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Abstract 

Introduction: Studies on urban heat island (UHI) have increased over the past decades 

and have mainly focused on topics such as thermal comfort, building energy, and sen-

sitivity studies. Also, research on extreme heat or heatwaves has become an increas-

ingly popular research topic since the turn of the century and is related to UHI. How-

ever, there is currently a research gap in the development of risk-based design criteria 

for UHI. 

Objectives: This paper proposed a risk-based UHI design criteria by accounting for 

heat-related mortality risk. 

Methods: The design criteria was developed based on the annual hottest seven-day 

mean temperatures. FN curves were used to quantify tolerable levels of societal risk 

which have also been used by other regulatory authorities. Published exposure-

response relationships for temperature and mortality for southern Germany were also 

used to determine the regional heat mortality rate. These two processes were com-

bined to obtain a maximum allowable UHI intensity (UHII), UHIIdesign for several risk 

scenarios. This design value was compared to the 50-year UHII, UHIItot,50 for a resi-

dential district in Kempten, Germany by using the Urban Weather Generator. If UHII-

tot,50 did not exceed UHIIdesign, then the analyzed area was considered adequate.  

Results: The UHIItot,50 of the study area was 0.17°C. This met UHIIdesign in all the risk 

scenarios. This was to be expected since the study area had a relatively low urban 

density.  

Conclusions: A risk-based UHI design criteria for UHI that quantifies mortality risk has 

been developed and demonstrated for the city of Kempten. This research lays the 

foundation for decision-makers and urban planners to incorporate precise UHI design 

targets without over- or under-design.   

Keywords: urban heat island; design criteria; heat mortality; temperature  
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ALARP: The reduction of risk to a reasonably practicable level at which the costs of 

further reduction of risk would be highly disproportionate to the benefits gained   
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the plan area of the site being analyzed 

Footprint density: The ratio of the sum of all plan areas of structures to the plan area 

of the site being analyzed 

Hottest week: The highest seven-day rolling air temperature mean in a year 

Load: The urban heat island intensity caused by an urban area 
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1. Introduction 

1.1. Background 

As the 21st century progresses, trends in urbanization and climate change and their 

compounded effects are increasingly affecting society. The urban heat island (UHI) 

effect is a phenomenon that is influenced by these trends. UHI is defined as the higher 

temperatures that occur in an urban area compared with the surround rural areas due 

to anthropogenic factors (IPCC, 2021). There is typically a diurnal pattern in which the 

highest temperature difference occurs at night and the lowest differences during the 

day. The UHI intensity (UHII) or the difference between temperatures in the surround-

ing rural areas and the urban area is known to be approximately 2 to 4 °C in most cas-

es, although in extreme cases temperature differences can be up to 5 to 10 °C (Heavi-

side, Macintyre & Vardoulakis, 2017; Hibbard et al., 2017). 

 

Figure 1-1: Typical distribution of temperatures in UHI (Figure 8.12 from Oke, 1987) 

UHI is being impacted by rising urbanization and the increase of extreme temperatures 

due to climate change. Regarding urbanization, 68% of the global population is ex-

pected to live in urban areas by 2050 (DESA, 2019). Furthermore, it is projected that 

75% of the infrastructure needed by 2050 is yet to be built (Egler and Frazao, 2016), 

and most of the demand for infrastructure will be in urban areas (CCFLA, 2015). How 

these trends affect UHI are linked closely to the density of urban morphology (Ibrahim 

et al., 2021; Nakano et al, 2015; and Salvati, Massimo and Inostroza, 2017). 
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Furthermore, UHI is also related to the air temperature, and a trend of particular con-

cern is the increase of extreme heat and heat waves due to climate change. Europe 

has already experienced a number of record-breaking heat waves in the 21st century 

that have caused tens of thousands of deaths, such as in 2003 in central Europe and 

in 2010 in Russia (Barriopedro et al., 2011; Russo et al., 2015). The frequency and 

intensity of heat waves are only expected to increase with climate change (IPCC, 

2021). In Europe and the U.S., extreme heat is the leading cause of climate-related 

deaths in the past 30 years (NOAA, 2020; EEA, 2022). The effects of extreme temper-

atures and heat waves due to climate change are further worsened by UHI.  

