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Abstract

An increasing number of severe and long-lasting heat waves all over the world during the last decades
clearly points out that climate change is real. Global warming is especially pronounced in urban areas
due to a phenomenon called the Urban Heat Island effect (UHI effect). A lack of vegetation, dense
house constructions, missing water bodies, sealed surfaces, and an increased production of
anthropogenic heat lead to significantly increased temperatures in cities. This poses a real threat to
human health, whereby elderly people, people with chronic diseases, and small children are the most
affected.

The aim of this master’s thesis is to investigate the current and future thermal situation in Basel and
Zurich and based on the findings, to discuss appropriate adaptation actions to reduce heat stress in
the cities. In a first step, the UHI effect in Basel was explored to get an overview of hot and cool spots
in the city. In a second step, the wet-bulb globe temperature (WBGT) was calculated for both a historic
time period (1981-2020) and future simulations (1981-2099) using empirically derived mathematical
equations and basic climate variables as input. The data for the future simulations are based on the
three RCP scenarios (Representative Concentration Pathway) initially developed for the IPCC Climate
Change Report 2014 (IPCC 2014). To handle the complexity of the climate system and the associated
uncertainties, approaches of Decision Making under Deep Uncertainties (DMDU) were used
(Exploratory Modeling (EM), Dynamic Adaptive Policy Pathways (DAPP)).

The gained results show that thermal stress will increase in the upcoming years, both in Basel and
Zurich. However, the differences among the three RCPs are quite substantial. Where under RCP2.6, a
stabilization in the next few years can be determined, one has to expect a gradually increasing number
of extreme days and events per year until the end of this century under RCP8.5. The kind of necessary
adaptation measures and where to implement them in a city are therefore really dependent on the
chosen climate scenario.

A literature review as well as the results of a sensitivity analysis revealed that an optimized urban
geometry and an increased amount of green spaces (e.g. trees, urban parks, rooftop gardens) in
combination with open water surfaces (e.g. fountains, rivers, lakes) are the most efficient measures.
Increasing the surface albedo on the other hand, even though comparatively easy and low in costs to
implement, probably leads to rather small changes in the thermal situation.

In the end, it all comes down to how decision-makers work together and how they incorporate all
occupants, the politicians, and the private sector in their work. What can be said for sure is that thermal
stress will increase in the future and adaptation measures of any kind are urgently needed to protect

the population in a sustainable way.
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Zusammenfassung

Eine Zunahme von akuten und langanhaltenden Hitzeperioden auf der ganzen Erde wahrend der
letzten Dekaden deutet klar darauf hin, dass der Klimawandel Realitdt geworden ist. Die globale
Erderwdarmung ist besonders spirbar in urbanen Gebieten aufgrund eines Phianomens namens
Hitzeinseleffekt. Eine niedrige Vegetationsdichte, dicht gedrdangte Gebaude, fehlende Wasserflachen,
versiegelte Oberflaichen und eine erhohte Produktion anthropogener Warme fiihren dazu, dass
Temperaturen in Stadten signifikant erhoht sind. Das stellt eine reale Gefahr fiir die Gesundheit dar,
wobei dltere Personen, Personen mit chronischen Krankheiten und Kleinkinder besonders darunter
leiden.

Das Ziel dieser Masterarbeit ist es, die gegenwartige sowie zukiinftige Hitzesituation in Basel und
Zirich zu untersuchen and basierend auf den erworbenen Erkenntnissen geeignete
Anpassungsmassnahmen, um den Hitzestress zu minimieren, zu diskutieren. Als erstes wurde der
Hitzeinseleffekt in Basel untersucht, um einen groben Uberblick tiber lokale Hot und Cool Spots zu
erlangen. In einem zweiten Schritt wurden mit Hilfe empirischer Formeln und simplen Klimavariablen
flr eine historische Zeitperiode (1981-2020) und Zukunftssimulationen (1981-2099) tagliche wet-bulb
globe Temperaturen (WBGT) berechnet. Die Daten fiir die Zukunftssimulationen basieren auf den drei
RCP Szenarien (Reprasentativer Konzentrationspfad), welche im Rahmen des IPCC Climate Change
Reports 2014 berechnet wurden (IPCC 2014). Um die Komplexitdt des Klimasystems und die damit
verbundenen Unsicherheiten beriicksichtigen zu kénnen, wurden verschiedene Konzepte von Decision
Making under Deep Uncertainties angewendet (Exploratory Modeling (EM), Dynamic Adaptive Policy
Pathways (DAPP)).

Die Resultate haben ergeben, dass sowohl in Basel als auch in Zirich die Hitzebelastung in den
nachsten Jahren zunehmen wird. Die Starke der Zunahme ist allerdings stark vom gewadhlten RCP
Szenario abhangig. Wahrend unter RCP2.6 eine Stabilisierung erwartet wird, muss unter RCP8.5 von
einer beschleunigenden Zunahme von Hitzetagen und -events bis zum Ende des Jahrhunderts
ausgegangen werden. Die Art und Weise wie Anpassungsmassnahmen umgesetzt werden sollten, ist
also stark vom eintretenden RCP Szenario abhangig.

Eine Literaturrecherche sowie eine Sensitivitdtsanalyse haben ergeben, dass eine Optimierung der
Stadtgeometrie und eine Erhhung der Vegetationsdichte in Kombination mit offenen Wasserflachen
die effizientesten Massnahmen sind. Eine Erhohung der Albedo von Oberflachen, trotz des
vergleichsweise geringen Aufwands, erzeugt hingegen nur einen minimal kiihlenden Effekt.
Letztendlich hangt alles davon ab, wie Entscheidungstrdager zusammenarbeiten und inwiefern sie die
beteiligte Bevolkerung, die Politik und den Privatsektor in den Erarbeitungsprozess miteinbeziehen.
Klar ist aber, dass die Hitzebelastung wohl trotz dieser Massnahmen in Zukunft weiter zunehmen wird

und deshalb dringend effiziente Losungen, um die Bevolkerung davor zu schiitzen, nétig sind.
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1 Introduction

1.1 Relevance

Climate change poses one of the most substantial threats for humanity in the past and upcoming
decades. Global surface temperatures are increasing with an extraordinary rate which has never been
seenin Earth’s history before. Future projections even predict an acceleration of global warming during
the next decades (IPCC 2021a). As experienced in the summers of 2003, 2015, 2018, and 2022 in
Europe, increasing temperatures directly lead to an intensification of extreme events such as heat
waves and droughts. They become more severe, long-lasting, and more frequent. The chance of
combined events increases as well, leading to unpredictable impacts on the environment and many
parts of our society (Niggli et al. 2022).

Shrinking glaciers, missing precipitation, and a strong evapotranspiration directly affect the water cycle
and finally lead to extensive water shortages. This causes troubles in many sectors, such as the
agricultural sector, the energy sector, or the drinking water supply.

High temperatures could also cause direct impacts on human health, especially in regions with a high
degree of urbanization. Due to an accelerating population growth in cities and consequently a
densification and expansion of urban places, more and more people are becoming exposed to
extremely high temperatures. Overheating, circulatory problems, or a loss of labor productivity are
just a few of many possible threats of heat waves for human beings. The consequences of hot
temperatures can be quite dramatic which is why it is important to gain a profound knowledge of how
thermal conditions are developing in the future and what possibilities exist or should be developed to
mitigate the impacts on human health. Suitable adaptation measures are therefore in high demand in
order cool down hot spots in cities as efficient and economically as well as ecologically friendly as

possible.

1.2 Research questions

The overall goal of this master’s thesis is to understand how climate change, in particular how
increasing temperatures and intensifying heat waves, affect human health through an analysis of the
Urban Heat Island effect (UHI effect) and wet-bulb globe temperatures (WBGT). On the basis of the
results, suitable adaptation measures will be assessed in order to mitigate the impacts of heat waves
in urban areas. The analysis of the UHI effect and WBGT will primarily be applied for Basel. Additionally,
Zurich will be investigated for future WBGT in order to gain a broader picture of possible impacts of

climate change in two big Swiss cities.
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The following three research questions should help to reach the overarching goal:

1. What is the UHI effect in Basel? Where are current and future hot spot areas?
2. How does future climate change affect WBGT in Basel? How does it compare to Zurich?

3. What adaptation measures are the most suitable to reduce hot spots in Basel?

To answer the first research question, a deep analysis of the UHI effect in Basel will be made. The goal
is to locate current hot and cool spots and to analyze the characteristic land use classes, the
topography, and building constructions at these places. Important to consider for this part of the study
are the locations of vulnerable facilities, like for example nursing homes, hospitals, kindergarten, and
schools.

The second and third research questions will be tackled by applying an approach of Decision Making
under Deep Uncertainties (DMDU). The Exploratory Modeling and Analysis Workbench (EMA
Workbench) developed by Kwakkel (2017) will be used to simulate future WBGT for three different
climate projections (RCP2.6, RCP4.5, RCP8.5). Based on the outcomes, suitable adaptation measures

to reduce heat stress in the city will be discussed.

1.3 Structure

After a brief introduction of the main goals and the research questions of this master’s thesis, chapter
2 introduces important scientific and theoretical background knowledge in order to emphasize the
relevance of this work and to explain some basic concepts. The focus of chapter 3 lies on presenting
the study areas which are Basel and Zurich. Chapter 4 explains the main methods applied in this study.
After introducing the used measuring stations and the data in chapter 5, chapters 6 and 7 summarize
and discuss the most important findings. According to the outcomes, suitable adaptation measures
and their efficiencies to handle a potentially increasing heat stress are covered. After a short conclusion
of the most important findings in chapter 8, the final two chapters present the used literature as well

as an appendix of additional figures and tables which were not showed in chapter 6.
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2 Scientific and theoretical background

2.1 Climate change and global warming

Climate change is more than ever highly discussed in the society and thus a controversial topic in
politics. During the last several years, governments as well as large parts of the population in many
countries argued for fighting against climate change and stood up for drastic changes in politics and
the society. The latest IPCC report from 2021/22 once again bore out that the atmosphere, ocean, and
land surfaces are warming unusually fast compared to historic temperature fluctuations and that this
warming unequivocally can be attributed to human induced changes in the climate system. The
projected goal of the Paris Agreement of a limited warming of 1.5° C will be exceeded unless the
current burning rate of fossil fuels will not be reduced as soon and as rigorously as possible. Otherwise,
the frequency and amount of weather and climate extremes will increase in every region on Earth
(IPCC 2021b). According to the report, scientists expect that poor people in developing countries are
going to be disproportionately affected. They oftentimes live in regions where climate change has very
strong impacts on the environment. Furthermore, developing countries have much less financial
possibilities and infrastructural facilities to fight against climate catastrophes and extreme events.
Therefore, the scientists stated that beside of the projected impacts of climate change, socio-economic
developments should be considered as well (IPCC 2022, IPCC 2014).

Climate change has many different impacts on both humans as well as the environment. Different
regions in the world face different challenges. These are mainly dependent on the prevalent climate
conditions and the characteristics of the environmental system. Indeed, the residents and the local
infrastructure have an important influence as well. Usually, the food production and agricultural
sectors, the people’s livelihoods, and human health are the most vulnerable to any kind of climate
change. Whether it concerns heavy rainfall events, extensive droughts, severe heat waves, or globally
rising sea levels. In the end, it all leads to economical, ecological, social, and health issues.

A global phenomenon which can be observed almost everywhere on Earth are rising air and water
temperatures, mainly due to extensive emissions of anthropogenic greenhouse gases (CO,, CH4, N;0)
(IPCC 2014, CH2018 2018, Hansen et al. 2006). Detailed observations of surface air temperatures are
available for the period between 1850 to present. During the 19" century, climatologists began to
systematically install and maintain surface temperature sensors in order to gain a better understanding
of the climate system and its impacts on the environment. Whereas for information about the
temperature fluctuations before 1850, one has to consult indirect techniques like analyzing tree rings,
corals, sediments, or ice boreholes. Using all these sources of information about the past climate,
researchers could reconstruct a relatively stable temperature between 1000 and 1850. Since 1900,

they observed an abrupt warming trend (Chapman & Davis 2010). This represented major changes for
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life on Earth. Higher temperatures do not only lead to shrinking glaciers and ice shields and
consequently to globally rising sea levels. Higher temperatures do also influence the occurrence and
intensity of heat waves and droughts. Indeed, the probability and severity of extreme heat events are
expected to increase much faster compared to global changes of mean surface temperatures (Vautard
et al. 2014, IPCC 2018).

There are spatial differences in the magnitude and speed of the climate change among different
regions on Earth. Vautard et al. (2014) found that some parts in Europe experienced a stronger
warming than the global average, whereas other places on Earth even cooled down slightly. The spatial
and seasonal pattern of warming and cooling in Europe is not evenly distributed either. A stronger
warming is expected in Northern and Eastern Europe during the winters, whereas in Southern Europe,
the summers will probably get hotter (Vautard et al. 2014). Climatologists agree that the strongest
changes will experience high latitudinal regions. They already measured a stronger increase in mean
annual temperatures at the poles compared to the global average and they expect it to become even
more pronounced in the upcoming years (Hansen et al. 2006, IPCC 2014). This phenomenon of an
increased warming at high latitudes is described as the arctic amplification (Previdi, Smith & Polvani
2021).

An investigation of climate change on a smaller and more local scale points out that highly urbanized
areas do suffer disproportionately under very strong increased temperatures. One reason for this
phenomenon can be attributed to the so-called Urban Heat Island effect. More information about this
phenomenon can be found in chapters 2.4 and 6.1. However, the vulnerability and exposure of urban
areas to increasing temperatures do not only rapidly increase due to the global warming. Rapid
expansions of cities and fast growing urban populations are additional reasons for an increased
proneness to climate extremes, independent of the global climate change (Dodman et al. 2022).
Therefore, it is no surprise that the Intergovernmental Panel on Climate Change (IPCC) ranks increasing
temperatures and associated heat waves as one of the most severe risks related to climate change
(Burgstall et al. 2019). Beside of financial burdens, societies and environments will have to change in

the future in order to adapt to the upcoming climatic conditions.

2.2 Heat waves and human health

Heat waves all over the world lead to a massive increase of thermal stress both for plants, animals, or
humans. Scientists observed an increase of dangerous heat exposure in cities during the period from
1980 to 2017 of about 500%. As a result, over 1 billion people every year experienced very hot
conditions leading to significant death tolls and hospitalization rates (Cissé et al. 2022, Li, Stringer &
Dallimer 2021, Li, Ferreira & Smith 2020). The next sections briefly outline some key issues and the

most substantial impacts of recent heat wave events in Australia, South Asia, and Europe.
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Heat wave in eastern Australia (2019/20):

A very strong heat event occurred in the eastern part of Australia in 2019/20. The event led to massive
damages in ecosystems through extensive forest fires and droughts (Bowman et al. 2021, Abram et al.
2021). It is expected that over 20% of Australia’s temperate broadleaf and mixed forests were burned
during the 2019/20 summer season (Boer, de Dios & Bradstock 2020). Additionally, it is assumed that
over one billion animals were killed in the forest fires (Filkov et al. 2020). Beside of huge environmental

and agricultural impacts, the heat wave also heavily affected human health.

Heat wave in India and Pakistan (2022):

The latest series of heat waves in Asia was experienced by the population in India and Pakistan in 2022.
They suffered under extremely hot temperatures leading to widespread crop failures, drinking water
shortages, and power failures. Simultaneously, extensive floods due to an increased glacial melting in
the Himalayas damaged important parts of infrastructural facilities and agricultural fields (Fountain

2022).

Heat waves in Central Europe (2003, 2015):

During the summers of 2003 and 2015, the population in Central Europe was exposed to unnatural
high air temperatures. As the heat wave in eastern Australia (2019/20), these two events led to
extensive droughts and widespread forest fires. In fact, the summers of 2003 and 2015 were two of
the hottest and driest summers in Central Europe ever registered. The temperatures were 20-30%
higher compared to normal summers in the past decades. The agricultural productivity suffered under
extensive crop failures. Alpine glaciers lost up to 10% of their mass. Additionally, the heat waves caused
problems in the energy sector like for example issues in the cooling process of power plants. Combined
with an increased need of energy for air conditioners, this led to widespread energy shortages,
especially in countries where most of the energy was generated by nuclear power plants (e.g. France)
(De Bono et al. 2003, Dong et al. 2016, Kovats & Hajat 2008).

The events in Central Europe unambiguously bore out that heat waves strongly influence affected
people’s everyday life. Beside the aforementioned impacts on the environment, heat waves do also
negatively influence the health of the human body. Hot temperatures during the day and a missing
cooling during the night can represent a threat, especially for vulnerable people like elderly people,
people with chronic diseases, and small children. In addition to extremely high temperatures, heat
waves are oftentimes coupled with severe air pollution in urban areas (Kovats & Hajat 2008). Especially
ozone and particulate matter are significantly increased during heat waves. Ozone is readily formed
under hot and sunny weather conditions (Fischer, Brunekreef & Lebret 2004). Fischer, Brunekreef and
Lebret (2004) investigated the excess deaths due to the summer heat wave 2003 in the Netherlands.

They found that a large part of the excess deaths initially attributed to high temperatures were actually

29.09.2022 5



Master’s thesis Physical Geography, UZH Fabian Weibel, 16-701-278

caused by increased ozone and particulate matter concentrations. This finding demonstrates that
indirect effects of heat waves on human health can be as impactful or even worse than direct effects.
There are many other studies which observed an excess death in Central Europe during the heat waves
of 2003 and 2015. De Bono et al. (2004) even described the extreme event in 2003 as one of the
deadliest natural disasters in Europe of the last 100 years. They estimated an excess of about 30’000
deaths during the summer season. Ragettli et al. (2019) did a similar study about the impacts of the
2003 and 2015 heat waves on mortality and morbidity rates in Switzerland. Although they estimated
an increased mortality rate during both heat waves, Ragettli et al. (2019) observed a smaller excess
during 2015 compared to 2003. They stated an improved public awareness of heat threats as well as
implemented mitigation measures after the 2003 event as two possible explanations for the reduced
excess death rate.

Table 1 summarizes increased mortality rates attributed to the 2003 heat wave in Switzerland, France,

and the Netherlands.

Table 1: Increased mortality due to the 2003 summer heat wave in Switzerland, France, and the Netherlands (Kovats & Hajat
2008).

Country Excess death (increase in %)
Switzerland 975 (6.9%)

France 14’802 (60%)

Netherlands 1400

Human health:

Multi-country studies about health impacts related to climate change are rare. An example of such a
study was conducted by Vicedo-Cabrera et al. (2021). They investigated heat-related health impacts in
43 countries. The scientists analyzed heat-related deaths between 1991 and 2018 and found that on
average, 37% of these deaths could be attributed to anthropogenic climate change (Cissé et al. 2022,
Vicedo-Cabrera et al. 2021).

