat wave



B
Data description

This research highly relies on the data. Therefore it seems meaningful to describe additional
details of the data sets used. The are several different data sources used in this study: the
key data sets and corresponding variables described in Chapter 3. Here we present a more
elaborate description of each data set. Note that all of the data set are open access and can
be easily downloaded without any restriction. Besides, the raw, as well as processed data,
is stored in the online repository. The most comprehensive data description can be found in
the attached to each data set PDF files.

B.1. Maps with statistics
The two data sets Kaart van 100 meter bij 100 meter met statistieken and Kaart van 500
meter bij 500 meter met statistieken are similar in terms of variable names and their ranges.
Therefore, let us provide the description only for one of them.

B.2. Den Haag in Cijfers
The online platform Den Haag in Cijers provides a lot data regarding population, businesses
and infrastructure of the city of the Hague.

B.3. Other data sets
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№ Translated
name

Type Values Note Original name

1 Number of resi-
dents

Real number INWONER

2 Male Real number MAN
3 Female Real number VROUW
3 Individuals 0-14

years old
Real number INW_014

4 Individuals
15-24 years old

Real number INW_1524

5 Individuals
25-44 years old

Real number INW_2544

6 Individuals
45-64 years old

Real number INW_4564

7 Individuals over
65 years old

Real number INW_65

8 Births Real number GEBOORTE
9 Native Dutch Percent P_AUTOCHT
10 Western foreign-

ers
Percent Europe, North

America, Ocea-
nia and Japan

P_WALLOCH

11 Non-western
foreigners

Percent Africa, Latin
America, Asia,
Turkey

P_NWALLOCH

Table B.1: Kaart van 100 meter bij 100 meter met statistieken data set description
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Category Subcategory Subsubcategory Variable Observation
years

Population Population char-
acteristics

Age 1993-2019

Gender
Ethnic group
(CBS)
Marital status
Family composi-
tion

Population devel-
opments

Births Number of births 1996-2017

Deaths Number of
deaths

Total migration Total arrivals 1995-2017
Total departures

Migration within
the Hague

Migration within
municipality

2010-2017

Migration outside
the Hague

Total arrivals
from outside the
Hague

2010-2017

Economics Income Average personal
income of individ-
uals 52 weeks

2005-2016

Average dispos-
able income of
private house-
holds

1994-2016

Average stan-
dardized dispos-
able income of
private house-
holds

2000-2016

Sources of in-
come

4 classes 2011-2016

Distribution of in-
come

Low-average-
high income

1994-2016

Employment Number of per-
sons employed in
(SBI 9 classes)

9 classes 2000-2018

Labour force Potential labour
force

1993-2019

Unemployment Job seekers until
2014

Number of unem-
ployed persons,
total, Number
of unemployed
job-seekers

1995-2017

Education, total,
5 classes

2006-2014

Age, age, total, 9
classes

1996-2014

Job seekers from
2015

Age, total 3
classes

2014-2017

Table B.2: Description of the data sets retrieved from Den Haag in Cijfers
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Observations 9066
Total variables 19
Variables of interest 2
Source Hoeven (2017)
Data Collection Period 2017
Data Reporting Period 2018
Date of Data Acquisition 25-05-2019

Table B.3: Short description of the Heatmap The Hague data set created by Hoeven (2017)

Observations 162
Total variables 10
Variables of interest 2
Source The Dark Sky Company (2019)
Data Collection Period 2017
Data Reporting Period 2019
Date of Data Acquisition 01-04-2019

Table B.4: Short description of the The Dark Sky Weather data. The data collected from The Dark Sky Company (2019)

Observations 377600
Total variables 33
Variables of interest 21
Source Centraal Bureau voor de Statistiek (2019b)
Date of Data Acquisition 25-05-2019 - 01-08-2019

Table B.5: Short description of Map 100 by 100 square meters with statistics. The data retrieved from Centraal Bureau voor de
Statistiek (2019b)

Observations 159
Total variables 32
Variables of interest 7
Source
Data Collection Period 2016
Data Reporting Period 2016
Last Modification 16-11-2018
Date of Data Acquisition 21-06-2019

Table B.6: Short description of the ”Health per district and neighborhood 2016” data set

Observations 25040
Source https://p2000mobile.nl
Data Collection Period From 23-05-2019 to 31-07-2019

Table B.7: Description of the ”P2000 network” data set

https://p2000mobile.nl


C
Reproducible research

The source code is available at https://github.com/mikhailsirenko/urban-resilience-ml.
Moreover, almost all of the data sources can be downloaded via notebooks that are provided.
Thus, a researcher can operate with raw data, run prepossessing scripts, and verify the re-
sults. For the data sources that were retrieved manually, a comprehensive description of the
process is provided.
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