1.2. Need for a Risk-based Design Criteria 

In light of increased urbanization and climate change, the risk of heat-related mortality 

is expected to rise in the coming years unless proper action is taken. Studies estimate 

that the heat-related mortality rates in Europe could increase by over 50% by 2050 

(Orru et al. 2019; Rohat et al., 2019). How designers plan for UHI will have considera-

ble influence over how tomorrow’s cities cope with heat-related mortality. This is re-

flected by the transition of UHI research trends in the past decade from anthropogenic 

and meteorological causes to building- and health-related topics (Wu and Ren 2018).  

It is common practice for civil engineering design standards to set risk-based minimum 

design loads of environmental effects on infrastructure such as snow and wind (ASCE, 

2017; CEN, 2003 and 2005). However, design targets based on acceptable risk are 

lacking for UHI. Current practice such as mandates on eco-roofs (Planning and Zon-

ing, Code of the City of Portland, 2020), tree shading requirements (Tree Shading Re-

quirements for Parking Lots, Sacramento City Code, 2021), vegetative cover require-

ments (Green Factor Measurements, City of Seattle Municipal Code, 2021), and rec-

ommendations on urban morphology (Planning Dept. HK, 1993) do not define a risk-

based design target. As a result, the engineering community has called for the devel-

opment of clear risk-based UHI design targets in recent years (Coseo and Larsen, 

2015; Heaviside, Macintyre and Vardoulakis, 2017; Sailor et al., 2016). 

1.3. Research Aim 

This paper answered the following research question: How can design criteria be de-

veloped for UHI using acceptable risk targets? The authors believed that by using 
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similar methods to develop design criteria that have been used in practice for other 

civil engineering applications for the past several decades, a useable design criteria 

could be formulated. Furthermore, in the context of the case study area outlined in this 

paper, it was not expected to be close to exceeding any design criteria that were to be 

developed due to its relatively low urban density.  

The goal of this paper was to develop a novel risk-based design criteria by incorporat-

ing the excess heat-related mortality risk due to UHI. The developed design criteria 

provided concrete thresholds to which UHI should be limited. This was demonstrated 

for a case study area in Kempten, Germany. This paper is an initial contribution to the 

development of a design criteria for UHI, and more work in the future is needed to im-

plement it into design processes.    

1.3.1. Scope 

The UHI design criteria was developed using extreme value statistical methods and 

societal risk concepts that are commonly used in civil engineering design applications 

such as for environmental loads on buildings, dam failures, landslides and tunnel safe-

ty. The design criteria was developed in the context of southern Germany (Baden-

Württemberg and Bavaria) and demonstrated for a case study area in Kempten, Ger-

many. This paper used the seven-day mean temperature as the basis for the design 

criteria since research has shown that it correlates better with the mortality rate of 

southern Germany. The focus of the design criteria was on excess heat mortality risk, 

and the resistance and load values were developed based on this.  

1.3.2. Structure 

Section 2 reviews the scientific basis of extreme heat and UHI and some current de-

sign practices for UHI. These current practices were compared with the current state 

of design codes and standards used for some civil engineering applications such as 

snow and wind loads. Section 3 outlines the methodology to develop a risk-based de-

sign criteria for, detailing the use of extreme value statistics to analyze meteorological 

data and the use of societal risk concepts. In section 4, the results of developing the 

design criteria applied to the study area are presented. Section 5 discusses the results 

of this case study and its significance for urban design. Finally, section 6 provides a 

summary, presents some limitations of this paper, and provides a direction for future 

research.  
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2. State of the Art 

2.1. Extreme Heat and UHI 

Extreme heat and UHI have been popular research topics within the last decade. The 

body of literature is vast, ranging from climate change to meteorological aspects to 

effects on human health. Trends of number of publications and key words in publica-

tions on heatwaves since 1990 are shown in Figure 2-1 and Figure 2-2. This section 

reviews the some of the literature on the scientific basis for extreme heat and UHI that 

are relevant to this study.  