Elderly people, people with chronic diseases, and small children are the groups which are the most
vulnerable to very hot thermal conditions. Some studies also name females as slightly more
endangered than males (Ragettli et al. 2017). Hot temperatures during the day and a missing cooling
during the night in combination with a strong exposition to solar radiation and a high relative air
humidity are the major causes for dehydration and hyperthermia. People with already weak capacities
of internal thermoregulatory mechanisms and a debilitated circulatory system cannot balance the
excessive heat anymore (Ragettli et al. 2019, Matzarakis & Amelung 2008). In cases when the air

temperature is higher than the skin temperature, the body tries to cool down via direct heat exchange
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and sweat evaporation. However, if the humidity gradient between the body and the surrounding air
is very low, this cooling mechanism is disturbed. Heat strokes, heat exhaustions, heat syncopes, heat
cramps, and even dysfunctions of multiple organs are possible health consequences (Burgstall et al.
2019). Combined with a reduced physical activity due to hot weather, the risk of cardiovascular
diseases becomes an additional threat for vulnerable people. Cardiovascular diseases could for
example be a coronary heart disease or a peripheral arterial disease (Cissé et al. 2022, Obradovich &
Fowler 2017). Besides circulatory problems, some affected people could also suffer from endocrine or
mental disorders, or other psychological disturbances (Kovats & Hajat 2008, Bi et al. 2011).

If an already harmful heat stress during the day gets prolonged by considerably high minimum
temperatures during the night, heat waves are even worse for human health. Nocturnal rest and sleep
are very important for our body, especially during periods of extensive thermal exposure during the
day. Royé et al. (2021) found a clear relationship between the duration and excess of hot nights and
sleep disturbances. Beside light and noise, they determined the thermal environment as the most
important parameter that influences our sleep quality (Royé et al. 2021).

In addition to health problems for vulnerable people, heat waves can also lead to a reduction in labor
productivity and thus in extreme cases to a decreased economic output (Tuholske et al. 2021, Dodman
et al. 2022). Too high or too low thermal conditions can cause a strongly declined productivity in
physically demanding activities (Burke, Hsiang & Miguel 2015). A loss of concentration, a reduced brain
function, fatigue, or dehydration are, amongst others, some possible impacts which outdoor workers
could suffer under uncomfortable climatic conditions (Cissé et al. 2022). Kjellstrom (2016) investigated
current and future impacts on the work capacity in the agricultural and industrial sector in South and
South-East Asia. His analyses highlighted that extreme hot days currently cause a loss of 15-20% of
annual work hours. He even calculated a doubling by 2050 if global climate change will develop as
expected. In terms of economic output, this results in additional costs of up to several percentages of
GDP in some countries. Another study estimated the amount of lost work hours due to heat for the
time period between 2000 and 2018 on a global scale. The scientists concluded that there was an
increase of about 45 billion lost work hours in 2018 compared to 2000 (Cissé et al. 2022, Watts et al.
2019).

These observations indicate that climate change, and especially globally increasing temperatures and
heat extremes, may amplify the economic inequalities between developing and developed countries.

Social conflicts and disrupted trades are preprogrammed challenges (Burke, Hsiang & Miguel 2015).

2.3 Climate scenarios

It is tremendously difficult to get a thorough understanding of the entire climate system. Even after

many years of intense scientific work, research, data collection, and data analysis, there are still a lot
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of unknown processes and unexplored feedback mechanisms. Making accurate predictions about the
future state of the climate system is not easy and always related to various kinds of uncertainties.
Moreover, the influence of randomness and nonlinearity must not be disregarded since many
processes in the chaotic behavior of the climate system do actually happen by pure coincidence
(Thompson & Sieber 2012). Consequently, it is impossible to estimate one single future scenario which
holds true for the entire Earth. It is much more common to make region specific predictions and split
the future time into three to four distinct time periods. Furthermore, every determined future scenario
only holds for a certain time since a constantly improved understanding of all processes, newly
developed models, and additional data allow to refine every existing scenario.

Most climate scenarios nowadays are based on global/general as well as regional climate models
(GCM, RGM). It depends on the size and the complexity of the topography of the region of interest as
well as on the scope of application whether spatially high-resolved regional models are required, or if
global models already deliver adequate results (CH2018 2018).

For this master’s thesis, the Swiss Climate Scenarios 2018 (CH2018) were used to calculate future
WBGT values. They are based on an ensemble of RCMs (combination of several RCMs with different
initial conditions). Three different scenarios for Switzerland were generated according to the three
Representative Concentration Pathways (RCP2.6, RCP4.5, RCP8.5) developed for the IPCC Climate
Change Report 2014 (IPCC 2014, CH2018 2018). As input for each simulation, anthropogenic forcing
scenarios, like the emission of greenhouse gases and aerosols and changes in land use classes, were
included. RCP2.6 is a very optimistic scenario whereas RCP8.5 represents a future without any climate
protection measures. RCP4.5 stands in between RCP2.6 and RCP8.5. It includes some mitigation
measures which however are less strict and short-term compared to those of RCP2.6. Regarding the
current developments and policies set by most nations, RCP4.5 is probably the most realistic scenario.
In the specific case of air temperatures, the scenarios translate into an increase of 0.3° Cto 1.7° C or
2.6° Ct0 4.8° C by the end of the 21 century relative to the reference period between 1986 and 2005
under RCP2.6 and RCP8.5 respectively (table 2) (IPCC 2014).

Table 2: Representative Concentration Pathways (RCP) used in the IPCC Climate Change Report (Burmeister, Biiter & Trute
2019, IPCC 2014).

Scenario | Change of anthropogenic forcings Change of global mean surface
temperatures
RCP2.6 Strong reduction of greenhouse gas emissions | 0.3—-1.7°C
RCP4.5 Emissions decline after 2050 1.1-2.6°C
RCP8.5 Continuously increasing emissions until the 26-4.8°C
end of this century
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In addition to different anthropogenic forcing scenarios, the National Centre for Climate Services
(NCCS) developed states for three different future time periods (2035, 2060, 2085) and five model
regions (eastern and western region for north of the Alps, Alpine area and a region for south of the
Alps) (CH2018 2018).

Figures 1 and 2 exhibit a closer look at Switzerland. The projected temperature changes for the
scenarios RCP2.6 and RCP8.5 were applied to calculate how the number of tropical nights (Tmin 2 20°
C) and hot days (Tmax = 30° C) could change in the future. As expected, the Swiss Plateau and the valleys

in Ticino are going to experience the biggest changes (CH2018 2018).

Tropical Nights
(days/year)

Lo

Figure 1: Expected number of tropical nights (Tmin 2 20° C) per year for the future scenarios RCP2.6 (left) and RCP8.5 (right) in
the year 2085 (CH2018 2018).
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Figure 2: Expected number of hot days (Tmex = 30° C) per year for the future scenarios RCP2.6 (left) and RCP8.5 (right) in the
year 2085 (CH2018 2018).

In the latest IPCC Report (AR6), the climatologists refined their future scenarios from the IPCC Report
2014 (AR5). The new projections not only differentiate between climate radiative forcings, but also
consider socio-economic estimations (Shared Socio-economic Pathway (SSP) (IPCC 2021a)). However,
the data for Switzerland which has to be calculated specifically is not available yet. Which is why the

future scenarios in this paper still relay on the RCPs introduced in the IPCC Report 2014.
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Figure 3 shows the spatial distribution of globally increasing temperatures estimated for the scenarios
SSP1-2.6 (comparable with RCP2.6) and SSP3-7.0 (between RCP4.5 and RCP8.5) (O’Neill et al. 2016, Lee
et al. 2021). It clearly shows that the temperature increase is stronger over the continents than over
the oceans. Furthermore, higher temperature changes are expected on the Northern compared to the
Southern Hemisphere. There are four main reasons leading to this pattern: First, water has a higher
heat capacity than continental surfaces and thus warms up less quickly. Second, a major part of
anthropogenic greenhouse gases originates from the higher populated Northern Hemisphere and thus
heats up the atmosphere and surface faster. Third, a strong positive feedback mechanism is observed
in high latitudinal regions. A warmer climate leads to less extensive and short-lasting snow and sea ice
covers. This results in an increased warming due to a lowered albedo and therefore to a stronger
absorption of shortwave radiation by the Earth’s surface and ocean (Previdi, Smith & Polvani 2021).
Finally, the moisture content on land is limited compared to oceans. Once all water is evaporated
(water limitation), the heat cannot anymore be buffered by the latent heat flux which in the end leads
to a strong sensible heat flux and increased temperatures over land (Byrne 2020, Fendt & Schlosser

2021, Sutton, Dong & Gregory 2007).

SSP1-2.6 (2081-2100) SSP3-7.0 (2081-2100)
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Figure 3: Spatial distribution of the global annual mean temperature change relative to the period
between 1995 and 2014 for the scenarios SSP1-2.6 and SSP3-7.0 (Lee et al. 2021).
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Figure 4: Global average surface temperature change
relative to the period between 1995 and 2014 (left axis)
and the period between 1850 and 1900 (right axis) for
different SSP scenarios (Lee et al. 2021).
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2.4 The Urban Heat Island effect

Cities almost all over the world experience significantly higher thermal conditions compared to their
rural vicinities. This effect of locally increased temperatures in urbanized regions is called the Urban
Heat Island effect (UHI effect). By definition, the UHI effect is the temperature difference between
urban and rural landscapes in comparable macro-climatic conditions. In general, the phenomenon is
stronger the larger and more compact a city is and gets increased with larger population sizes (Parlow,
Vogt & Feigenwinter 2014, Burgstall 2019).

In the literature, one distinguishes between surface and atmospheric UHI effects (SUHI and UHI).
Whereas the SUHI is generally determined with remote sensing techniques (e.g. satellites, airplanes,
drones), the atmospheric UHI must be observed directly with in-situ measurements (e.g. simple
thermometers) (Voogt & Oke 2003, Burgstall 2019, Parlow, Vogt & Feigenwinter 2014). Furthermore,
some scientists introduced a third category, namely subsurface heat islands. Although this effect is
much less discussed in the literature, it can induce important micro-climatic impacts. Especially in
regions with widespread and deep permafrost layers or cities with shallow aquifers in their
underground (Yow 2007). Even though the SUHI and UHI influence each other, for this master’s thesis,
the atmospheric UHI effect was considered since air temperatures are much more important than
surface temperatures when investigating the impacts of climate change on human health. Moreover,
this study is based on data of measuring stations in Basel and Zurich which permanently collect
meteorological variables on-site like the air temperature, air humidity, wind speed, and global
radiation. It is beneficial to have all meteorological data from the same location to get rid of potential
data inaccuracies due to different measuring conditions at various places.

There are many reasons leading to the UHI effect. Specific characteristics of cities lead to altered
thermal, aerodynamic, radiative, and moisture properties (Burgstall 2019). Highly urbanized areas
have a high aerodynamic surface roughness. The regional wind field as well as local vertical and
horizontal turbulences are altered. Additionally, the heat budget is completely different in urban
compared to rural areas. The used construction materials in cities have specific physical and thermal
properties which decisively change the radiation balance (Parlow, Vogt & Feigenwinter 2014). In the
next sections, the most relevant causes of the UHI effect are shortly summarized.

One of the most important causes of the UHI effect is the high degree of sealing in combination with
a lack of vegetation. Plants feature two beneficial properties to regulate and cool down local air
temperatures. On the one hand, they provide extended shadow areas and thus reduce the incoming
shortwave radiation. There is less energy reaching the ground which results in decreased air
temperatures. On the other hand, they are able to reduce the air temperature through
evapotranspiration. During the process of photosynthesis, water vapor transpires through the

stomata. This chemical reaction needs energy which is being taken from the surrounding air. As a
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result, vegetation is able to locally decrease the air temperature by both minimizing the sensible heat
(blocking of shortwave radiation) as well as the latent heat flux (evapotranspiration of water) (Burgstall
2019, Burmeister, Blter & Trute 2019, Parlow, Vogt & Feigenwinter 2014). However, one has also to
keep in mind that the process of water transpiration slightly increases the air humidity. This could
potentially lead to a negative thermal comfort. Nevertheless, the cooling by far outweighs potential
warming effects (Kiihnle 2021).

Beside of sealed places and the lack of vegetation, buildings and other infrastructural facilities heavily
affect the intensity of the UHI effect. The height, geometry, and density of house constructions could
lead to altered air flows and extenuated wind systems. The surface roughness is different in cities
compared to places dominated by vegetation. Furthermore, high buildings can block natural wind
systems which leads to an increased accumulation of hot air in the inner districts of a city. The
orientation of buildings and street canyons is an important factor hereby. Continuous rows of houses
have different effects on altering air currents than perimeter block developments (Weber et al. 2018,
Burgstall 2019, Parlow, Vogt & Feigenwinter 2014, Burmeister, Biter & Trute 2019). Almost as
important as the orientation and geometry of buildings is the energy efficiency of their walls and roofs.
Buildings with high insulation values and airtightness can effectively help to protect inhabitants from
overheating. Cool indoor places are especially important for facilities with vulnerable people like for
example hospitals or nursing homes. An additional positive effect of properly insulated buildings is that
less energy is needed for heating or cooling. This has a direct effect on the produced anthropogenic
heat and thus on the UHI effect. Furthermore, a decreased energy consumption is beneficial to
mitigate the long term climate change (Dodman et al. 2022).

Unlike high and dense house constructions, water bodies often have beneficial impacts on local air
flow patterns in urban places. Thanks to specific properties of water (high heat capacity, evaporation),
rivers or lakes can lead to a natural ventilation effect. Refreshing air from the surrounding is pulled
into the center of the city. Hot and polluted air cannot accumulate as easily as without the ventilation
effect (Chen et al. 2014, Burmeister, Bliter & Trute 2019). If larger water bodies are missing in a city or
if the induced wind field is blocked by buildings, the UHI effect gets amplified.

Finally, the residents of cities produce heat themselves and thus further enhance the UHI effect. This
so-called anthropogenic heat originates mainly from extensive traffic loads and industrial heat waste
(Weber et al. 2018, Burgstall 2019, Burmeister, Blter & Trute 2019). Another important source of
anthropogenic heat stems from air conditioners and heating installations. This results in a positive
feedback effect. The hotter it gets in cities during the summer season, the more air conditioners are
used. Consequently, the energy consumption increases which accelerates the global climate change.

A negative feedback can be attributed to the winter or cities in high latitudes. A warmer climate results
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in a reduced need of heating installations and this in turn is beneficial to reduce global warming
(Lokoshchenko 2014).

In order to improve the understanding of the UHI effect in cities, the causes can be grouped into
external and internal drivers. External drivers are for example the topography (e.g surrounding hills or
depressions), altitude, geographic location of the city (latitude and longitude), or the distance to big
open water bodies (e.g. lake, river, sea). Internal drivers are for example the anthropogenic heat
production, geometry and orientation of buildings and street canyons, reflectance and thermal
properties of surfaces, or vegetation density (Parlow, Vogt & Feigenwinter 2014).

The UHI effect is a very complex phenomenon. Not all of the above-mentioned causes are important
for every urban place. Therefore, it is crucial to investigate the UHI effect for each city separately in
order to get real information about the local thermal conditions. Manoli et al. (2019) for example could
observe big differences in the intensity of the UHI effect between cities in humid and cities in arid
regions. They observed a nonlinear increase in the urban-rural temperature difference with
precipitation. There is a linear relationship for climate regimes where precipitation rates are lower
than 1500 mm/year. Above this threshold, UHI are not in a linear relation with precipitation anymore.
Manoli et al. (2019) stated the energy limitation in humid cities as the major reason for this
nonlinearity. One result of this finding is that green spaces in tropical urban environments are not as
effective to cool down cities as they are in arid regions. While the energy availability is the main
limitation for evaporative cooling in humid cities, water scarcity mainly dampens evapotranspiration
and thus latent heat flux in arid regions (Manoli et al. 2019).

The findings of Manoli et al. (2019) show that in order to gain a thorough understanding of specific
UHI effects, one should not only consider the air temperature, but the entire energy balance and
climate regime as well. This includes the net radiation (shortwave and longwave), the latent and
sensible heat flux, the ground storage, the anthropogenic heat flux, and the precipitation rates.
Nonetheless, air temperatures are a very good proxy and therefore oftentimes used as suitable
simplification (Parlow, Vogt & Feigenwinter 2014).

Long-term observations of the UHI effect show clear diurnal cycles. Parlow, Vogt and Feigenwinter
(2014) and Burgstall (2019) identified a peak temperature difference during the first half of the night,
especially directly after sunset. A similar result was observed by Lokoshchenko (2014). He measured a
maximal UHI effect in Moscow during late evening and early morning. Consequently, he observed a
minimum during the day. Under specific circumstances, even a weak cooling effect in the middle of
the day could be detected (daytime urban cool island effect) (Burgstall 2019, Lokoshchenko 2014,
Theeuwes et al. 2015).

As mentioned in the previous sections, the UHI effect is a very local phenomenon. It is crucial to entirely

understand the nature of the UHI effect in a city in order to devise suitable adaptation measures. They
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should always be applied to local conditions to achieve an optimized cooling effect. Efficient adaptation
measures will become crucial in the near future since climate change and global warming will be
amplified in cities due to the effects of urban heat islands. Furthermore, heat stress becomes even
more impactful in settlements due to the fact that many vulnerable people live in a considerably small
area (heat exposure). Depending on the future emission pathway, researchers expect that 50%
(RCP2.6) to 75% (RCP8.5) of the global human population could suffer under strong heat stress by the
end of this century (Dodman et al. 2022).

2.5 Quantifying heat stress

The air temperature is a meteorological variable which can be measured very easily without the need
of any complicated measuring stations nor the knowledge of complex analysis techniques. Using the
air temperature as a proxy to estimate the impacts of heat waves on human health is therefore a
common method used by various scientists (Morabito et al. 2012, Kovats & Hajat 2008). A simple linear
regression between the air temperature and mortality rates for example delivers a first overview of
the current state of relationship between these two variables. Changes of possible future mortality
rates due to increased air temperatures can quickly be derived. Potential global warming can be
transferred to mortality rates by using the previously generated correlation model.

However, to thoroughly understand the health impacts of climate change, in particular of an increased
UHI effect, a much more extended analysis must be undertaken. Beside of the air temperature,
supplementary meteorological variables such as the air humidity, wind speed, or radiation must be
considered. There exist different approaches which make use of this additional information. Some heat
stress indices are based on objective and subjective strains (empirical thermal indices). Others include
physiological parameters like for example metabolic activities or clothing (Burgstall et al. 2019).

An example for an empirical thermal index is the physiological equivalent temperature (PET). This
measure incorporates several different meteorological parameters (air temperature, air humidity,
solar radiation, wind speed), but also includes thermo-physiological variables (e.g. clothing and
physical activity) (Matzarakis & Amelung 2008). In fact, the coverage and thickness of clothing play a
considerable role in the relationship between meteorological conditions and human health (Steadman
1994). Calculating PET can be very complicated since processes like the constriction or dilatation of
peripheral blood vessels or the physiological sweat rate are needed and thus must be measured or
estimated separately. This process is difficult and laborious. The skin temperature or skin wetness are
good indicators to use, however, they are strong simplifications of the heat balance within a body and
thus a major source of uncertainties (Matzarakis & Amelung 2008).