 

Figure 2-1: Trend of publications on heatwaves (Fig.1 from Marx, Haunschild and Bormmann, 2021) 
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Figure 2-2: Co-occurrence network map of publications on heatwaves (Fig. 4 from Marx, Haunschild and Bornmann, 
2021). 

With the rise in heat waves during the 21st century, a large body of literature on ex-

treme heat or heat waves and human health have emerged. In Germany alone, an der 

Heiden et al. (2019 & 2020), Breitner et al. (2014), Ghada et al. (2021), and Muthers, 

Laschewski and Matzarakis (2017) have all investigated the relationship of increasing 

temperatures and relative risk of mortality. Supian and Hasan (2021), Garcia-Cueto et 

al. (2020), and Twumasi-Ankrah & Nyantakyi (2019) are among some of the research 

that have investigated probability distributions of extreme heat. There have also been 

numerous studies on extreme heat and climate change. The IPCC has curated much 

research on UHI and extreme heat. The Sixth Assessment Report of the IPCC states 

that it is virtually certain hot extremes will become more frequent and intense and that 

in the context of UHI, future urbanization will increase projected air temperatures 

(IPCC, 2021). 

One of the more famous studies on UHI, which laid the foundation for other studies in 

the modern era, was conducted by Oke (1987). Since then, studies on UHI have pro-
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liferated rapidly. Much of the research has centered on optimization of urban areas to 

mitigate UHI or understanding factors that cause UHI. There are even studies that in-

vestigate optimizing vegetation species, such as by Rahman et al. (2017). There are 

also numerous sensitivity studies of parameters affecting UHI. Banihashemi, Reitber-

ger and Lang (2022), Ibrahim et al. (2021), Nakano et al. (2015), and Salvati, Massimo 

and Inostroza (2017) have all studied sensitivities of model parameters for Kempten, 

Germany, Cairo, Egypt, Boston, U.S., and the Mediterranean region respectively, us-

ing the Urban Weather Generator (UWG). Research on UHI using ENVI-met are even 

more numerous.  

2.2. UHI Design Criteria 

Although research on understanding UHI behavior is relatively mature, development of 

concrete, risk-based UHI temperature design targets are lacking. As mentioned be-

fore, there are research on temperature and relative mortality risk, but the research 

does not define what an acceptable level of risk is in a design context. The current 

state of UHI design consist mainly of guidelines and codes that address UHI mitigation 

as a goal or as a byproduct of other goals such as mandates on eco-roofs (Planning 

and Zoning, Code of the City of Portland, 2020), tree shading requirements (Tree 

Shading Requirements for Parking Lots, Sacramento City Code, 2021), vegetative 

cover requirements (Green Factor Measurements, City of Seattle Municipal Code, 

2021), and recommendations on urban morphology (Planning Dept. HK, 1993). How-

ever, all these methods do not use risk-based design criteria.  

2.3. Design Codes and Risk Criteria 

Currently, there is a lack in adequately addressing UHI design from a risk-based per-

spective. However, it is helpful to review the statistical basis of how design codes and 

standards have been developed in other civil engineering applications in order to de-

velop a design criteria for UHI.   

In Europe, EN 1991 sets forth standards for loads and actions on structures (CEN, 

2003). ASCE 7 is the American equivalent for design loads for structures (ASCE, 

2017). These two sets of codes represent the investment of a significant locus of re-

search on effects of environmental load on structures. They both use extreme value 

statistics to determine the design loads. This is done by determining the probability 



 

14 A Novel Risk-based Design Criteria for Urban Heat Island 

distribution of data from meteorological or geophysical observations. From the proba-

bility distribution, the design load based on the selected return period is obtained. This 

process is repeated for different locations and load maps are constructed by grouping 

climatologically similar regions together (see Figure 2-3). The design load is multiplied 

by other factors to account for different situations (building occupancy type, building 

shape, etc.). This methodology has gone through only minor changes in the past few 

decades.  

With snow loads in ASCE 7, the basis for the extreme value statistical analysis was 

taken from Ellingwood and Redfield (1983). The snow load maps were provided by 

O’Rourke, Koch, and Redfield (1983) and have only gone through minor updates as 

more recent meteorological observations became available. One major change that is 

currently being discussed is the use of a uniform risk approach rather than a uniform 

hazard approach (Buska, Greatorex, and Tobiasson, 2020). The earthquake section of 

ASCE 7 already uses the uniform risk approach. The wind load section in ASCE 7 has 

gone through more changes. The extreme value statistical analysis from Peterka 

(1992) and Peterka and Shahid (1993 and 1998) were used and updated as more re-

cent meteorological observations became available. In ASCE 7-16, the latest release 

of ASCE 7, non-hurricane wind loads were further categorized as storm or non-storm 

with different probability distributions (Lombardo, Main, and Simiu, 2009). The model 

used to determine hurricane wind loads has also been updated (NRC, 2011). These 

changes in the calculations of the wind load have resulted in a lower design wind load. 

Currently the Structural Engineering Institute (SEI) of ASCE is discussing the impacts 

of climate change on building codes including wind loads and snow loads. These im-

pacts are expected to be incorporated into ASCE 7-28 at the earliest.  

The basis for calculating snow loads in the Eurocode was provided by Sanpaolesi et 

al. (1998). The second-generation Eurocode is expected to provide a harmonized 

snow load map for the entire EU updated with more recent meteorological observa-

tions. The wind section was developed using research by the ECCS, Cook (1990) and 

Dyrbye and Hansen (1997). Aside from harmonizing the wind load maps, and includ-

ing regional updates with more recent data (e.g., Figure 2-3), other proposed updates 

of the wind section do not concern the statistical formulation but only the aerodynamic 

models of wind behavior (Hansen, 2019). Discussions on how to incorporate climate 

change have started at least as early as 2015 for the Eurocode. Methods for incorpo-
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rating climate change into snow loads have also been proposed in research by Croce, 

Formichi and Landi (2020), but its applications are also currently being discussed.  

 

 

Figure 2-3: Proposal for new wind load maps for Germany (Fig. 10. from Kasperski, 2002) 

Societal risk criteria are often used alongside design codes. The development of so-

cietal risk criteria started to become more popular in the 1980s. The ALARP principle 

(as low as reasonably practicable) was also published during this time in the UK (HSE, 
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1988). At the same time, the use of FN curves, which are in principle a type of fre-

quency-consequence curve, in combination with the ALARP principle also gained 

popularity in many risk applications (see Figure 2-4). Many countries also started to 

set annual individual mortality risk criteria in the context of societal risk frameworks 

along with these other developments. Together, these developments formed the basis 

of national or regional risk criteria over the years. The Australian states of New South 

Wales and Western Australia adopted annual individual mortality risk criteria in the 

context of industrial hazards and land use planning to 0.5x10-6 – 100x10-6 (EPA WA, 

1987; Department of Planning NSW, 1992). The Netherlands also published regula-

tions setting annual individual mortality risk criteria of 10-6 for many applications 

(VROM, 2004). Other organizations also adopted target structural reliability levels that 

translate to an annual risk of fatality on the order of 10-6, including ISO 2394:2015 (ISO 

2015) and Eurocode EN1990:2002 (CEN 2002). U.S. government agencies such as 

the Nuclear Regulatory Commission (NRC), the Department of Energy (DOE), the En-

vironmental Protection Agency (EPA), and the Occupational Safety and Health Admin-

istration (OSHA) all use varying degrees of individual mortality risk-based on the con-

text of the application (NRC, 1995; DOE, 1991; Rhomberg, 1997). Guidelines for soci-

etal risk due to dam failures were also published in Australia (ANCOLD, 1998). In the 

UK, guidelines for risk in the transport sector were published in 1991 (HSE, 1991). 