Instead of PET, the wet-bulb globe temperature is used in this master’s thesis. WBGT is a heat index

which takes the air temperature, air humidity, wind speed, and global radiation (incoming shortwave
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radiation) into account. WBGT is a measure to estimate risks related to heat stress. Initially, this heat
exposure index was developed during the 1950s by US military ergonomists to control heat risks for
their soldiers during training camps (Budd 2008, Lemke & Kjellstrom 2012). Nowadays, it is commonly
used in diverse civil applications to study the effect of increasing environmental heat exposure due to
climate change on workers with physically demanding jobs, elderly people, or people with chronic

diseases.

Clark (2018) published a study where he

investigated the relationship between WBGT g
and the risk of cardiovascular-related deaths. |
He compared the results to air temperatures. E T
The scientist found that WBGT clearly é a |
outperformed the air temperature in g

estimating the mortality rate. He got a similar

N . . 75 80 85 90 95
result for estimating the risk of renal diseases.

Max. WBGT (°F)

The measured relationship between the
P Figure 5: Relative risk of cardiovascular causes of death (y-axis)

maximal WBGT and the relative risk of based on maximal WBGT (x-axis). Urban Piedmont, North
Carolina (Clark 2018).

cardiovascular causes of death is pictured in

figure 5.

WBGT is a meteorological parameter which, in contrast to PET, does not directly consider people’s
activity, internal thermoregulatory mechanisms, or clothing. Instead, the latter must be incorporated
when defining individual-related threshold values for certain heat indicators (see chapter 4.3).

WBGT is a weighted temperature measure composing of three inputs (equation 1): The natural wet-
bulb temperature (Tnwb, °C, measured with a thermometer wrapped in a wet wick), the black globe
temperature (Tg, °C, measured with a thermometer inside a black globe), and the air temperature (Ta,
°C) (Lemke & Kjellstrom 2012, Patel, Mullen & Santee 2013, Liljegren et al. 2008). The black globe
temperature incorporates radiant heat, air temperature, and wind, whereas the natural wet-bulb

temperature shows the amount of cooling by humidified air and wind (Heo, Bell & Lee 2019).

WBGT =0.7*Tnwb+0.2+%Tg+ 0.1*Ta (1)

To directly measure WBGT in the field, costly and maintenance-heavy sensors must be installed. Three
different instruments are necessary: A natural wet-bulb thermometer to measure Tnwb, a globe
thermometer for Tg, and a dry-bulb (air) thermometer for Ta (Bernard 1999). A regular recalibration
of electronic monitors as well as replenishing of the wet-bulb thermometer’s water reservoir need

expertise and takes a lot of time (Patel, Mullen & Santee 2013). Therefore, various scientists developed
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mathematical models in order to calculate WBGT using a few meteorological variables as input. Most
of them are based on empirically derived formulas, developed by using regression models (Lemke &
Kjellstrom 2012, Steadman 1994, Carter et al. 2020, Heo, Bell & Lee 2019, Ono & Tonouchi 2014,
Bernard 1999). The theoretical background is the same for all approaches, however, the calculation
steps as well as the incorporated weather data can differ, depending on how the physical models were
deduced. For this master’s thesis, three different approaches were evaluated. All of them need
measurements of the air temperature, relative air humidity, wind speed, and global radiation as input
variables. By assessing different approaches of various scientists, more robust heat indices can be
calculated. Further information about the three approaches and their exact equations can be found in

chapter 4.2 (Steadman 1994, Bernard 1999, Ono & Tonouchi 2014).

2.6 Decision Making under Deep Uncertainties

Deep uncertainty:
The climate on Earth is a highly complex system. There are many processes and phenomena which are
not fully understood or even discovered yet. In 2002, United States Secretary of Defense Donald

Rumsfeld once stated during a press conference:

‘..there are known knowns; ...there are known unknowns; ... But there are also

unknown unknowns ...".

This statement can easily be applied to the climate system as there exist many processes which are
still unknown and thus have to be discovered first (Rumsfeld 2021, Marchau et al. 20194, p. 6). A lot
of external factors, including positive and negative feedback loops, make the understanding of the
climate and weather phenomena even more complicated. Finding the causes and their corresponding
effects are heavily impeded in a very dynamic system (Stanton & Roelich 2021, Marchau et al. 2019a).
In fact, the highest uncertainties in climate models can be attributed to internal climate variabilities
and randomness, sometimes called ‘climate noise’ (Deser et al. 2012).

Predicting future states of the climate and estimating potential impacts on human health is an
additional challenge. Not only the magnitude and speed of climate change are hard to predict, but also
the order of social and health consequences. Decision-makers are faced with deep uncertainties and
forced to find strategies to handle those reasonably and as broad-based as possible. Not exactly
knowing the external context of the system, its boundaries, and the specific initial conditions are three
major problems decision-makers must cope with (Marchau et al. 2019a).

Oftentimes, there are many stakeholders involved with different needs, interests, motivations, societal

backgrounds, and financial resources. Decision-makers with various scientific backgrounds must work
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together to find solutions that are suitable for as many occupants as possible (Stanton & Roelich 2021,
Marchau et al. 2019a, Kwakkel & Haasnoot 2019). This becomes even more important for human-
natural systems, like the relationship between climate change and human health. Schneider, Turner &

Garriga (1998, p. 170) put it in an understandable and cogent nutshell:

‘... uncertainty is not purely of a technical or physical or biological character,

but also social, cultural, and institutional in nature.’

To handle all uncertainties and unpredictable developments, the use of approaches for Decision
Making under Deep Uncertainties are needed. In the following sections, some common practices to

handle deep uncertainties are presented.

Exploratory Modeling and Dynamic Adaptive Policy Pathways:

Scientists of different fields developed specific practices to handle deep uncertainties to improve the
forecasting of non-linear systems and accordingly to support the process of decision making. In order
to be prepared as good as possible for uncertain events and corresponding impacts, the paradigms of
‘prepare and adapt’ and ‘monitor and adapt’ are followed. The monitoring part is important to always
have an up-to-date state of the climate system and the connection to human health. The adaption part
allows decision-makers to constantly adjust their strategies according to newly gained findings and
unexpected changes in the system (Marchau et al. 2019a).

An important part of many DMDU approaches is a tool called Exploratory Modeling (EM). EM is a
practice where a wide range of possible future states of the system under investigation are produced.
Each model run is the result of a randomly chosen combination of external factors and policies. This
technique of handling deep uncertainties allows decision-makers to gain insight into the behavior of a
complex system under a bunch of different influencing factors (Ashraf Vaghefi et al. 2021, Kwakkel
2017, Moallemi et al. 2020, Marchau et al. 2019b, Marchau et al. 2019a).

Strongly connected to EM is Scenario Discovery (SD). In Scenario Discovery, an ensemble of model runs
generated with an EM experiment is systematically analyzed in order to identify certain combinations
of external factors and policies which are most responsible for a specific outcome (Kwakkel, Auping &
Pruyt 2013, Ashraf Vaghefi et al. 2021). In the case of the climate system, this could be specific weather
conditions leading to extreme events like for example heat waves, droughts, or heavy rainfall events.

The results of EM and SD can further be used as starting point for adaptive decision-making approaches
like Dynamic Adaptive Policy Pathways (DAPP) or Robust Decision Making (RDM).

DAPP approaches are characterized by developing a series of actions over time, called pathways, and
constantly adapting these pathways to the current state of knowledge. In order to achieve this, the

ensemble of future scenarios generated during EM must be considered and accordingly, various
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strategies to react to the vast number of outcomes have to be developed. The models and data which
are used for DAPP are therefore used in an exploratory rather than a projective way. The basic idea
behind this procedure is strongly aligned to the proverb ‘All roads lead to Rome’ (Haasnoot, Warren &
Kwakkel 2019, p. 71, Haasnoot, van 't Klooster & van Alphen 2018, p. 274). There exist different
procedures or routes which can achieve the intended goals. To develop an adaptive plan, short-term
actions and long-term options are essential. All long-term options must be kept open as long as
possible. New actions are activated only if remaining on the current path is no longer sufficient to reach
the initial goal. Finding the right points in time for path changes is not straight forward. Oftentimes, a
so-called metro map or decision tree is used to visualize the different pathways. Tipping points are
pictured with nodes and denote the points in time when new decisions should be taken (Haasnoot,
Warren & Kwakkel 2019, Haasnoot, van 't Klooster & van Alphen 2018, Ashraf Vaghefi et al. 2021,
Lempert 2019, Lawrence & Haasnoot 2017). Usually, tipping points are defined based on specific
thresholds a decision-maker sets in advance. In the case of UHI and human health, this could be a
temperature or WBGT value, above which vulnerable people suffer under overheating or dehydration.
Or it could be a certain number of extreme days or events per year. The goal of any decision-maker is
to avoid reaching a tipping point because once a tipping point is reached, it is hard or even impossible
to go back to a former state. The system could become unstable and thus difficult to predict the
direction of prospective developments (Ashraf Vaghefi et al. 2021).

RDM is strongly linked to DAPP and therefore in many cases applied complementary. Based on the
multiple future scenarios calculated with EM, the goal of RDM is to develop various strategies to deal
with the most unfavorable scenarios. To achieve this, SD comes into play again. Decision-makers
evaluate in an iterative process various alternative strategies and try to identify the most robust ones
based on predefined robustness criteria. Robust strategies are mainly characterized by a high level of
performance over and adaptability to a wide range of unexpected changes in the future. Since this
always comes with trade-offs, finding the most appropriate strategies is not easy and therefore
requires multiple iterations in the decision process. At the start, a bunch of different strategies is
considered as appropriate. This initial selection is then constantly refined until the most robust
strategies remain (Hall et al. 2012, Lempert 2019).

All of these theories and tools (EM, SD, DAPP, RDM) are not very useful if they are applied

independently. In order to manage DMDU extensively, it always requires a combination of all.
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3 Study areas

The main focus of this master’s thesis lies on investigating the impacts of heat waves on human health
in the city of Basel. The UHI effect as well as historic and future WBGT are deeply analyzed. To be able
to compare the results from Basel to a second urban place and to gain a broader knowledge, future
WBGT are also calculated for Zurich. Figure 6 shows an overview of the Alpine range including the
locations of the two study sites. The climate in both cities is heavily affected by the surrounding

topography (Vosges, Black Forest, Jura Mountains, Alps) as well as nearby water bodies (Rhine,

Limmat, Sihl, Lake Zurich).

Figure 6: Overview map of the Alpine range and Switzerland, showing Basel, Zurich, the Vosges (1), the Black Forest (2), the
Jura Mountains (3), and the Alps (own figure, according to Wikipedia (2006)).

Basel:

Basel is a half canton in Switzerland located in the northwestern part of the country. It acts as border
region to the neighboring countries France and Germany. With a total area of about 37 km? and a
population of slightly over 190’000, it is a rather densely populated region. Considering the whole

metropolitan area which also includes other cities in Germany, France, and Switzerland, the
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approximate total population is much higher. The city has an altitude range between 244 and 522 m
a.s.l. However, the major part and the city center are below 300 m a.s.l. Basel is surrounded by small
mountain ranges, namely the Vosges to the northwest in France (1), the Black Forest to the northeast
in Germany (2), and the Jura Mountains to the southwest in Switzerland (3). The city is located in the
southern part of the Rhine rift (figure 6) (Burmeister, Biter & Trute 2019, Wikipedia 2006, Wicki,
Parlow & Feigenwinter 2018).

Basel is reckoned as one of the most dynamically active economic regions in Switzerland. During the
last several years, a strong economic growth was measured. Over 190°000 employees (Swiss and
abroad) are currently working in the city, many of them in the pharmaceutical industry. A second big
economic sector is the cargo shipping industry. Basel is located at the Rhine knee and thus a very
important place for cargo traffic and maritime trade (Kanton Basel-Stadt 2021a, Wikipedia 2021).
Beside the importance of Basel as business and industrial location, tourism is a major sector as well.
Many tourists visit Basel every year. Two of the most important events are the Art Basel and the Shrove
Tuesday (Kanton Basel-Stadt 2021b).

Climate change could have a huge impact on the productivity of the city. Especially, increased
temperatures could lead to a reduced labor productivity and thus to a lower economic output
(Tuholske et al. 2021). Furthermore, heat waves in combination with droughts could pose a problem
for the shipping industry (Basel-Stadt 2021a, Basel-Stadt 2011). Therefore, it isimportant to investigate
future climate conditions in the city and to evaluate the impacts which rising temperatures could have

on the local population and the economic sector.

Zurich:

With a population of over 400’000 inhabitants and an urbanized area of about 90 km?, Zurich is the
biggest city in Switzerland. Zurich is located at the northern end of Lake Zurich where the main outflow
of the lake, the Limmat, converges with the Sihl. These three water bodies play an important role for
the microclimate in the city. To the southwest of Zurich, a small hill range (Uetliberg) separates the
urban areas from less populated regions. As the aforementioned water bodies, the hill range is evident
for the microclimate as well, since they all generate a ventilation effect and thus vertically transport
hot or cool air masses through the streets. Zurich has an altitude of about 400 m a.s.l., however, there
is a big altitude range between different districts of the city. Combined with the temperature contrast
between districts located on a north- and on a south-facing slope, considerably high thermal
differences can be found.

As Basel, Zurich is an important business hub and tourist region of Switzerland. Over 450’000
employees are currently working in the city, whereby the banking industry is one of the most important

sectors (Stadt-Zlirich 2022).
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3.1 Climate

The predominant climate in Basel and Zurich is a mixture between maritime and continental
(Wikipedia 2022a). The mean air temperature in Basel is about 11.5° C, whereas in Zurich it is slightly
lower with 9.6° C. During the winter seasons, mean air temperatures are about 2° C in Basel and 1.3°
C in Zurich. During the summers, they are about 18° C in both cities. On average, one measures 52
summer days per year in Basel and 42 days in Zurich (Tmax > 25° C). Hot days (Tmax > 30° C) and tropical
nights (Tmin > 20° C) are possible, but they appear irregularly.

Precipitation occurs throughout the whole year with a maximum in late spring to early summer and a
minimum in winter.

The relative air humidity is higher during the winter season than it is during summer. This annual
pattern is due to the fact that cold air can hold less moisture. Consequently, the air is saturated much
faster although the absolute water content is considerably lower in winter than in summer.

A closer look at the global radiation at the Earth surface reveals a maximum in summer and a minimum
in winter. The reason is mainly due to an extensive and longer-lasting cloud coverage during the winter
above the city which blocks shortwave radiation from hitting the ground.

Figures 7 and 8 below (Basel) and figures 51 and 52 in the appendix (Zurich) show a graphical overview
of some important climatic variables for Basel and Zurich. The observations stem from weather
stations of MeteoSwiss situated in Basel-Binningen (MeteoSwiss 2021, more information about the
measuring station can be found in chapter 5) and Zurich-Fluntern (MeteoSwiss 2022). The figures show
the annual course of the temperature (daily mean, daily max, and daily min), the relative air humidity

(figure 7 and figure 51), the global radiation, and the wind speed (figure 8 and figure 52).

Annual temperature in Basel (daily mean, daily max, daily min) Annual relative air humidity in Basel (mean)
1981-2020 1981-2020

daily mean: years 1961-2020
daily mean

temperature [°C]
rel. air humidity [%]

Jan Feb Mar Apr May Nhincnt'iu\y Aug Sept Oct Now Dec. Jan Feb Mar Apr May }-J"-I:“O"U.Jlu\y Aug Sept Oct Moy, Dac
Figure 7: Left: Annual temperature in Basel-Binningen. Daily means of each year (grey), averaged daily mean (black), averaged
daily max (red), and averaged daily min (blue). Annual mean temperature (dashed line). Right: Annual relative air humidity in
Basel-Binningen. Daily means of each year (grey) and averaged daily mean (black) (own figure, based on data from
MeteoSwiss (2018) and (2020)).
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Annual wind speed in Basel (mean)
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Figure 8: Left: Annual global radiation in Basel-Binningen. Daily means of each year (grey) and averaged daily mean (black).
Right: Annual wind speed in Basel-Binningen. Daily means of each year (grey) and averaged daily mean (black) (own figure,
based on data from MeteoSwiss (2018) and (2020)).
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4 Methods

4.1 The Exploratory Modeling and Analysis Workbench

DMDU is an essential theory of this study. Exploratory Modeling (EM) is a common technique to deal
with uncertainties within a human-natural system. The results of EM are the basis for many adaptive
and robust decision-making procedures. With the help of EM, the future climate can be explored in a
what-if approach. Conditions under which WBGT or other heat indicators are below/above a certain
threshold in the future can be identified (Kwakkel & Haasnoot 2019, Ashraf Vaghefi et al. 2021).

For this study, the Exploratory Modeling and Analysis Workbench (EMA Workbench) was applied. This
EM tool was developed by Kwakkel (2018). The script and all its dependencies are open-source and

can be downloaded from GitHub (https://github.com/quaquel/EMAworkbench). The programming

language of the program is Python. The code framework which makes use of the EMA Workbench and
includes the climate model, the data preprocessing, and the visualizations was initially written by Dr.
Seyed Saeid Ashraf Vaghefi for another climate study. For the case of this master’s thesis, necessary
customizations and additions were realized (e.g. implementing the WBGT equations, setting the
thresholds for extreme days, creating appropriate visualizations).

The EMA Workbench makes use of the so-called XLRM framework. This framework treats the climate
system as if it was a simple mathematical function. As input, it takes external factors (X, e.g. RCPs,
climate models) and policy leavers (L, e.g. thresholds and adaptation measures). The performance
metrics (M) are the model outputs (Kwakkel 2017, Ashraf Vaghefi et al. 2021). A schematic overview

of the XLRM framework is illustrated in figure 9.

L
Policy leavers

- Threshold RCP
- Adaptation - Climate model

measure Extreme WBGT

Keep mortality
rate low

Figure 9: Schematic of the XLRM framework of the EMA workbench (own figure, according to Kwakkel (2017)).

In order to get as robust outcomes as possible, 4080 future projections (scenarios) were executed for
each individual experiment (136 different climate realizations * 30 different policy leavers). During
each experiment, one RCP scenario (either RCP2.6, RCP4.5, or RCP8.5 and slightly different realizations

thereof (climate models)) and one WBGT threshold (out of a predefined threshold range, see chapter
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4.3) were randomly chosen to generate one single future projection. All 4080 scenarios together
delivered a robust picture of possible future states of the climate in Basel (or Zurich). Both, the raw
WBGT values and different heat indicators (extreme day, extreme event, length of extreme event)
were analyzed afterwards. Various visualizations and statistical evaluations were used to compare the

different future projections and to develop appropriate adaptation strategies.

4.2 Calculating wet-bulb globe temperatures

This chapter gives an understanding of three different ways to calculate WBGT. All three approaches
are based on the four basic meteorological variables air temperature, relative air humidity, wind speed,
and extra radiation. The benefit of investigating multiple approaches is to gain a broader and more
robust picture of potential WBGT at a specific location. Depending on the calculated values, the most
appropriate approach for Basel and Zurich was chosen to perform the EMA Workbench.

In the following sections, the equations of the three investigated approaches are presented in order
to give some background information about the empirical derivation and to be able to reproduce the

presented results.