Hong Kong published societal risk criteria in 1993 after many years of development 

from landslide risk applications (Planning Dept. HK, 1993). In recent years, research 

has also extended these societal risk concepts to other engineering applications such 

as earthquake engineering (Crowley et al., 2012; Liel and Deierlein, 2012; Tanner and 

Hingorani, 2015; Tsang et al., 2020). 
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Figure 2-4: FN curves of the upper bound of ALARP region from various standards and guidelines (Fig. 7 from Tsang 
et al., 2020) 
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3. Method 

The formulation of a risk-based design criteria is composed of a resistance (or de-

mand) component and a load component. The design equation states that the load 

must not exceed the resistance, otherwise, the design is considered unacceptable: 

𝑈𝐻𝐼𝐼!"#$%& ≥ 𝑈𝐻𝐼𝐼'( (3.1) 

This framework was demonstrated for a case study area in Kempten, Germany. This 

section outlines the details of the methodology. 

3.1. Study Area 

The study area is a residential district of Kempten, Germany of approximately seven 

hectares with a proposal of two new residential buildings. Kempten is located in the 

southwest region of the German state of Bavaria near the Alps. The geographical cat-

egorization of Kempten is D66 – pre-alpine marsh and hill country and 035 – Iller foot-

hills (Meynen et al., 1962). This region has a temperate climate (Köppen climate clas-

sification temperate oceanic climate), and residential buildings typically are not air-

conditioned. The long-term (1991-2020) mean annual air temperature of Kempten is 

8.2 °C and the hottest month is July with a mean air temperature of 17.4 °C (DWD, 

2022). The municipal district where the study area is located has a population density 

of 5130 inhabitants per square kilometer (1050 total inhabitants) with 15.6% of the 

inhabitants over 65 years old, 78% between the ages of 15 and 65, and 6.4% under 15 

years old and a gender split of 54% male to 46% female (City of Kempten, 2021). The 

following methodology was developed for southern Germany (Baden-Württemberg 

and Bavaria) and analyzed locally for the study area. The grouping of climatological 

regions together is consistent with the methodologies of other environmental load ef-

fects in design codes (ASCE, 2017; CEN, 2003).  
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Figure 3-1: Map of study area 

 

 

Figure 3-2: Satellite image of study area (Google Maps) 
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3.2. Meteorological Data 

Hourly meteorological data (1955-2021) was obtained from the German Weather Ser-

vice (DWD). The weather station from which the data was obtained was located in the 

rural outskirts of Kempten. From the DWD dataset, the annual hottest week was de-

rived from the highest rolling seven-day mean of the hourly air temperatures at two 

meters, tas, and used in the statistical analysis (all temperatures and UHII were based 

on hottest week temperatures so HW subscripts for all variables have been dropped 

for clarity).  

Hourly meteorological data from the National Oceanic and Atmospheric Administra-

tion’s (NOAA) Integrated Surface Dataset (ISD) were used for UHI modelling. The data 

from NOAA are a collection of data from databases all over the world and are of the 

ISD file format. The NOAA dataset was used because the modelling tool can only con-

vert ISD files to EPW files. The conversion process was necessary because the mod-

elling process requires EPW files as input. The dataset from NOAA only had complete 

data from 1973-1992. After the conversion to the EPW file format, any year with outli-

ers in two or more consecutive hours in the horizontal infrared radiation intensity in the 

period of June to August was excluded. Only the data from 1990 was excluded in this 

step. This step was necessary because the UHI simulations in subsequent steps did 

not run if there were too many outliers in the horizontal infrared radiation intensities.  