(1) WBGT by Steadman (1994):
The first approach was developed by Steadman (1994) and incorporates the air temperature, vapor

pressure, wind speed, and radiation:

WBGT =Ta+ 0348 xe — 0.7 * ws + 0.7 * L —4.25 (2)
ws + 10

where e is the vapor pressure (hPa), ws is the wind speed (m/s), and Q is the net radiation (w/m?).

The vapor pressure can be calculated with the following equation:

(3)

Ta
% 6.105 % e ?7*237.74Ta

=700

where rh is the relative humidity (%).

(2) WBGT by Bernard (1999):

This approach was initially developed by Bernard (1999) to predict workplace WBGT in an aluminum
smelter by an empirical model which only needs ambient conditions of outside the faculty (Bernard
1999). For further information about another application of Bernard’s model, the paper of Carter et al.
(2020) provides an illustrative example. They applied the model to estimate WBGT for a heat stress
study in Central Alabama. Their goal was to find out, how good the model of Bernard (1999) performs

against direct measurements of Tg and Tnwb by using a specific heat stress tracker.
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Bernard’s equations are as follows:

If Tg—Ta<4:
Tnwb = Ta — C1(Ta — Tpwb) (4)
where Cl is
C1=0.85 forws < 0.03 (ﬁ)
S
C1=1.0 forws > 0.3 (T)
S
m
C1 = 0.96 + 0.069 * log10(ws) for 0.03 < ws < 3.0 (?)
If Tg—Ta 2 4:
Tnwb = Tpwb + 0.25* (Tg —Ta) + C2 (5)
where C2 is

m
C2=1.1forws <0.1 (?)
m
€2 =—0.1 for ws > 1.0 (?)

0.1 m
C2 = ell 0.2 for0.1 <ws<1.0 (?)

The psychrometric wet-bulb temperature (Tpwb, °C) is estimated with the following equations:
Tpwb = 0.376 + 5.79 * e + (0.388 — 0.0465 *¢) * Ta (6)

and

17.27Ta (7)

e * (0.6107 * eTa+237.3

~ 100

where e is the vapor pressure (kPa).
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Tg is estimated with the following equation:

Tg = 0.009624 « Q + 1.102 * Ta — 0.00404 « rh — 2.2776 (8)

The approach of Bernard (1999) suggests two different equations to calculate Tnwb, depending on the
magnitude of the difference between Tg and Ta. The scientist recommends to consider the effect of
radiant heat (Tg) only if the difference between Tg and Ta is at least 4° C. Otherwise, Tg can be

neglected to calculate Tnwb.

(3) WBGT by Ono and Tonouchi (2014):

Ono and Tonouchi’s model was applied by Heo, Bell and Lee (2019) to estimate WBGT for a heat stress
study in South Korea. They compared different thermal comfort indices (air temperature, heat index
(HI), and WBGT) and examined which of those is the best one to study the impact of heat waves on
human health.

Ono and Tonouchi’s equation is as follows:

WBGT = 0.734 * Ta + 0.0374 * rh + 0.00292 * Ta * rh + 7.619 * Q — 4.557 * Q> (9)
—0.0572 * ws — 4.064

The presented approaches of Steadman (1994), Bernard (1999), and Ono and Tonouchi (2014) are
three amongst many others. Some of them are more straight forward to implement, whereas others
are fairly complicated and rely on expert knowledge. There are also minor differences between the
required input variables. A detailed collection of various WBGT approaches is collated in the paper
Lemke and Kjellstrom (2012).

After bringing together all the needed formulas and required data, the equations of the three chosen
approaches were implemented in the climate model section of the EMA Workbench. The program
reads in the input data and calculates various time series of WBGT for either the observed or the

simulated period.

4.3 Defining thresholds for extreme days/events

Defining a threshold for extreme events is not straight forward. Various aspects must be considered.
There is not one single threshold which holds for every human or every application. Thresholds always
depend on specific circumstances and therefore have to be adapted correspondingly.

Critical values of WBGT can be defined for different age groups, classes of people (e.g. elderly people,
small children, workers, sportspersons), and for different classes of metabolic rates (e.g. resting, low,

moderate, heavy, very heavy workloads). Or they can be fixed for distinct time periods during which
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persons are exposed to heat stress. The grade of acclimatization and the individual clothing are
important as well (Casanueva et al. 2020, Jacklitsch et al. 2016). The grade of acclimatization and thus
the subjective vulnerability to heat is different for people living in high latitudinal regions compared to
people living in the tropics or subtropics. Furthermore, it can fluctuate over the course of one year
meaning that after a cold winter, humans are oftentimes more sensitive to high temperatures
compared to the time in late summer and autumn (McGregor et al. 2015, Tuholske et al. 2021, Ragettli
et al. 2017, Ragettli et al. 2019, Kovats & Hajat 2008).

Normally, the thresholds are determined by looking at mortality data. These data are collected
regularly and standardized and thus comparatively easily accessible. For more in-depth studies, heat-
budget models are considered instead to estimate the thermal stress of a body (McGregor et al. 2015).
Various scientists generated threshold tables in order to quantitatively assess the impacts of heat on
human health. These tables were used as basis to develop Heat-Health Warning Systems (HHWS).
Table 3 shows an example of possible threshold values for heat exposures of outdoor workers
recommended by the World Meteorological Organization (WMO) and the World Health Organization
(WHO) (McGregor et al. 2015).

Table 3: Threshold values for extreme events recommended by McGregor et al. (2015). WBGT values in ° C indicate thresholds
for outdoor workers above which heat stress could lead to a reduction in labor productivity or to health problems. The table
is split into four different work/rest regimes (rows) and three different workloads (columns) (adapted from OSHA (2017)).

Work/rest regime Light Moderate Heavy
100% work, 0% rest, | 30.0° C 26.7°C 25°C
each hour

75% work, 25% rest, | 30.6°C 28.0°C 25.9°C
each hour

50% work, 50% rest, | 31.4°C 29.4°C 27.9°C
each hour

25% work, 75% rest, | 32.2°C 31.1°C 30.0°C
each hour

For the case study of this master’s thesis, three distinct threshold ranges were chosen. A lower one
(26° C to 30° C) which represents the case of heavy outdoor workers (100% physical work) and very
vulnerable people. An intermediate one (28° C to 32° C) which represents the case of moderate
outdoor workers (25-50% physical work) and younger people or humans which are better acclimatized
to heat. And an extreme one (32° C to 35° C) which is meant for people coming from very hot climatic
regions and healthy young people.

These ranges were chosen in a way that they roughly cover the classification shown in table 3. The
chosen threshold ranges were implemented in the EMA Workbench as a policy leaver.

The EMA workbench randomly selected one threshold within the defined range during every model

run. As a result, various different thresholds were defined (but always out of the set range). This
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procedure makes the model outcomes more robust and minimizes the uncertainties compared to an
approach which only considers one single threshold for all model runs.
A second advantage of this approach is that it is possible to estimate the relative importance of the

chosen WBGT threshold on the outcomes by conducting a sensitivity analysis (feature scoring).

4.4 Sensitivity analysis of threshold range and external factors (feature scoring)

A sensitivity analysis was executed in order to evaluate the importance of certain factors on the heat
indicators. The goal was to figure out the effect of the choice of a WBGT threshold on the projected
number of extreme days or a specific climate scenario on the outcome of the future simulations. The
results of a feature scoring delivered an understanding of the relevance of policy leavers (threshold

range) and future scenarios (RCP, climate model).

4.5 Effects of adaptation measures on heat indicators

The intention of this part of the study is to investigate the sensitivity of WBGT and consequently of
heat indicators to changes in the air temperature, air humidity, global radiation, or wind speed. Based
on information from the literature, the input data sets were changed accordingly in order to mimic
potential climatic effects of certain adaptation measures. For example, a reduction of global radiation
can simulate the effect of planting trees or installing other sun shields (shadowing effect). Decreased
air temperatures by a certain amount can imitate the effect of evaporative cooling of vegetation or
water bodies. Altered wind speed data can deliver information about the ventilation effect in the city
(urban geometry, water bodies).

Five different scenarios were executed (reduced global radiation, three scenarios of decreased air
temperatures, increased wind speed). The results were compared to normal conditions (data without
simulated adaptation effects). This evaluation delivered a rough estimation of the effectiveness of
certain adaption measures.

Special attention in the sensitivity analysis was put on the effect of wind and urban ventilation. In a
separate simulation, the modelled wind speeds were reduced by 3 m/s if the value is greater than 3
m/s or set to 0 m/s if the values are smaller or equal than 3 m/s. The goal was to investigate the thermal
effects in the city in the case when no explicit measures are being taken to enhance the aerodynamic
situation (e.g. air flow barriers, no open water bodies, no vegetation, wrong orientation of street
canyons). The outcome of this scenario was then compared to normal conditions and conditions with

a slightly enhanced ventilation effect.
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4.6 Difference from the measuring station to the hottest places in the city

Due to the elevated locations and environmental vicinity of the measuring stations, it is possible that
the measured and simulated data do not perfectly reflect the real thermal conditions of the sites in
the city centers (see chapter 5). To handle this issue, an additional EMA Workbench run was conducted
for Basel and Zurich where the calculated WBGT values were manually adjusted to potential urban
heat conditions. Daily WBGT were not modified, if the value was below 20° C. Values between 20° C
and 25° C were increased by 1° C, values between 25° C and 30° C by 3° C, and values higher than 30°
C by 5° C. This approach imitates potentially increased urban heat conditions which cannot be

measured with the used measuring stations.

4.7 Metro map and feasibility-effectiveness diagram

The intention of this part of the study was to generate three simple DAPP plans (RCP2.6, RCP4.5,
RCP8.5) for the time until 2100. As starting point for each map, four main adaptation options were
considered, namely generating green spaces (e.g. trees, green roofs/facades), realizing blue spaces
(e.g. water bodies, porous surfaces, fountains), adapting the urban geometry (e.g. shape of buildings
or orientation of buildings and street canyons), and increasing the surface albedo (bright
surfaces/facades). Using the outcomes of the EMA Workbench, the results of the sensitivity analysis
as well as information from other studies, different pathways were developed. The timing of
adaptation tipping points is mainly based on qualitative estimations under consideration of the three
different future scenarios RCP2.6, RCP4.5, and RCP8.5.

The metro maps were generated using a specific software. The ‘Pathways Generator’ application is

available from https://publicwiki.deltares.nl/display/AP/Pathways+Generator (25.08.2022) and can be

used free of charge on any Windows computer. No additional soft- or hardware was required.

In a second step, a feasibility-effectiveness diagram of the discussed adaptation measures was
generated. This illustration gives a schematic overview of the effectiveness of each measure in terms
of reducing heat stress and the expected costs in terms of money, time, and feasibility. The
effectiveness of each adaptation measure is based on the outcomes of the sensitivity analysis as well
as on results from other studies. Based on the classification of the adaptation measures in the

feasibility-effectiveness diagram, the most optimal paths of the metro map could be determined.
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5 Data

5.1 Observations (1981-2020)

The input data used for this master’s thesis stem from meteorological measuring stations maintained
by the Federal Office of Meteorology and Climatology (MeteoSwiss). The station for the study in Basel
is located in Basel-Binningen (figure 10). Its altitude is 316 m a.s.l. and thus a few meters higher than
the center of the city (about 252 m a.s.l. (map.geo.admin.ch)) and the Rhine (about 245 m a.s.l.
(map.geo.admin.ch)). The station is situated between a small grove to the north and some agricultural
fields to the south. The measuring devices are on a small meadow between the observatory Basel and

some garden plots. See figure 11 for an overview of the measuring site.
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Figure 10: Location of the MeteoSwiss measuring station in Basel-Binningen (red dot), 316 m a.s.l.,
47.541142/7.583525 (map.geo.admin.ch, created with QGIS Desktop).

Figure 11: Station photo of the MeteoSwiss station in Basel-Binningen (own image).
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The measuring station for the study in Zurich is located in Zurich-Fluntern in the eastern part of the
city (figure 12). It is slightly elevated to the main city and lies on a southwest facing slope at an altitude

of 556 m a.s.l.

Measuring station Zurich-Fluntern
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Figure 12: Location of the MeteoSwiss measuring station in Zurich-Fluntern (red dot), 556 m a.s.l.,
47.377925/8.565742 (map.geo.admin.ch, created with QGIS Desktop).

The elevated locations and environmental vicinity of both stations could lead to improved thermal
conditions compared to some spots in the city centers. This certainly has to be considered when
analyzing the results later on.

Both measuring stations are part of a countrywide network of evenly distributed weather stations,
developed and maintained by MeteoSwiss. The so-called SwissMetNet was initialized in 2003 in Aigle
and since then constantly developed and expanded. It now consists of about 160 stations. The network
distribution follows the complex topography of Switzerland to optimally represent the different
regional climates of the country. The overall goal of SwissMetNet is to improve the meteorological
forecasting and climate observation of the Alpine region in general and of Switzerland in particular.
Each station of this network contains state-of-the-art measuring technologies. The measurement
equipment and data processing are standardized across all stations which also includes several quality
checks. This simplifies the comparison of the data and makes the analysis more robust against
inconsistencies.

The measuring stations in Basel-Binningen and Zurich-Fluntern compose several different sensors.

They contain a wind mast (10 m above the ground), a monitoring bridge (2 m above the ground), a
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precipitation gauge, and a radioactivity sensor. Attached to the monitoring bridge are air temperature,
air humidity, and radiation sensors. Each sensor automatically measures every ten minutes its
respective meteorological variable and immediately transmits it to a MeteoSwiss database
(MeteoSwiss 2020, MeteoSwiss 2018).

The important meteorological variables for this study are the daily air temperature (mean, maximum,
minimum), the daily mean relative air humidity, the daily mean global radiation, and the daily mean
wind speed. The air temperature, the relative air humidity, and the global radiation are constantly
measured 2 m above the ground, the wind speed although is measured 12 m above the ground
(MeteoSwiss 2020, MeteoSwiss 2018). The global radiation is the combination of the direct solar
radiation, the reflected radiation at the surface, and the diffuse radiation which was scattered in the
atmosphere by atoms, molecules, water droplets, and other larger particles floating in the air
(Gebhardt et al. 2016).

The time frame for the historic period of this study is 30 years and covers the years 1981 to 2020.

A graphical summary of the input data for Basel can be found in chapter 3.1. Similar graphics for Zurich

are in the appendix.

5.2 Simulations (1981-2099)

As for the historic data, the simulated datasets for the future predictions also include the four
meteorological variables air temperature (daily mean, maximum, minimum), relative air humidity
(daily mean), global radiation (daily mean), and wind speed (daily mean). However, the values are not
real observations, but projections based on the Climate Scenarios for Switzerland 2018 (CH2018).
MeteoSwiss provides simulations for several SwissMetNet stations for the time period between 1981
and 2099. An ensemble of GCM and RCM was used by MeteoSwiss to capture as many uncertainties
due to complex physical processes within the climate system as possible. To get localized projections
for specific stations in Switzerland, they used an ensemble of RCM and statistical downscaling
techniques (quantile mapping = matching the distribution of observed and simulated climate
variables). All simulations were projected for three different emission scenarios (RCP2.6, RCP4.5,
RCP8.5) For each of these three emission scenarios, multiple variations of data sets (8
variations/climate models for RCP2.6, 17 for RCP4.5, 22 for RCP8.5) with slightly changed values were
generated. This variety of future data sets is necessary to capture uncertainties of socio-economic
dynamics and arising from difficulties in estimating the impacts of climate change mitigation measures
(CH2018 2018, Kotlarski & Rajczak 2018). Further information about RCPs and emission scenarios are
summarized in chapter 2.3.

The investigated time period in this study for the simulations ranges from 1981 to 2099.
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6 Results

6.1 The urban heat island effect in Basel

The first part of the results section presents the UHI effect in Basel. After a short description of the
temporal variations, emphasis is put on the spatial variabilities. The goal is to show how hot and cool
districts are distributed in the city and what their building characteristics and vegetation covers are.
After looking on the current thermal situation in the city, a comparison to a projected future state is
presented (2030).

In summary, it can be stated that both large spatial differences within the urban area and an
inhomogeneous temporal course, throughout the year as well as a single day, could be observed. This
made analyzing the UHI effect and finding suitable adaptation measures more complex and

sophisticated.

6.1.1 Temporal variation

Parlow, Vogt and Feigenwinter (2014) found that the daily mean UHI effect is the strongest during
spring and early summer with mean values of about 1.3° C. The weakest effect is during winter with
mean values of about 0.7° C. Regarding the diurnal cycle, they measured a maximal effect at midnight
and a minimum at midday. The daily temporal fluctuation does not exhibit a perfectly sinusoidal curve.
The urban-rural temperature difference rapidly increases after sunset until the peak around midnight.
During the morning hours, the difference decreases constantly until midday. The UHI effect is relatively
stable throughout the afternoon. The temperature difference ranges from around -0.5 to 1.8° C during

the day to about 2.8 to 4.3° C during the night (figure 13) (Parlow, Vogt & Feigenwinter 2014).
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Figure 13: Mean diurnal courses of the UHI effect in Basel. Two urban stations compared to
three rural stations. The x-axis ranges from midday (12) to midday (12) (Parlow, Vogt &
Feigenwinter 2014).
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6.1.2 Spatial variation

Investigations of the spatial distribution of the UHI effect in Basel exhibit a very heterogeneous pattern.
There are districts which are considerably more affected by high urban temperatures compared to
others. Figure 17 shows the measured UHI effect in Basel at four o’clock in the morning (Basel-Stadt
2021b). The following observations are based on the data pictured in figure 17.

In general, a stronger UHI effect closer to the city center as well as along the streets can be measured.
With an increasing distance to the center, especially in the more open outer urban districts (e.g.
Riehen), the effect is getting weaker. The temperature field is especially heterogeneous within the
built-up areas due to large differences in the geometry and orientation of buildings and street canyons
(Burmeister, Blter & Trute 2019). The settlement structure (density of developments and land cover
classes) strongly influences the emittance of radiation and thus the possibility of hot or cold air to
circulate through and escape out of the city (Rahuel et al. 2021). However, regardless of the settlement
structure, the UHI effect is exceptionally pronounced in all urban districts during hot and humid nights.
The most uncomfortable weather constellation for an enhanced UHI effect occurs in the summer

during southwest meteorological conditions (Basel-Stadt 2011).

Hot spots:

The strongest UHI effect in Basel can be measured in the very center (old towns Grossbasel and
Kleinbasel), near the railway stations (Basel SBB and Basel Badischer Bahnhof), at the exhibition site,
and around the industrial parks of Novartis and Roche. At these places, the vegetation ratio is
especially low and the density of tall buildings exceedingly high. Even though high buildings deliver

extensive shady areas, the lack of vegetation and the interruption of fresh air currents predominate

the local temperature conditions.

Figure 14: Enclosed court at the exhibition site without Figure 15: The lack of vegetation in Kleinbasel leads to an
vegetation (own image). increased UHI effect (own image).
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Regarding the housing estates in Basel, there are mainly three districts which have a distinctively
increased UHI effect. Gundeldingen, Dreispitz, and Gotthelf suffer under high temperatures due to
their specific block developments. As high buildings in the industrial parks, block developments exhibit
a very bad air circulation capability. Especially during hot summer days, air is trapped in the inner

courtyards, heats up, and cannot be exchanged with fresh and cool air during the night.

Figure 16: Confining border of a house front (block
development) without sufficient vegetation in Gundeldingen
(own image).

Cool spots:

The coolest districts in Basel can be found in or near green parks (Zoo Basel, Kannenfeldpark, and
Schitzenmattpark), and along water streams (Rhine, Wiese, and Birs). However, the cool spots along
the river are very local. Cool air is not able to penetrate into the city to cool down nearby districts. The
increased warming effect of water itself as represented in figure 17 is due to the fact that the UHI
effect was measured at four o’clock in the morning. Water, with its high heat capacity, stays relatively
warm throughout the night until the morning hours compared to other surfaces. During the day and
especially in the late afternoon, when the air temperatures rise to their maximum, however, the
cooling effect of water becomes more relevant.

Bruderholz and Gellert are two housing estates which are characterized by low air temperatures
compared to other housing estates in the city. The main reason for this is the row development of
these areas. Unlike block developments, row developments are not as dense and enclosed from the
vicinity which is beneficial for a continuous fresh air supply. Furthermore, Bruderholz and Gellert have
a considerably high vegetation ratio. A high vegetation ratio in combination with an open settlement
structure are beneficial to mitigate the UHI effect in cities.

Riehen in the northeastern part of the city is generally less affected by a strong UHI effect. The forested
hills to the southeast are effective cool air production areas which strongly influence the climatic

conditions of the surrounding urban quarters (Burmeister, Biter & Trute 2019, Rahuel et al. 2021,
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Basel-Stadt 2021b, Wicki, Parlow & Feigenwinter 2018). Cool air from the forests on the top of the hills
flows downhill and cools down the surrounding settlements. Compared to main Basel, Riehen has also

a much lower sealing ratio and a lot of vegetation along the streets and between the houses.

Vulnerable facilities:

The spatial pattern of the UHI effect in Basel is not very meaningful if the occupants living in the city
are not considered. Some of the aforementioned very hot districts do not pose a huge problem for
human health if the population density is considerably low or vulnerable people are not directly
affected. On the other hand, a weak UHI effect can already be problematic if sensitive facilities, like
health care facilities, nursing homes, hospitals, kindergarten, or schools are affected (Rahuel et al.
2021).

In addition to the spatial distribution of the UHI effect, figures 17 and 18 do also show the location of
any nursing home and hospital in Basel. There are noteworthy differences in the thermal situation
amongst the nursing homes as well as hospitals in the city. Quite a few nursing homes are located in
the hot center of Kleinbasel near the exhibition site. Others are situated near the railway station Basel
SBB and thus probably also suffer under hot summer conditions. In contrast to these places, there are
health care facilities which are at very comfortable locations regarding the thermal exposure.
Especially, locations at the edge of the town and near bigger green parks are very suitable for hospitals
and nursing homes. Not only due to the favorable thermal conditions, but also due to a quick

accessibility to nearby recreation areas.

Future UHI effect:

Figure 18 includes a map where the differences between the current and 2030 UHI effect are shown.
One expects a more or less universal increase of about 0.01-1° C across the city. There are some smaller
districts which could experience a slight cooling and others which could warm up stronger than 1° C.
However, these changes could potentially originate from model uncertainties or other invariabilities
and therefore must be interpreted with caution. Since the future UHI effect in Basel is not only
dependent on the expected large-scale climatic conditions, but also on the planned urban
developments (growing of the city, implementation of adaptation measures), it is quite difficult to

determine small-scale changes for future years.
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Author: Fabian Weibel, UZH
Map: Geoportal BS
Inset map: Wikipedia

Figure 17: Current UHI effect in Basel at 4am in ° C. Map includes nursing homes (green dots) and hospitals (red crosses). 12 Residenz Stidpark, 2 =2 irides AG, 3 2
zum Lamm, 4 = Gustav Benz Haus (own figure, based on Basel-Stadt (2021a), created with QGIS Desktop).
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Figure 18: Projected UHI effect change until 2030 in Basel at 4am in ° C. Map includes nursing homes (green dots) and hospitals (red crosses) (own figure, based on
Basel-Stadt (2021a), created with QGIS Desktop).
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6.2 EMA Workbench

The second part of the results section provides an overview of the outcomes of the EMA Workbench.
The first section (chapter 6.2.1) presents a comparison between the three WBGT approaches. Raw
WBGT values for the observed time period (1981 — 2020) are compared in order to obtain a
comprehensive picture of the measured thermal conditions in Basel. Furthermore, the comparison
between three different WBGT approaches helped to evaluate which of them is the most suitable for
the investigated study areas. This part of the results section does not include any information of policy
leavers yet. The data presented in the figures are the outcomes of the climatic analysis (WBGT) without
incorporating threshold ranges for extreme days or applying simulated adaptation effects.

The second section (chapters 6.2.2) presents the occurrence of three heat indicators (number of
extreme days (NED), number of extreme events (NEE), and average length of extreme events (LEE) per
year) in order to show how future climatic conditions could influence the frequency and severity of
heat events in Basel. The results in this part include threshold ranges as policy leavers to determine
extreme days.

The third section (chapters 6.2.3, 6.2.4, and 6.2.5) presents the sensitivity of the heat indicators to
several external factors and policy leavers (threshold ranges for extreme days, simulated adaptation
effects).

Chapter 6.2.6 shows how the conditions at the measuring station could compare to potential
conditions in the city center and chapter 6.2.7 presents a comparison between Basel and Zurich.
Finally, the last chapter demonstrates potential adaptation measures as well as illustrates results of a
DAPP analysis applied for this case study.

The statistics and figures shown in the main part of this chapter are for the location of Basel. Similar

figures for Zurich and additional material for Basel are listed in the appendix.

6.2.1 Comparison of WBGT approaches (observations) — Basel

Figure 19 depicts a clear overestimation of the Steadman (1994) approach during the summer season
compared to the ones of Bernard (1999) and Ono and Tonouchi (2014). Mean WBGT reached values
of over 40° C. Between day 50 and 300 of the year, they greatly exceeded the measured air
temperatures. The highest overestimation was during midsummer with a difference of up to 32° C.
Bernard (1999) and Ono and Tonouchi (2014) on the other hand estimated lower WBGT values
compared to the air temperature during spring, summer, and autumn. One reason for this could be a
stronger integration of the cooling effect of wind gusts.

The difference between the three approaches was much less pronounced during the winter season.
Interestingly and unlike in the spring, summer, and autumn, the values of Steadman (1994) were the

lowest during winter. They were even lower than the air temperature.
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Figure 20, which shows daily maximum WBGT values and air temperatures instead of daily averages of
the years 1981 to 2020, depicts even more extreme values for the Steadman (1994) approach. Values
of over 60° C were possible whereas the other two approaches and the air temperature had a
maximum at about 33° C. Furthermore, the Steadman (1994) approach had a much wider spread,
ranging from -15° C up to 65° C.

The mean over the whole observed period of daily maximum WBGT for the Steadman (1994) approach
was about 22° C whereas the means for Bernard (1999) and Ono and Tonouchi (2014) were slightly
under 14° C.

Table 4 summarizes the most important statistical measures for all three approaches for the observed

period between 1981 and 2020.

Table 4: Statistical analysis of the three WBGT approaches for the observed period between 1981 and 2020 in Basel-Binningen
(own table).

Steadman (1994) Bernard (1999)

Mean WBGT 22°C 13.9°C

Max WBGT 65.3°C 33.2°C

Min WBGT -15.7°C -7.9°C
Annual mean R .

WBGT 22°C 13.9°C

WBGT range 80.1°C 41.1°C

standard 16°C 7.3°C

deviation

Comparison of maximum WBGT values against daily maximum air temperatures for Basel-Binningen
Average of 1981 - 2020

—— Steadman, 1994

—— Bernard, 1999

Ono and Tonouchi, 2014
—— air temperature
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Figure 19: Comparison of the three WBGT approaches (Steadman (1994) in blue, Bernard (1999) in
green, Ono and Tonouchi (2014) in pink) against measured air temperatures (black) for the
measurement station in Basel-Binningen. Average of daily maximum air temperatures for the period
between 1981 and 2020 (own figure).

29.09.2022 40



Master’s thesis Physical Geography, UZH

Fabian Weibel, 16-701-278

Comparison of maximum WBGT values against maximum air temperatures for Basel-Binningen
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Figure 20: Comparison of the three WBGT approaches (Steadman (1994) in blue, Bernard (1999) in green, Ono
and Tonouchi (2014) in pink) against measured air temperatures (black) for the measurement station in Basel-
Binningen. Daily maximum air temperatures for the period between 1981 and 2020. Orange lines show the

means (own figure).

Annual means of daily max WBGT and air temperature for Basel-Binningen
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Figure 21: Comparison of the three WBGT approaches (Steadman (1994) in blue, Bernard (1999) in green, Ono
and Tonouchi (2014) in pink) against measured air temperatures (black) for the measurement station in Basel-

Binningen. Annual mean of daily maximum air temperatures for the period between 1981

and 2020. Light

blue, light green, pink, and grey show the long-term trends for each approach respectively (own figure).

Figures 19, 20, and 21 as well as the statistical values listed in table 4 prove that the difference between

the Bernard (1999) and the Ono and Tonouchi (2014) approach is rather small. Furthermore, it seems

that the approach of Steadman (1994) is not suitable for this study. The sometimes quite unrealistic

values indicate that either there is an implementation error in the equation, the available data is not

suitable for this approach, or the empirical formula is not applicable for this study region. On the basis

of these findings, further analyzation steps only employed the approach of Bernard (1999).
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6.2.2 Heat indicators — Basel

The figures in the following sections present the results of determined heat indicators (number of
extreme days (NED), number of extreme events (NEE), average length of extreme events (LEE) per
year) using the raw WBGT. A day is classified as extreme when the maximum WBGT exceeds a certain
threshold out of a predefined range. An extreme event is a period of consecutive days during which
the maximum WBGT never fell below the defined threshold. The average length of single extreme
events was calculated by the sum of consecutive days with extreme WBGT values, averaged over one
year.

The figures respectively show the results of 4080 experiments (136 future scenarios * 30 WBGT
thresholds) conducted with the EMA Workbench (see chapter 4.1). Each boxplot aggregates all 4080
experiments (or subgroups thereof depending on the RCP scenario), whereas in the line charts, each
line represents one single experiment for the whole simulated time period.

Supplementary figures for Basel and Zurich are listed in the appendix.

All three climate scenarios (RCP2.6, RCP4.5, RCP8.5) predict an increase of the total NED per year in
Basel, although the incline under RCP2.6 is rather weak. During the observed period between 1980
and 2020, an average of almost 7 extreme days per year could be measured. For the future however,
one predicts an increase to over 8, 10, or 17 extreme days per year on average under RCP2.6, RCP4.5,
or RCP8.5 respectively. That corresponds to an increase of over 240% by the end of this century for

the most extreme scenario (figure 22).

Average number of extreme event days per year in Basel-Binningen
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Figure 22: Average NED per year for the observed period (1981 — 2020, green) and three different future
scenarios (1981 — 2099, RCP2.6 in pink, RCP4.5 in orange, RCP8.5 in red). The threshold range for an extreme
day is between 26° C and 30° C (own figure).
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Figures 24, 25, 26, and 27 show timeseries of all model runs for the observed time period (figure 24)
and for the simulated time periods (figures 25 to 27). Unlike the boxplots in figure 22, where an annual
average of all model runs is pictured, the timeseries are useful to analyze inter-annual fluctuations and
to compare an expectable range of future projections. Very extreme experiments and how they
develop over time can be determined. It becomes evident that the trends are positive, either for NED,
NEE, and LEE. However, the steepness of the incline is very different comparing RCP2.6 to RCP4.5 and
RCP8.5. For the case of extreme days per year, the annual increase is on average about 0.045 days
under RCP2.6 whereas under RCP8.5, it is about 0.333 days per year until 2100. This corresponds to a
more than 7 times stronger increase until the end of this century. The total increase of extreme days
per year is directly coupled to an increase of extreme events. It can be determined that they will last
longer and occur more frequently in the future, independent of the considered future scenario. In
guantitative terms, this corresponds to more than a doubling of the annual growth rate for NEE and
LEE when comparing RCP8.5 and RCP4.5 with RCP2.6 (figures 26 and 27 and table 6 in the appendix).
The increase of NED, NEE, and LEE per year although is probably anything but linear and differs from
RCP to RCP (figures 28, 55, and 56). Under RCP2.6, one can expect a stagnation during the next two
decades which holds until the end of this century. Some simulations even predict a very weak decline
in the second half of this century. Under RCP4.5, the increase is more or less linear, whereas under
RCP8.5, it is predicted that the amount of NED, NEE, and LEE per year will grow faster during the next
decades with some simulations even showing an acceleration the further one looks into the future.
The area below the NED = 20 line (blue) in figure 25 shows the years with a moderate heat stress for
the population. Simulations where a lot of years are above the NED = 40 line (dark blue) on the other
hand depict very extreme years in terms of thermal stress. Under RCP2.6, only a few experiments are
above the extreme line (NED = 40). There are some outlier years, however the trend principally stays
below the dark blue line. Under the most extreme future scenario, one can expect that about every
second year is going to exceed the extreme line by the end of this century.

In figure 26, the NEE = 5 line (blue) shows moderate and the NEE = 8 line (dark blue) extreme heat
stress. A similar trend like for NED can be seen for NEE meaning that under RCP2.6, most of the
simulations stay below both lines until 2100 whereas under RCP8.5, most of the simulations predict
extreme heat stress conditions every year.

In figure 27, an extreme event is defined as particularly extreme if the length exceeds 5 days (LEE =5
line (blue)). Again, a comparable trend emerges when looking at the increases of LEE until the end of
this century. At about 2060 to 2070, the simulations predict that every second year could have multiple
extreme events which last for more than one working week under RCP8.5. Under RCP4.5 and RCP2.6,

however, most of the extreme events are expected to be shorter than one working week.
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The variations between the different experiments are substantial. Even under RCP8.5, the difference
between the expected hottest and coolest years is more than 90 extreme days per year. This big
variation amongst single experiments once again demonstrates that the climate is a rather non-linear

system and the high degree of complexity makes it difficult to calculate clear future predictions.

Trendlines for the number of extreme days in Basel-Binningen
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Figure 23: Trendlines for NED for the observed period (solid green), the extrapolated observed period (dashed green), the
RCP2.6 scenario (pink), the RCP4.5 scenario (orange), and the RCP8.5 scenario (red) in Basel-Binningen (own figure).
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Figure 24: NED per year for the observed period in Basel-Binningen. The threshold range for an extreme day is between 26° C
and 30° C. The green lines show the scenarios. The three black lines show the 10, 50t", and 90t quantiles respectively. The
red vertical lines at 2003 and 2015 indicate the extreme heat waves occurred in Central Europe (own figure).
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Number of extreme days per year in Basel-Binningen
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Figure 25: NED per year for the future simulations in Basel-Binningen. The threshold range for an extreme day is between 26°
Cand 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph shows the RCP4.5 scenario (orange), and the
third graph shows the RCP8.5 scenario (red). The black lines show the 10t, 50, and 90t quantiles respectively. The blue line
marks NED = 20, the dark blue line NED = 40 (own figure).
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Number of extreme events per year in Basel-Binningen
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Figure 26: NEE per year for the future simulations in Basel-Binningen. The threshold range for an extreme day is between 26°
Cand 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph shows the RCP4.5 scenario (orange), and the
third graph shows the RCP8.5 scenario (red). The black lines show the 10, 50, and 90t quantiles respectively. The blue line
marks NEE = 5, the dark blue line NEE = 8 (own figure).
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Average length of extreme events per year in Basel-Binningen
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Figure 27: LEE per year for the future simulations in Basel-Binningen. The threshold range for an extreme day is between 26°
Cand 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph shows the RCP4.5 scenario (orange), and the
third graph shows the RCP8.5 scenario (red). The black lines show the 10, 50, and 90t quantiles respectively. The blue line
marks LEE = 5 (own figure).

29.09.2022 47



Master’s thesis Physical Geography, UZH Fabian Weibel, 16-701-278

Average number of extreme days per year in Basel-Binningen
for four different time periods
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Figure 28: Average NED for four time periods for the future simulations in Basel-Binningen. The threshold
range for an extreme day is between 26° C and 30° C. The first graph shows the RCP2.6 scenario (pink), the
second graph shows the RCP4.5 scenario (orange), and the third graph shows the RCP8.5 scenario (red) (own
figure).
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6.2.3 Sensitivity analysis of policy leavers and external factors — Basel

Threshold ranges of 26°-30° C vs. 28°-32° C:

Increasing the threshold range for extreme days by 2° C (from 26° - 30° C to 28° - 32° C) has a huge
impact on the resulting heat indicators. In the case of the amount of annual extreme days, a reduced
mean of 5.5, 7, and 8.5 days per year under RCP2.6, RCP4.5, and RCP8.5 respectively can be measured.
These reductions in extreme days clearly bear out that heavy outdoor workers and very vulnerable
people (threshold range 26° C to 30° C) do considerably suffer more under heat wave conditions than
workers with reduced physical activities or younger people with a healthy thermoregulatory system
(threshold range 28° C to 32° C) (figure 29).

A similar comparison between NEE and LEE is presented in the appendix.
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Figure 29: Average NED per year of the future simulations in Basel-Binningen. Threshold range
26°-30° C in orange/brown and 28°-32° C in violet (own figure).

Threshold range of 33°-35° C:

Figure 30 shows the results for very extreme hot days. The threshold range was set to 33°-35° C. It is
clear that under RCP2.6 and RCP4.5, the chance of such extraordinary extreme days in Basel is rather
low. On average, less than 1 day per year is expected until 2100. Under RCP8.5 although, one can
expect 1 to 2 very extreme days in Basel.

The moderate (28°-32° C) and the extreme (33°-35° C) increase of the threshold range prove that highly
acclimatized (e.g. people who grew up in tropical or subtropical regions), young, and healthy people
are able to withstand heat much better than people from colder climatic regions or elderly people with

a weak thermoregulatory system.
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Average number of extreme days per year in Basel-Binningen
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Figure 30: Average NED per year of the future simulations in Basel-Binningen. Threshold range
33°-35°C. RCP2.6 in light grey, RCP4.5 in grey, and RCP8.5 in dark grey (own figure).

Feature Scoring:

Figure 31 shows how important certain variables (policy leavers, external factors) are for the model
run outcomes. It becomes evident that the choice of the WBGT threshold has the most controlling
effect on resulting heat indicators. The selected RCP scenario (RCP2.6, RCP4.5, RCP8.5) is the second
most influencing factor. The random choice of a climate model realization of either RCP2.6, RCP4.5, or

RCP8.5 however does not influence the model run outcomes.
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Figure 31: Feature scoring for Basel-Binningen of the future simulations. Importance of policy leavers (WBGT threshold) and
external factors (RCP, climate model) on heat indicators. The higher the feature rank, the more important is the variable (own

figure).
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6.2.4 Effects of adaptation measures on heat indicators — Basel

Figures 32 and 33 compare the average NED per year for normal conditions (grey, no simulated
adaptation effects) to five different scenarios with simulated adaptation effects (decreased
temperatures 3x (blue) in figure 32, increased wind (green), decreased global radiation (yellow) in
figure 33). The goal of this analysis was to investigate the potential effects of certain adaptation
measures on WBGT and the derived heat indicators.

The grey boxes picture the unchanged conditions for the three different future scenarios (RCP2.6,
RCP4.5, RCP8.5).

The blue boxes in figure 32 represent conditions with reduced air temperatures by 1° C (light blue), 3°
C (blue), and 5° C (dark blue) during the spring, summer, and autumn months (April to September).
Between October and March, no temperature reduction was implemented. This kind of manual
reduction of air temperatures could mimic the effects of evaporative cooling and shadowing by an
increase of foliated trees in the city. The results show a decrease of the mean average NED per year of
about 5 days for the reduction of 1° C, of 10 days for the reduction of 3° C, and of over 10 days for the
reduction of 5° C. The reduction of extreme days is especially strong under RCP8.5 and T-5° C where a
difference of 15 days can be expected on average.

The orange boxes in figure 33 represent a condition where the incoming global radiation at the Earth’s
surface was manually reduced to 15% during the spring, summer, and autumn months (April to
September) and to 50% during the winter months (October to March). Researchers could estimate in
various studies that the transmissivity of global radiation below foliated trees in urban areas can sink
to about 15 to 10% and below defoliated trees to about 50% (Cantdn, Cortegoso & de Rosa 1994,
Konarska et al. 2014, Gay, Knoerr & Braaten 1971). The effect of reducing the global radiation results
in a decrease of the mean average NED per year of about 2 days, independent from the chosen RCP
scenario.

Finally, the green boxes in figure 33 represent a condition where the wind speed was artificially
increased by 1 m/s. Wind plays an important role for the evaporative cooling mechanism in our body
and is a necessary part of an efficient urban ventilation. By increasing the simulated wind speeds by 1
m/s, an optimized ventilation in the city can be imitated. Yuan and Ng (2012) did a study where they
investigated the ventilation effect of wind on the outdoor thermal comfort in cities. They identified a
minimum wind speed of 1 m/s as satisfactory and wind speeds above 1.3 m/s as good urban ventilation
in terms of thermal comfort (Yuan & Ng 2012). The results of the simulations indicate that in the case
of Basel, only a small reduction of 1 extreme day or less per year can be achieved on average.

A summary of some calculated results can be found in the tables 7 and 8 in the appendix.
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Average number of extreme days per year in Basel-Binningen
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Figure 32: Average NED per year of the future simulations in Basel-Binningen. No simulated adaptation effects in grey.
Reduced air temperature (1° C, 3° C, and 5° C) in light blue, blue and, dark blue. Results for three different climate scenarios
(RCP2.6, RCP4.5, RCP8.5) (own figure).
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Figure 33: Average NED per year of the future simulations in Basel-Binningen. No simulated adaptation effects in grey.
Reduced global radiation in orange, increased wind speed in green, and decreased air temperature in light blue. Results for
three different climate scenarios (RCP2.6, RCP4.5, RCP8.5) (own figure).

6.2.5 Effects of wind and urban ventilation on heat indicators — Basel

The analysis of the observed wind speeds at the measuring station in Basel-Binningen (figure 8 in
chapter 3.1) points out that there is a noticeable wind throughout the year. Since the measuring station
is located outside the city center and the wind sensor is attached in a height of 12 m above the ground,
it can be expected that the measured values are higher compared to conditions in the city. To get an
estimate of the thermal conditions in the city center with more realistic wind speeds, a scenario with
manually reduced wind speeds was implemented.

The results of these investigations are presented in the figures 34 and 35. The grey boxes once again
represent average NED (figure 34) and LEE (figure 35) per year under unchanged climatic conditions.
The green boxes represent conditions with a slightly improved ventilation effect (increased wind speed

by 1 m/s), whereas the dark green boxes summarize the results of drastically worsened aerodynamic
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conditions (decreased wind speed by 3 m/s when the initial value is greater than 3 m/s, otherwise the
wind speed was set to 0 m/s). It clearly becomes evident that wind is very important to keep places in
cities cool. The simulations show that a weakened wind pattern can increase total average NED per
year by 2 to 3 days, depending on the investigated RCP scenario. Regarding LEE, a similar picture can

be observed.
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Figure 34: Average NED per year of the future simulations in Basel-Binningen. No simulated adaptation effects in grey,
increased wind speed in green, and reduced wind speed in dark green. Results for three different climate scenarios (RCP2.6,

RCP4.5, RCP8.5) (own figure).
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Figure 35: LEE per year of the future simulations in Basel-Binningen. No simulated adaptation effects in grey, increased wind
speed in green, and reduced wind speed in dark green. Results for three different climate scenarios (RCP2.6, RCP4.5, RCP8.5)

(own figure).

According to a two sample Z-test, the means for normal conditions and for a weakened wind field are
significantly different (significance level a=0.05). Furthermore, the density plots in figure 36 show that
the difference is most noticeable during extreme years (between 21 and 31 extreme days per year (left

side) and between a length of 6 to 11 days (right side)).
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Density Plot: Number of extreme days per year in Basel-Binningen Density Plot: Average length of extreme events in Basel-Binningen
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Figure 36: Density plots of all simulations for NED per year (left) and LEE (right) for the future simulations (RCP4.5) in Basel-
Binningen. The grey line represents the climate without simulated adaptation effects whereas the dark green line represents
a climatic condition with weakened wind speeds (own figure).

6.2.6 Difference from the measuring station to the hottest places in the city — Basel

Figure 37 (and figures 65 and 66 in the appendix) unambiguously illustrate that the thermal conditions
in the city center can be far more impactful for human health compared to the measured and
simulated values at the measuring stations. In the case of Basel, NED per year can be two to three
times higher in the hottest districts of the city than simulated for Basel-Binningen. Regarding LEE per
year, the difference can reach a factor of 1.5 to 2.

The results for Zurich are pictured in the figures 71, 72, and 73 in the appendix. The outcomes predict
an even bigger difference between the measuring station and the city center. For NED per year, a factor
of 1.5 to 4 is possible, for LEE per year, a factor of 1.5 to 2.5.
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Figure 37: Simulated NED per year at the measuring station in Basel-Binningen in blue and
simulated NED per year for potential heat conditions in the city center in red (adapted WBGT
values according to chapter 4.6) for the simulated period (1981-2099). Comparison between

RCP2.6, RCP4.5, and RCP8.5 (own figure).
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6.2.7 Basel vs. Zurich

This section of the results chapter shows a rough overview of the differences between the expected
thermal conditions in Basel and Zurich. Figure 38 compares the averaged simulated maximum WBGT
over the course of one year. Figure 39 distinguishes between the three RCP scenarios and gives insight
into the difference of the expected number of extreme days per year until 2100.

Further figures of the comparison between Basel and Zurich (NEE, LEE) can be found in the appendix.
On average, WBGT is higher in Basel compared to Zurich. The simulated annual mean in Basel is about
15.5° C whereas the annual mean in Zurich is slightly higher than 14° C. The difference between these
two cities is more or less constant over the course of one year, however, it tends to be somewhat
smaller during autumn (figure 38).

Comparing the average NED per year for the three different RCP scenarios reveals a similar picture.
Under the most extreme future scenario, one can expect about 7 extreme days per year more in Basel

compared to Zurich (figure 39).
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Figure 38: Comparison of simulated maximum WBGT between Basel-Binningen (blue) and Zurich-Fluntern (green). Light blue
and light green show the annual mean for Basel-Binningen and Zurich-Fluntern respectively (own figure).
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Average number of extreme days per year. Basel-Binningen vs. Zurich-Fluntern
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Figure 39: Comparison of average NED per year between Basel-Binningen and Zurich-Fluntern for three different climate
scenarios (RCP2.6, RCP4.5, RCP8.5) (own figure).
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6.2.8 Adaptation measures, metro map, and feasibility-effectiveness diagram

The results off this study as well as off other studies carried out for various regions on Earth clearly
point out that climate change heavily influences the everyday life in cities. To protect highly populated
regions against severe impacts on human health and comfort, both local adaptation as well as global
climate protection measures must be discussed and implemented as soon as possible. Adaptation
measures for a city are always site specific and thus cannot be one-to-one copied to and implemented
in other cities. They must be individually evaluated and adapted to local weather and climate
conditions, demographic compositions, urban characteristics, and legal frameworks. Table 5
summarizes some of the most important adaptation measures and the climatic effects which can be
expected (Weber et al. 2018, Burmeister, Buter & Trute 2019, Yow 2007, Gunawardena, Wells &
Kershaw 2017).

Table 5: Possible adaptation measures to mitigate the UHI effect (own table, according to Yow (2007), Weber et al. (2018),
Burmeister, Bliter & Trute (2019), Kiihnle (2021), Lai et al. (2019), Minor & Unterndhrer (2022)).

Adaptation measure Effects
Increase vegetation density, e.g. urban parks, e Altered sensible and latent heat flux
vegetated facades, rooftop gardens, tree (evaporation and transpiration)
avenues, renaturation of urban streams. e Blocked solar radiation, shadowing
e Improved air quality
o Wildlife habitats (e.g. birds, insects)
e Urban flood control
e Recreation area
Build or enlarge water bodies, e.g. fountains, e Altered air flow patterns and ventilation
excavation of urban streams. e Altered latent heat flux (evaporation)
‘Make use’ of existing water bodies, e.g. rivers,
lakes.
Increase the albedo of surfaces and change e Increased reflection of solar radiation
construction materials, e.g. of roofs and and thus reduced heat absorption
facades. e Altered heat capacities
Reduce the anthropogenic heat and the energy e Reduced sensible heat flux
consumption, e.g. traffic, air conditioning, e Improved air quality
industry. e Reduced greenhouse gases
Change the layout of house constructions, o Altered air flow patterns and ventilation
street orientations, and building heights (urban e Blocked solar radiation (N-S vs. E-W
geometry). orientation)
Use porous materials with large water storage e Reduced sensible heat through
for underground. evaporation of stored water
e Urban flood control
Generate local artificial clouds e Blocked and reflected solar radiation
e Evaporation of small water droplets

The three metro maps pictured in figure 40 present possible adaptation pathways for the three future
scenarios RCP2.6, RCP4.5, and RCP8.5. The four adaptation groups included in the metro maps are

generating green spaces (green path) and blue spaces (blue path), changing, adapting, or optimizing
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the urban geometry (red path), and increasing the surface albedo (yellow path). They are defined so
that they roughly cover the adaptation measures listed in table 5. The effectiveness of each adaptation
group is based on information from the literature as well as the outcomes of the EMA Workbench and
the sensitivity analysis. It is important to mention that the year of the adaptation tipping points were
determined qualitatively rather than quantitatively. The transition from one path to another over a
node (tipping point) must not be considered as immediate since the implementation of every
adaptation measure needs a certain lead and implementation time. The tipping points should

therefore be regarded as transition periods rather than one single point at a fixed time.
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Figure 40: Metro maps for three different future scenarios (top to bottom: RCP2.6, RCP4.5, RCP8.5). Four groups of
adaptation actions, namely green spaces in green (e.g. vegetation), blue spaces in blue (e.g. water bodies, fountains,
gravel roads), urban geometry in red (e.g. orientation of street canyons, shape of buildings), and albedo in yellow
(bright surfaces). Dashed paths mark combined actions. A separated path for HHWS is mapped at the bottom in black
(own figure, metro maps generated with https.//publicwiki.deltares.nl/display/AP/Pathways+Generator).
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The classification of each adaptation group in the diagram in figure 41 is based on the results of the
sensitivity analysis and on a study conducted by Lai et al. (2019). As the adaptation pathways, the
classification is just qualitative and can vary significantly between cities and between districts within a
city. Since technologies are constantly developing and probably will drop in cost in the future, the
placement of each measure in the diagram can change over time and should not be regarded as

absolute (Haasnoot, Warren & Kwakkel 2019).
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Figure 41: Feasibility-effectiveness diagram including the four main groups of adaptation options. The feasibility is rated
according to the costs (money, time, realizability) and the effectiveness according to the effect on thermal stress. The best
adaptation action would be in the top right, the worst in the bottom left corner (own figure, according to Lai et al. (2019)).
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7 Discussion

7.1 The right choice of a WBGT approach

As seen in chapter 6.2.1, there are huge differences amongst the calculated WBGT values in Basel. The
Steadman (1994) approach has considerably higher values during the spring, summer, and autumn
seasons compared to the Bernard (1999) and Ono and Tonouchi (2014) approaches. During the winter
season on the other hand, the Steadman (1994) approach slightly underestimates WBGT. However,
the differences between all three investigated approaches are negligible during winter.

There is no clear reason for this huge cap between the Steadman (1994) and the other two approaches.
One explanation could be that all three equations were empirically derived and thus base on input
data of a specific region. The Steadman (1994) approach was initially developed for an application in
Australia, the Bernard (1999) approach was used for a study in Central Alabama, and the Ono and
Tonouchi (2014) approach was implemented to evaluate heat waves in South Korea. Depending on the
predominant climatic conditions at each region, the resulting equations could be quite different. In
order to get the most accurate data as possible for a specific city or region, it would be necessary to
develop a local specific WBGT approach. To improve this approximation, a WBGT measuring station
could be used to calibrate and evaluate the results.

If developing a region specific WBGT approach or the maintenance of a WBGT measuring station is not
possible, it is especially important to rethink the choice of an already existing approach, as it is done in
this thesis. The incorporation of more than one approach helped making the heat stress analysis more
robust. The differences amongst the three WBGT approaches made clear that the use of an empirically
derived formula has limitations. The choice of a specific approach had a considerable influence on the
resulting heat stress indices and thus on the actions decision-makers would develop. If the Steadman
(1994) approach would be applied, very stringent adaptation measures would be required since the
simulated heat stress massively overestimates the expected climatic development in the future.
However, a comparison to the other two approaches as well as raw air temperatures shows that the
values are unrealistic and thus lead to the choice of another, more appropriate approach (Bernard

1999).

7.2 Projected impacts of climate change on human health in Basel

All executed simulations predict a gradually increasing thermal stress in Basel until the end of this
century, regardless of the investigated RCP scenario. However, the differences between the three
future scenarios are substantial. In the case of NED per year, the annual increase is more than seven

times higher under RCP8.5 compared to RCP2.6 (table 6 in the appendix). The difference in the annual
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increase of NEE and LEE is less significant (4.35 times and 3.5 times respectively, table 6), although still
substantial.

A closer look at the trendlines of the observations and the three simulations highlights that currently,
we are on a path which is worse than under RCP4.5 and RCP2.6, but the increase is less steep compared
to RCP8.5. These results on the one hand point out that stringent climate protection measures could
have a massive positive effect on how future thermal conditions will develop in Basel. Trying to follow
RCP2.6 instead of RCP4.5 or RCP8.5 makes a huge difference in the future in terms of the frequency,
severity, and duration of heat waves. On the other hand, the results also make clear that regardless of
the future scenario, specific adaptation measures to cool down urban heat islands are inevitable.

In this master’s thesis, the focus is primarily on daytime conditions. However, to get a thorough
understanding of health impacts due to heat in urban areas, heat exposure during the night should be
considered as well. Murage, Hajat and Kovats (2017) particularly looked at nighttime thermal
conditions in the city of London. They state that under certain conditions and especially for people of
younger age groups (below the age of 65 years), elevated nighttime temperatures can be as impactful
or even worse compared to abnormally high daytime temperatures. The results of their study exhibited
that elevated nighttime temperatures were particularly impactful when a hot day was preceded by a
hot night or vice versa. The reasons for these findings are not fully discovered yet. A plausible
explanation could be that hot temperatures during the night could interfere with physiological
processes which are important for the regulation of the sleep-wake cycle as well as the body’s internal
thermoregulation (Murage, Hajat & Kovats 2017).

A first assessment of how consecutive hot days and warm nights could develop in the future in Basel
can be drawn from the NEE and LEE simulations. More extreme events are expected in the future and
the longer they last, the more nighttime temperatures will gradually increase. As the future simulations
show that NEE and LEE will increase under all discovered future scenarios, the number of tropical
nights (Tmin 2 20° C) can be expected to increase accordingly. Important to consider here however is
the cloud cover over the city during the nights. If the nights are cloud-free, heat can easily escape to
space. Refreshing morning hours will counteract the heat stress during the day to a certain degree.
Clouds on the other hand act as an impervious cover for warm air (thermal radiation). Thus,
temperatures do not much fluctuate over the course of one day and therefore gradually increase from
night to night (Global radiation balance --> Schneider (1972), Wild et al. (2015)). The worst weather
conditions in terms of heat stress are therefore a cloud-free sky and very hot air during the day
followed by a cloud-covered night with little wind.

For a deeper analysis of the UHI effect and the impacts of climate change on human health in Basel,

further research about specific nighttime conditions is needed. The results of the daytime and
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nighttime studies could then be compared and combined to gain an extensive understanding of
potential impacts of increasing urban temperatures on human health.

The trendlines for all scenarios show an unequivocal picture for the future. WBGT will increase and
accordingly do NED, NEE, and LEE. However, the differences amongst the experiments are quite
substantial. This shows that it is not straight forward to make a clear prediction of how thermal stress
will affect the population in Basel in the next 50 to 80 years. Furthermore, it is unclear at which speed
the thermal stress will intensify in the upcoming years. It is possible that a more or less linear trend
will occur until the end of this century. Another possibility could be that a period of a weak increase
will be followed by a very strong increase, or vice versa. A third imaginable development could be
characterized by alternating periods of short cooling and longer warming phases. Which one of these
scenarios is finally turning into reality is hard to predict. It certainly depends on the applied global
climate protection measures. Figure 28 illustrates that under strict mitigation measures (RCP2.6), the
rising trend will stagnate in the upcoming decades. If no climate protection measures are implemented
(RCP8.5), however, the increase is going to speed up until the end of this century.

These findings once again emphasize that the complexity of the climate system notably impedes the

process of developing appropriate adaptation measures.

7.3 Adaptation measures

In the following sections, some of the listed adaptation measures in table 5 in chapter 6.2.8 are

discussed in detail and applied to the conditions found in Basel.

7.3.1 Urban geometry and air ventilation

The analysis of the effect of wind on the felt temperature clearly demonstrates that a pronounced
ventilation and supply of fresh and cool air in a city efficiently enhances the thermal comfort in urban
places. The EM simulations with decreased wind speeds lead to higher WBGT values and therefore to
more and longer-lasting heat events whereas the simulations with slightly increased wind speeds only
lead to minor changes in the derived heat indicators. One reason for this result can be attributed to
the fact that rather high wind speeds were observed at the location of the measuring station. The wind
speeds are higher most of the time than the proposed threshold for ‘good urban ventilation’ of 1.3
m/s (Yuan & Ng 2012). Simulating an increase of 1 m/s has therefore no decisive effect to further
improve the thermal conditions. Since the location of the measuring station is outside the city center
and the wind sensor is attached to a mast in a height of 12 m, natural breezes are not blocked by any
obstacles and therefore directly noticeable.

Water bodies are able to induce a local ventilation effect and thus can have a huge impact on local air
temperatures. Especially during cold nights, lakes and rivers are warmer compared to their direct

vicinity and thus pull cold air from surrounding areas. This ventilation effect results in a minor cooling.
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The cooling effect is especially strong during hot summer days. Chen et al. (2014) found that rivers in
urban places can reduce the temperature of their direct vicinity by about 10° to 15° C. However,
without efficient and perfectly aligned air canals to remote districts, this cooling effect diminished
rapidly within a distance of only 100 m.

In Basel, the river Rhine has the potential to cool down the city through evaporation and ventilation.
Especially in combination with nearby vegetated places. However, the implementation of effective
ventilation channels which transport cool air to districts further away from the river is not straight
forward. It is difficult to change existing building geometries and arrangements along the river in a way
that they support the air flow through the street canyons. Huge construction measures would need to
be undertaken. In Basel, rows of buildings along the waterfront of the Rhine actually prevent a cool air
flow from entering into the inner areas of both old towns (Grossbasel, Kleinbasel) (figure 42). The sole
sections where air is potentially able
to flow from the river into the city
centers are at big road bridges.
Wide roads create a gap between
continuous building fronts.
Changing the building geometry at
other sections alongside the river
would be associated with massive
cost and construction efforts.

Furthermore, most of the buildings

in the old towns and alongside the

Figure 42: Row of houses along the Rhine which blocks cool air to enter the city
(own image).

river are under preservation order.
Implementing construction changes
are therefore not possible or associated with strict constructional requirements (Basel-Stadt 2022a,
Rahuel et al. 2021).

Changing the urban geometry must therefore be approached differently for existing districts and for
districts which are not realized yet.

Analyzing the spatial distribution of the UHI effect in Basel (figure 17) reveals that block developments
are far worse for an active ventilation in the city compared to row developments. The thermal comfort
in block developments like Gotthelf, Gundeldingen, or Dreispitz is by far worse than in the row
developments Bruderholz or Gellert. To improve the thermal comfort in the whole city, a very effective
measure would thus be to plan and build open row developments in the outer parts of the city instead
of enclosed block developments. The openings of the rows should point towards the city in order to

maintain a fresh air supply. An optimized urban geometry should contain long and open canals (e.g.
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street canyons) which range from
the town boundaries into as many
inner districts as possible. Well
aligned row developments
combined with the usage of bright
construction materials for roofs,
facades, and other big open places
are key points to consider when
planning new districts in the

peripheral parts of the city. Open

places and broad street canals allow [ s
Figure 43: Opening in the house front of the block development Gundeldingen.

fresh air to circulate through the city The cooling effect is enhanced with a small cluster of trees (own image).

and provide ample places for
vegetation. Figure 43 shows an example of an opening along a house front in Gundeldingen. However,
this example only reaches about 100 m into the block development. For an improved cooling in the

whole district, the opening should be much deeper to reach the innermost areas.

7.3.2 Green spaces and water bodies

The Rhine as well as the surrounding topography (Vosges, Black Forest, Jura Mountains) in Basel and
the Lake Zurich, the Limmat, the Shil, and the Uetliberg in Zurich play a major role in regulating the
local climate. Whereas surrounding mountains in general are the reason for diurnal variations of air
supply through mountain and valley winds, large water bodies on the other hand essentially influence
the air temperature variations within cities. Water acts as a perfect heat storage. Through its high heat
capacity, it warms up less quickly during very hot periods compared to for example asphalt or
meadows. During colder periods, water can hold the stored heat longer and thus releases it slower to
the near surrounding. Due to these specific properties, water bodies act as heat sink during heat waves
and as warming body during cold snaps. Chen et al. (2014) investigated the role of water bodies in
urban places as regulators of local temperature variations. They found that urban rivers in general have
a measurable effect, however, it is less strong compared to rivers in rural areas or highly vegetated
places. Oftentimes, high buildings block horizontal dispersions of air masses and thus prevent large-
scale cooling or warming effects within cities (Burmeister, Biiter & Trute 2019, Chen et al. 2014).

As discussed in the previous chapter, changing the orientation, geometry, and arrangement of existing
buildings like for example converting a block into a row development or realizing openings in the house
fronts of block developments is very elaborate and therefore associated with huge financial and
constructional investments. Hence, less expensive and complex solutions to minimize heat stress are

needed, especially in existing districts of the city. The most effective and economically as well as
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ecologically friendly measure would
probably be the creation of green
spaces in combination with open
water surfaces. The image in figure
44 shows an example of an open
place with a lot of trees and a small
central fountain.

A study published by Wende, RoRler
and Kriger (2014) investigated the

potential effects of green spaces on

air temperatures. The scientists

Figure 44: Combination of trees and an open fountain in the Margarethenpark

concluded that an amount of about leads to a strong cooling effect (own image).

30% green space in a city could lead

to a reduction of 1° C on average (Wende, RoRler & Kriiger 2014). The higher the amount of green
space, the stronger the cooling effect. In extreme cases, a cooling of up to 7° C could be measured
(combined effects of evapotranspiration and shadowing) (Weber et al. 2018).

In the case of Basel, potential places for vegetation are along railways and the railway stations (figure
45), inside of the exhibition area (figure 46), or in the courtyards of block developments (e.g.
Gundeldingen, Dreispitz, or Gotthelf). However, at places where planting trees or other vegetation
types are not possible due to a lack of space or safety restrictions (e.g. along narrow lanes in the city
center, in or near historic districts (Kleinbasel and Grossbasel), at heavy traffic loads, or at sealed
places), other solutions are necessary. One possible solution would be to unseal surfaces and make
use of a porous material. Percolation surfaces like gravel have the benefit that rainwater can infiltrate

into the pores and be stored for several days. During hot periods, the stored water can evaporate and

Figure 45: An open water body near the railway station Basel  Figure 46: Sealed and open place in the exhibition area. The

SBB with some small trees (own image). existing water fountain on the left side could be combined
with a cluster of trees to enhance the cooling effect (own
image).
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cool down the streets. Additional advantages of a well implemented rainwater management in a city
are the minimization of the risk of floods, the support for refilling of groundwater acquifers (Rahuel et
al. 2021), and an improved situation for the irrigation of vegetation. Another possible solution would
be local installations which generate artificial clouds a few meters above the ground. The mist in the
air is able to reflect shortwave radiation to a certain extent before it hits the surface as well as cools
down the atmosphere through evaporation of small water droplets. This specific adaptation measure
is currently being tested in Zurich at the Turbinenplatz in order to check whether the cooling effect

justifies a heightened water consumption (Minor & Unterndhrer 2022).

Tree species and planting configurations:

So far, vegetation was viewed in a general way without a differentiation between vegetation types
(e.g. different tree species) or possible planting configurations (e.g. trees in a cluster, in a row, or as
isolated plants). The cooling effect of trees in urban areas can significantly be enhanced by choosing
the right tree species and an optimal planting configuration. For a sustainable development of urban
trees, they need to be as long-lived as possible and experience a healthy process of growth.
Furthermore, they should not need too much water to grow. It is difficult to select the right tree species
and apply good growing conditions in urban environments. Hot temperatures, the lack of water in the
soil, a restricted rooting space, a bad growth substrate, and diseases inhibit an optimal growth (Sjéman
et al. 2012).

Zhao et al. (2020) investigated the effect of different trees on the microclimate in urban places. They
differentiated between deciduous and evergreen (conifer) trees as well as between three different
planting configurations, namely group, linear, and individual planting. They concluded that deciduous
trees clearly outperformed evergreen trees in terms of transpiration rates and stomatal conductance.
Therefore, they stronger influenced urban air temperatures. Furthermore, they found that grouping
was much more efficient than linear planting. Individual trees had the weakest effects on the
microclimate. According to these findings, it is recommended to plant deciduous trees (e.g. beeches
or buckeyes) instead of coniferous trees, whenever possible in groups or clusters of several trees.
However, the scientists also mentioned that too dense planting is not favorable either (Zhao et al.
2020).

Further information about the selection of optimal tree species for urban environments can be found
in Sjoman et al. (2012). They conducted two case studies, one in central China and the other in

Romania, in order to propose a selection of tree species which is optimal for urban environments.

Stream excavation and renaturation:
Beside of the Rhine as main stream through Basel, there are three smaller streams which wind through

the city. The Birs flows along the southeastern border of Basel-Stadt and Basel-Landschaft and enters
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the Rhine just above the industry park of Roche. The Birsig and the Wiese enter the Rhine a little bit
further downstream (figure 47).
According to the findings of two studies Streams in Basel

conducted by Kim et al. (2009) and Kim et

Q)

al. (2008), the potential of excavating and
restoring urban streams to affect the local

climatological environment is significantly

noticeable. Both studies exhibited a so-

Unterbery

called ‘oasis effect’ through a reduction of

Grenz;

f 2.8
\Gm,, Birsig paser i

Breite

air temperatures and a modification of the

\ St. Alban
Bachietter

SN A

(=
Gundeldingen \

Bruderhoiz

sensible heat flux along the stream and in
its vicinity. They measured a decrease of

e Acht.
Binningen juerce:

the ratio of the sensible heat flux to the net
Figure 47: Overview of three streams in Basel which have the potential

radiative flux which indicates a heightened to be excavated and/or renatured (own figure, based on Basel-Stadt
use of energy for evaporation instead of 20z13)

heating the surrounding air. Measurements showed that the cooling effect was stronger, the higher
the air temperatures were before the excavation. However, as already mentioned in a previous
chapter, the climatological effect of a stream on surrounding air temperatures and humidities is
spatially confined, especially when the surrounding configuration of buildings prevent the cool air to
be transported away from the stream. A statistical test conducted by Kim et al. (2009) indeed classified
the drop in the air temperature more than 300 m away from the stream as not significant anymore
(Kim et al. 2009, Kim et al. 2008).

After the correction of the Birs in the nineteenth century, several renaturation projects during the last
decades put the river course in a more natural environment again. The established nature reserve is
on the one hand beneficial for a vast number of plants and animals living in or near the water. On the
other hand, enhanced thermal conditions as well as a regained local recreation area are huge
ecological upgrades for the residents and the whole city (Basel-Stadt n.d., Kiiry 2002, Kiiry 2010).
There are also several ongoing and planned renaturation projects for the Wiese west of Riehen (e.g.
WieseVital and WieseVital Plus). Beside of the positive ecological and climatological effects, it is hoped

that the flood and groundwater protections are going to be enhanced as well (Basel-Stadt 2022b,

WieseVital n.d.).
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Figure 48: Renaturation of the Birs in Birsfelden in 2002 Figure 49: Restored Birs in Birsfelden in 2010 (Kiiry 2010).
(Kiiry 2002).

7.3.3 Demographic distribution

Developing and planning suitable adaptation measures demands to not only look at climatic conditions
in a city. It also includes considering the demographic distribution. Special attention hereby should be
given to the distribution of health care facilities, hospitals, kindergarten, and schools. Figures 17 and
18 in chapter 6.1.2 present an overview map of all hospitals and nursing homes in Basel. The
distribution of the facilities indicates that there are huge differences in the exposure to heat
discomfort. Facilities closer to the city center are in general more affected by an increased UHI effect
than those in the peripheral districts. The Residenz Stidpark (number 1 in figure 17) for example is
located in the block development Gundeldingen right next to the railway station Basel SBB. A strong
UHI effect in this area therefore demands putting particular efforts in this district to protect the
occupants from threatening thermal conditions. The same is true for the nursing homes Irides AG
(number 2 in figure 17) near the old town Grossbasel and Zum Lamm (number 3 in figure 17) and
Gustav Benz Haus (number 4 in figure 17) in the old town Kleinbasel. Due to preservation orders, it is
difficult to realize geometry changes at existing buildings to improve the thermal conditions. The
courtyards of these buildings, however, provide the opportunity to plant trees and other vegetation
and to combine it with open water surfaces like fountains. Such small, encapsulated courtyards
inspired by nature ensure local oases with significantly lower air temperatures. These idyllic green
gardens not only enhance the thermal comfort but also support the general well-being of the

inhabitants.

7.4  Heat-Health Warning System (HHWS)

Instead of developing and implementing adaptation measures directly in the city to cool down hot spot
areas or working on global climate change mitigation measures, another solution would be to devise
strategies to caution the population from an upcoming hot spell as early and reliable as possible in

order to plan appropriate preventive conduct recommendations. It is clear that the amount and
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severity of heat waves will increase in the future, even if some of the abovementioned adaptation
measures or global mitigation plans are implemented. Therefore, so called Heat-Health Warning
Systems (HHWS) in order to warn the population are in demand. They are not meant to replace
adaptation measures but rather should act as complementary tools.

The results from the feature scoring analysis clearly demonstrated that the choice of an optimal
threshold range for extreme days is much more important and therefore has a stronger influence on
the estimated heat indicator than the choice of a climate scenario or a climate model. Whether for the
prediction of NED, NEE, or LEE per year, the choice of the threshold was more than two times more
decisive for the outcomes than the RCP or the climate model. The outcome of this analysis is consistent
for both Basel and Zurich. This finding helps decision-makers to develop appropriate and effective
HHWSs. However, the development of a general HHWS which holds for the whole population in a city
is associated with many trade-offs. It is difficult to treat the population in a city as one unite, especially
in the field of preventative health care measures. Morabito et al. (2019) therefore recommended
developing personalized warning systems which take into account several individualizations: The age
of a person, the physical activity, the clothing, the behavioral characteristics, the working environment,
or the heat acclimatization (Morabito et al. 2019). Especially the latter factor is important to consider
since the feeling of and the physiological reaction to very hot temperatures is individual. On the one
hand, people originating from hot climatic regions are generally better adapted to high temperatures
compared to people who grew up in higher latitudinal regions. On the other hand, heat acclimatization
can also relatively easy be trained. The adaption to increased temperatures may take several weeks,
however, the effect is clearly measurable. Acclimatized people exhibit adjusted cardiovascular,
endocrine, and renal systems. The sweat rate in general is increased which leads to a massively
improved thermal regulation in the body (McGregor et al. 2015). A study conducted by Tian et al.
(2011) confirmed these biological adaptions in the body after systematic acclimatization trainings. The
scientists determined significant physiological changes in the body ranging from an increased sweat
rate over dilated blood vessels in order to increase the heat loss of the body to slightly adapted heart
rates (Tian et al. 2011). Due to these findings, the threshold for extreme events should be adjusted
appropriately and applied for various groups of people.

A detailed example of a personalized HHWS can be found in Morabito et al. (2019). They determined
tailored WBGT thresholds for various groups of workers and simultaneously included behavioral
recommendations and an overview for an optimal water consumption (Morabito et al. 2019).

A second very important aspect to consider when developing a HHWS is the choice of a thermal
comfort index. The effectiveness of a HHWS is directly controlled by the selection of an appropriate
index. As discussed in chapter 7.1, the resulting WBGT values can be quite different. Consequently, the

number of heat wave days and the severity of those extreme events could potentially be predicted
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incorrectly (Heo, Bell & Lee 2019). For that reason, it is recommended to evaluate thermal comfort

indices that are best suited for the region of interest.

7.5 Metro map and feasibility-effectiveness diagram

Since the UHI effect, the urban structure, and the demographic distribution are very heterogeneous in
cities, it is not possible to apply the metro maps in figure 40 in chapter 6.2.8 one-to-one to the whole
city of Basel or Zurich. The effectivities of certain adaptation measures are therefore rather location-
dependent. Furthermore, at some places, certain adaptation measures are not realizable due to
specific restrictions or a lack of space. Therefore, these metro maps are meant as an overview of one
among many possible solutions. The proposed pathways can be used as baseline, the adaptation
tipping points, however, should be evaluated specifically for different districts in the city (Ashraf
Vaghefi et al. 2021, Lawrence & Haasnoot 2017, Haasnoot, Warren & Kwakkel 2019, Haasnoot et al.
2013).

The efficacy of an adaptation measure to alter WBGT is very dependent on where and how it is
implemented in the city. For example, if trees are planted in areas where, due to an optimized urban
geometry, already a lot of shady places exist, the cooling effect is much less pronounced compared to
the effect in open areas. Or, if water bodies are constructed while taking into consideration the local
street orientation, it is possible to improve the cooling effect through an enhanced channeling of cool
air. These two examples affirm that it is important to not implement the adaptation measures
independently from each other but to try to develop strategies where various measures are
implemented together (complementarily). Such combinations of adaptation measures are marked
with dashed lines in the metro maps (figure 40).

Changing, adapting, or optimizing the urban geometry are rather cost and time intensive actions. As
discussed in a previous section, there are conflicts with the guidelines of the preservation order.
Increasing the surface albedo or planting trees on the other hand is much easier to realize. According
to studies, the urban geometry measure in return is much more efficient compared to for example the
albedo measure. It is therefore recommended to start following the yellow, green, and blue paths of
the metro maps in the near term, depending on the highest feasibility and lowest costs. This gives
some time in the long term to develop effective plans for changing and adapting the urban geometry,
either for existing or for projected districts.

Following the yellow path, however, requires well thought out plans where to implement reflective
surfaces. Studies have shown that a cooling effect could be negligible if the measure is implemented
incorrectly. Some findings even calculated a reduced thermal comfort for people walking through the
streets or sitting on a bench due to an increased solar re-radiation to the pedestrians (Lai et al. 2019,

Yang et al. 2016, Taleghani & Berardi 2018).
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The metro maps for RCP4.5 and RCP8.5 include some dashed paths which indicate options of combined

adaptation actions. Basically, it is possible to combine any adaptation action with any other in order to

improve the cooling effect. However, it is important to carefully rethink which combination is applied

and how the measures interact with each other. Probably the most efficient combinations are those

which include either the green, blue, or red paths. The interaction of shadowing, evapotranspiration,

and urban ventilation can significantly enhance the thermal comfort in the city (Weber et al. 2018).

The combined paths in the metro maps therefore do not end where the paths of single actions end but

rather go on until the end of this century or even beyond.
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Both the metro maps as well as the
feasibility-effectiveness diagram are
an essential part of DMDU and
DAPP. Figure 50 summarizes all
important steps of DAPP according
to Haasnoot et al. (2013) and
Haasnoot, Warren and Kwakkel
(2019). The DAPP approach is an
iterative process. After every step,
the current situation must be

reassessed and newly evaluated.
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7.6  Climatic differences between Basel and Zurich

The results reveal that Basel is stronger affected by uncomfortable thermal conditions than Zurich in
the future. The main reason for this difference is due to different macroclimatic conditions. The
measuring station in Zurich is located 556 m a.s.l. whereas the station in Basel is positioned at an
altitude of 316 m a.s.l. Using the moist adiabatic lapse rate (-0.6° C per 100 m height gain), the height
difference of 240 m would correspond to a temperature difference of 1.44° C. This difference matches
quite good with the results of the WBGT and heat indicator analysis.

A second cause for the difference can be found in topographic circumstances. The measuring station
in Zurich is situated on a small hill. The vicinity to a small forest and thus to a local cold air production
area leads to decreased temperatures compared to conditions measured in the city. Although the
station in Basel is located at the periphery as well, it is probably still more affected by the urban climate
than the station in Zurich.

These findings emphasize the importance to always consider the environment of the measuring station
and to compare it to the situation in the city. The measured values at the station can be quite different
compared to actual conditions in the city center. To get a more realistic picture about the thermal
conditions in a city and potential future changes, a widespread network of measuring stations should
be installed. As done for the measuring station in Basel-Binningen, future simulations should then be
calculated based on the observations collected with the measuring network. A comparison of the
results between the measurement network in Basel and Zurich would be much more reliable than

simply comparing two standalone measuring stations.

7.7  Potential sources of errors

As discussed in the previous sections, the climate is a highly complex and non-linear system. A lot of
processes are happening randomly and thus cannot be described properly yet. Combined with
uncertainties of socio-economic developments, making reliable predictions for the future is difficult.
In order to make future calculations, simplifications in all involved systems had to be made. Every
simplification of a system, however, implicates a potential source of error.

A second source of error arose from the data (observations and future simulations). The measuring
stations are not completely accurate. Without a periodic maintenance and proper calibration,
measurement errors could arise. There are two types of measurement errors, namely data inaccuracy
and data imprecision. Whereas the former describes how close the observations are to virtual true
values, the latter describes the closeness of the observations to each other (Wikipedia 2022b).

In the case of the measuring stations used for this study, a further aspect had to be considered. Since
the locations of both stations are not directly in the city center but rather slightly elevated in a

peripheral region, it is important to take into account potential differences in the climatic conditions.
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The difference in altitude has a potential influence on the measured air temperatures (see chapter 7.6)
whereas the proximity to nearby green spaces and the exposition of the wind sensor could influence
the measured humidity and wind speeds (see chapters 6.2.4 and 6.2.5). Figure 37 and figures 65, 66,
71,72, and 73 in in the appendix show results of simulated increased urban heat conditions. It is clear
that this approach is a strong simplification of the reality. However, it gives a first overview of potential
differences between the location of the measuring station and the city centers. The results suggest
that the difference could reach a factor between 1.5 and 4 (depending on the RCP scenario, the
considered heat indicator, and the city under investigation). This is a quite substantial variance which
clearly points out that the heat conditions in some places in a city could be far more impactful for
human health than those in the peripheral regions.

Another possible solution to handle the height difference of the measuring station to the city center is
to apply a standard lapse rate of e.g. -0.6° C per 100 m height gain (Wicki, Parlow & Feigenwinter 2018).
This technique allows to convert the measured and simulated air temperatures at the measuring
station to different altitudes. However, the conversion of the relative air humidity, global radiation,
and wind speed is more difficult.

Finally, a third potential source of error lies in the empirical formula used to calculate WBGT. Since it
is an empirically developed equation for a specific region on Earth, the calculated values for Basel or
Zurich could be slightly different to real WBGT values which would be measured with a proper

measuring station.
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8 Conclusion

An increasing number of severe heat waves and long-lasting droughts all over the world impressively
demonstrate that climate change is real and hitting us with great force. Extreme climate events are
becoming more frequent and long-lasting. The appearance of spatially and temporally combined
extreme events makes the situation even more threatening. The impacts on nature and humanity are
already huge and according to various studies expected to become even worse in the future.

The aim of this master’s thesis was to investigate how climate change, and in particular an intensifying
Urban Heat Island (UHI) effect in urban places, will develop in Switzerland, what impacts on human
health are to be expected in the future, and what adaptation measures are the most suitable to reduce
the threat of thermal stress. As case studies, the cities of Basel and Zurich were examined.

In the first part of this thesis, the UHI effect in Basel was analyzed. The UHI effect basically describes
the temperature difference between urban and rural landscapes in comparable macro-climatic
conditions (Burgstall 2019, Parlow, Vogt & Feigenwinter 2014). The example of Basel showed that the
UHI effect is very heterogeneous. There are clearly distinguishable hot spots in which the thermal
comfort is particularly bad. In Basel, these places are, among others, the railway stations (Basel SBB,
Basel Badischer Bahnhof), the exhibition site, both old towns (Grossbasel, Kleinbasel), and in general
block developments (Gundeldingen, Gotthelf, Dreispitz). Cool spaces on the other hand are primarily
in open districts with a pronounced air circulation (row developments like Bruderholz and Gellert) and
parks with a lot of vegetation and open water bodies (Zoo Basel, Kannenfeldpark, Schiitzenmattpark).
In order to get an improved understanding of the potential heat stress in Basel and Zurich, a special
heat index was needed. The wet-bulb globe temperature (WBGT) is a weighted temperature measure
which brings together the air temperature, relative air humidity, radiation, and wind speed into one
single value. WBGT is a commonly used measure to quantify heat stress in various applications (Lemke
& Kjellstrom 2012). In this thesis, empirically derived mathematical formulas were used to calculate
the daily WBGT for a historic time period (1981-2020) as well as for future simulations (1981-2099).
Based on the obtained results, three heat indicators were determined (number of extreme days per
year, number of extreme events per year, average length of extreme events per year) in order to
predict the potential impacts of heat on human health.

Since the climate is a very complex and highly non-linear system with many uncertainties, theories of
Decision Making under Deep Uncertainties (DMDU) were applied in this study (Exploratory Modeling
(EM), Dynamic Adaptive Policy Pathways (DAPP)). A wide range of possible future states for three
different scenarios (RCP2.6, RCP4.5, RCP8.5) were calculated using an exploratory modelling approach
(EMA Workbench (Kwakkel 2017)). Each model run represents the result of a randomly chosen

combination of external factors and policies.
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The findings of the EMA Workbench unambiguously pointed out that thermal stress is already
pronounced in Basel and Zurich and will further enhance in the next decades. The future trends
however are very different depending on the chosen RCP scenario. Whereas under RCP8.5, one has to
expect more than a doubling of the number of extreme days and of the average length of extreme
events in Basel per year until the end of this century, RCP2.6 rather predicts a stagnation and under
some circumstances even a decrease in the upcoming years. The future trends for Zurich are very
similar, though the heat stress in general is slightly lower compared to Basel.

The current heat stress in Basel and the predictions for the future proved that global mitigation
measures against climate change and site-specific adaptation actions must be developed and
implemented as soon as possible. A deep literature review as well as a sensitivity analysis pointed out
that optimizing the urban geometry (e.g. orientation of street canyons, shape of buildings), increasing
the amount of green spaces, and building open water bodies are the most effective measures to cool
down very hot places (Lai et al. 2019). A thought-out combination of multiple actions further enhances
the cooling effects. Increasing the surface albedo, even though comparatively easy and low in costs to
implement, probably leads to rather small changes in the thermal situation (Taleghani & Berardi 2018).
It can be implemented as transitional solution, however in the long term, other actions are much more
effective.

Complementary to adaptation actions, Heat-Health Warning Systems (HHWS) could help to specifically
caution vulnerable groups of people against upcoming heat waves and to declare situative conduct
recommendations (Morabito et al. 2019).

This study demonstrated that developing suitable adaptation measures is not straightforward and
needs detailed knowledge about site-specific circumstances. They must be individually evaluated and
adapted to local weather/climate conditions, demographic compositions, urban characteristics, and
legal frameworks. Building regulations in old towns and the lack of space in dense districts oftentimes
further restrain the feasibility of efficient actions. It is therefore crucial that for the process of decision-
making, all affected participants should be included (inhabitants, politicians, private sector) in order to
achieve the most effective and sustainable solutions.

Further research on this topic is certainly needed since this thesis only explored the current and future
heat stress in Basel and Zurich during daytime. It would be interesting to also investigate nighttime
thermal conditions to get a complete understanding of potential impacts of heat waves on human
health in cities. In addition, investigating other heat indices besides WBGT and the usage of improved
technologies (measurements, measurement networks, models) could help decision-makers to develop

more efficient strategies to fight against the increasing heat stress in urban areas.
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Appendix

Climate data — Zurich

Annual temperature in Zurich (daily mean, daily max, daily min)
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Figure 51: Left: Annual temperature in Zurich-Fluntern. Daily means of each year (grey), averaged daily mean (black),
averaged daily max (red), and averaged daily min (blue). Annual mean temperature (dashed line). Right: Annual relative air
humidity in Zurich-Fluntern. Daily means of each year (grey) and averaged daily mean (black) (own figure, based on data from

MeteoSwiss (2018) and (2020)).
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Figure 52: Left: Annual global radiation in Zurich-Fluntern. Daily means of each year (grey) and averaged daily mean (black).
Right: Annual wind speed in Zurich-Fluntern. Daily means of each year (grey) and averaged daily mean (black) (own figure,

based on data from MeteoSwiss (2018) and (2020)).
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Heat indicators (observations) — Basel

Number of extreme events per year in Basel-Binningen
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Figure 53: NEE per year for the observed period in Basel-Binningen. The threshold range for an extreme day is between 26° C
and 30° C. The green lines show the scenarios. The three black lines show the 10, 50, and 90 quantile respectively (own

figure).
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Figure 54: LEE per year for the observed period in Basel-Binningen. The threshold range for an extreme day is between 26° C
and 30° C. The green lines show the scenarios. The three black lines show the 10, 50t", and 90t quantile respectively (own

figure).
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Heat indicators, summary of statistical numbers (simulations) — Basel

Average number of extreme events per year in Basel-Binningen
for four different time periods
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Figure 55: Average NEE for four time periods for the future simulations in Basel-Binningen. The threshold range
for an extreme day is between 26° C and 30° C. The first graph shows the RCP2.6 scenario (pink), the second
graph shows the RCP4.5 scenario (orange), and the third graph shows the RCP8.5 scenario (red) (own figure).
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Average length of extreme events per year in Basel-Binningen

for four different time periods
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Figure 56: LEE for four time periods for the future simulations in Basel-Binningen. The threshold range for an
extreme day is between 26° C and 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph
shows the RCP4.5 scenario (orange), and the third graph shows the RCP8.5 scenario (red) (own figure).
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Table 6: Annual growth rate of NED, NEE, and LEE for three different future scenarios (RCP2.6, RCP4.5, RCP8.5) in Basel-
Binningen for the simulated time period (1981-2099). Values in brackets show by how much RCP4.5 and RCP8.5 stronger
increase compared to RCP2.6 until the end of this century (own table).

NED NEE LEE
(figure 25) (figure 26) (figure 27)
RCP2.6 (1) (1) (1)
0.130 (2.89) 0.044 (2.2) 0.012 (2)
0.333 (7.4) 0.087 (4.35) 0.021 (3.5)

Table 7: Average NED per year for the future simulation in Basel-Binningen. Statistical analysis of the adaptation options
analysis. Normal conditions in grey and reduced air temperature in blue (-1° C, -3° C, and -5° C during spring, summer, and
autumn, no change during winter) (own table).

Normal T-3 T-5
RCP2.6 RCP4.5 RCP8.5 RCP2.6 | RCP4.5 | RCP8.5 RCP2.6 RCP4.5 | RCP8.5
Mean 8 11.3 | 17.3 12 | 23 | 57 | 02 | 06 | 23
Max 21 | 25.4 | 39.4 55 | 82 | 183 | 15 | 29 | 96
Min 13 | 21 | 44 0o | 01| 05| 0 0 | o1
Range | 197 | 233 | 35 55 | 81 | 178 | 1.5 | 29 | 95

Table 8: Average NED per year for the future simulation in Basel-Binningen. Statistical analysis of the adaptation options
analysis. Normal conditions in grey, reduced global radiation in orange (0.15*GIR during summer, 0.5*GIR during winter) and

increased wind speed in green (+1 m/s) (own table).

Normal Global radiation Wind
RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5 RCP2.6 RCP4.5 RCP8.5
Mean 8 11.3 17.3 6.3 9.2 15.5 7.9 10.1 17.1
Max 21 25.4 39.4 18.6 22.3 36.7 20.9 25.3 39.4
Min 1.3 2.1 4.4 0.9 1.5 3.5 1.3 2 4.8
Range | 197 23.3 35 17.7 20.8 33.2 19.6 23.3 34.6
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Heat indicators — Zurich

Number of extreme days per year in Zurich-Fluntern
1981 - 2099
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Figure 57: NED per year for the future simulations in Zurich-Fluntern. The threshold range for an extreme day is between 26°
Cand 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph shows the RCP4.5 scenario (orange), and the
third graph shows the RCP8.5 scenario (red). The black lines show the 10, 50, and 90t quantile respectively (own figure).
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Number of extreme events per year in Zurich-Fluntern
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Figure 58: NEE per year for the future simulations in Zurich-Fluntern. The threshold range for an extreme day is between 26°
Cand 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph shows the RCP4.5 scenario (orange), and the
third graph shows the RCP8.5 scenario (red). The black lines show the 10t, 50t", and 90t quantile respectively (own figure).
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Average length of extreme events per year in Zurich-Fluntern
1981 - 2099
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Figure 59: LEE per year for the future simulations in Zurich-Fluntern. The threshold range for an extreme day is between 26° C
and 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph shows the RCP4.5 scenario (orange), and the
third graph shows the RCP8.5 scenario (red). The black lines show the 10t", 50t", and 90t quantile respectively (own figure).

Table 9: Annual growth rate of NED, NEE, and LEE for three different future scenarios (RCP2.6, RCP4.5, RCP8.5) in Zurich-
Fluntern for the simulated time period (1981-2099). Values in brackets show by how much RCP4.5 and RCP8.5 stronger
increase compared to RCP2.6 until the end of this century (own table).

NED NEE LEE
(figure 57) (figure 58) (figure 59)
RCP2.6 (1) (1) (1)
0.082 (4.8) 0.039 (3.9) 0.017 (2.1)
0.242 (14.2) 0.081 (8.1) 0.025 (3.1)
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Average number of extreme days per year in Zurich-Fluntern
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Figure 60: Average NED for four time periods for the future simulations in Zurich-Fluntern. The threshold range
for an extreme day is between 26° C and 30° C. The first graph shows the RCP2.6 scenario (pink), the second
graph shows the RCP4.5 scenario (orange), and the third graph shows the RCP8.5 scenario (red) (own figure).
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Average number of extreme events per year in Zurich-Fluntern
for four different time periods
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Figure 61: Average NEE for four time periods for the future simulations in Zurich-Fluntern. The threshold range
for an extreme day is between 26° C and 30° C. The first graph shows the RCP2.6 scenario (pink), the second
graph shows the RCP4.5 scenario (orange), and the third graph shows the RCP8.5 scenario (red) (own figure).
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Average length of extreme events per year in Zurich-Fluntern
for four different time periods
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Figure 62: LEE for four time periods for the future simulations in Zurich-Fluntern. The threshold range for an
extreme day is between 26° C and 30° C. The first graph shows the RCP2.6 scenario (pink), the second graph
shows the RCP4.5 scenario (orange), and the third graph shows the RCP8.5 scenario (red) (own figure).
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Sensitivity analysis of policy leavers and external factors — Basel

Average number of extreme events per year in Basel-Binningen
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Figure 63: Average NEE per year of the future simulations in Basel-Binningen. Threshold range 26°-30° C in
brown and 28°-32° C in violet (own figure).
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Figure 64: LEE per year of the future simulations in Basel-Binningen. Threshold range 26°-30° C in brown and
28°-32° Ciin violet (own figure).
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Difference from the measuring station to the hottest places in the city — Basel

Average number of extreme events per year. Station vs. city center
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Figure 65: Simulated NEE per year at the measuring station in Basel-Binningen in blue and simulated NEE per
year for potential heat conditions in the city center in red (adapted WBGT values according to chapter 4.6) for

the simulated period (1981-2099). Comparison between RCP2.6, RCP4.5, and RCP8.5 (own figure).
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Figure 66: Simulated LEE per year at the measuring station in Basel-Binningen in blue and simulated LEE per
year for potential heat conditions in the city center in red (adapted WBGT values according to chapter 4.6) for
the simulated period (1981-2099). Comparison between RCP2.6, RCP4.5, and RCP8.5 (own figure).
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Sensitivity analysis of policy leavers and external factors — Zurich
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Figure 67: Average NED per year of the future simulations in Zurich-Fluntern.
brown and 28°-32° C in violet (own figure).
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Figure 68: Average NEE per year of the future simulations in Zurich-Fluntern. Threshold range 26°-30° C in
brown and 28°-32° C in violet (own figure).
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Average length of extreme events per year in Zurich-Fluntern
1981 - 2099
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Figure 69: LEE per year of the future simulations in Zurich-Fluntern. Threshold range 26°-30° C in brown and

28°-32° Cin violet (own figure).

Effects of adaptation options on heat indicators — Zurich

Average number of extreme days per year in Zurich-Fluntern
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Figure 70: Average NED per year of the future simulations in Zurich-Fluntern. No simulated adaptation effects in grey. Reduced
global radiation in orange (transmissivity under trees during summer months of 15%, during winter months of 50%), decreased
wind speed in dark green (by 3 m/s when initial value is greater than 3 m/s, otherwise 0 m/s), and decreased air temperature
in blue (by 3° C during summer months, otherwise by 0° C). Results for three different climate scenarios (RCP2.6, RCP4.5,

RCP8.5) (own figure).
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Difference from the measuring station to the hottest places in the city — Zurich

Average number of extreme days per year. Station vs. city center
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Figure 71: Simulated NED per year at the measuring station in Zurich-Fluntern in green and simulated NED per
year for potential heat conditions in the city center in red (adapted WBGT values according to chapter 4.6) for
the simulated period (1981-2099). Comparison between RCP2.6, RCP4.5, and RCP8.5 (own figure).
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Figure 72: Simulated NEE per year at the measuring station in Zurich-Fluntern in green and simulated NEE per
year for potential heat conditions in the city center in red (adapted WBGT values according to chapter 4.6) for
the simulated period (1981-2099). Comparison between RCP2.6, RCP4.5, and RCP8.5 (own figure).
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Figure 73: Simulated LEE per year at the measuring station in Zurich-Fluntern in green and simulated LEE
per year for potential heat conditions in the city center in red (adapted WBGT values according to chapter
4.6) for the simulated period (1981-2099). Comparison between RCP2.6, RCP4.5, and RCP8.5 (own

figure).

29.09.2022

2%
<
&

ijp Qgp Q%?J
¢ ¢ C
& <& <

QQ’?)
S
oS

102



Master’s thesis Physical Geography, UZH Fabian Weibel, 16-701-278

Basel vs. Zurich

Average number of extreme events per year. Basel-Binningen vs. Zurich-Fluntern
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Figure 74: Comparison of the average NEE per year between Basel-Binningen and Zurich-Fluntern for three
different climate scenarios (RCP2.6, RCP4.5, RCP8.5) (own figure).
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Figure 75: Comparison of LEE per year between Basel-Binningen and Zurich-Fluntern for three different climate
scenarios (RCP2.6, RCP4.5, RCP8.5) (own figure).
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