3.3. Mortality Data 

Mortality data from the Bavarian State Office for Statistics and Data Processing was 

used to establish a regional exposure-response relationship for temperature and mor-

tality in a study by Breitner et al. (2014). This mortality data was not directly used in 

this study due to data protection laws but published values based on the data were 

available which could be interpolated for this paper. The interpolated values were con-

firmed with a separate study by an der Heiden et al., (2019) using data from the Fed-

eral Statistical Office of Germany (Destatis). Monthly mortality data (June-August) of 

Baden-Württemberg and Bavaria from 1990-2019 from Destatis was used to estimate 

the regional mean weekly mortality. Only the period from June to August were consid-

ered since the annual hottest weeks occurred during this period. Section 3.4.3 outlines 

in detail how this mortality data was used to determine the resistance.   
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3.4. Resistance 

The resistance is defined as the allowable urban heat island intensity, UHIIdesign. The 

resistance was determined regionally for southern Germany (Baden-Württemberg and 

Bavaria). There were three main steps in determining the resistance. The development 

of this side of the design equation is summarized on the left side of Figure 3-5. 

3.4.1. FN Curves 

The purpose of using FN curves was to incorporate societal risk into the design 

framework. FN curves are commonly used in other similar societal risk applications 

(Tsang et al., 2020). FN curves describe frequency-consequence relationships, which 

in the context of this paper was the frequency of an annual hottest week (F) and the 

heat-related mortality (N). The construction of the curves was based on equations of 

the following form with parameters b and k that describe the level of risk: 

𝐹 ∗ 𝑁) = 𝑘 (3.2)
    

Typical parameters adopted by regulatory authorities in similar societal risk context 

were used, and the curve was plotted on a log-log scale. Based on equation 3.2, if a = 

log(k) was defined, the generalized form of the upper bound of the FN curve became: 

log(𝐹*+) = 𝑎 − 𝑏 ∗ log(𝑁) (3.3) 
  

The FN curve was then scaled based on the population of southern Germany accord-

ing to the methodology and equations presented by Tsang et al. (2020):  

𝑃𝐿𝐿*+ = 8 𝐹*+

,!,#$%

,-.

(𝑁) (3.4) 

 
  

𝜃/ =
𝑃 ∗ 𝜆0,234"56)4"

𝑃𝐿𝐿*+
(3.5) 

 

log(𝐹7+) = 𝑎 − 𝑏 ∗ log(𝑁) + log	(𝜃/) (3.6) 
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PLLBU is the annual potential loss of life. This was used to calculate the population 

scaling factor, qp, where P is the population of the target area and lD,tolerable is the toler-

able annual individual risk of fatality. Scaling equation 3.3 by qp yields equation 3.6. 

The scaling factor was applied for the population of southern Germany at the refer-

ence year, 2003, because the research that determined the temperature-mortality rela-

tionship was centered around the heatwave from 2003. The 50-year return period was 

used as the reference frequency, which is also consistently used in other building de-

sign applications. From the reference frequency, the tolerable number of deaths, Ntoler-

able, was obtained directly from the curve.   

3.4.2. Statistical Analysis 

The goal in this step is to obtain the 50-year hottest week, tas50 for southern Germany 

(Bavaria and Baden-Württemberg). This is the highest seven-day mean for air temper-

ature in a year that statistically is exceeded once every 50 years, also known as the 

50-year return period.  

The annual hottest week (highest seven-day rolling mean of daily mean temperatures 

in a year), tas, was used for our analysis as it has been shown to be well correlated to 

heat-related mortality for southern Germany (an der Heiden et al., 2019). This is likely 

because heat mortality is usually not caused by a short-term temperature spike but by 

higher temperatures sustained over several days. Also, other indicators may describe 

thermal comfort better, but when people start to adapt to the temperature such as tak-

ing shelter from the heat, air temperature becomes more influential in describing heat 

mortality. Whether a shorter- or longer-term temperature mean would have been even 

more accurate than an der Heiden et al.’s (2019) proposal of a seven-day temperature 

mean was not investigated in this study. 

The generalized extreme value (GEV) probability distribution was used to model the 

meteorological data. The GEV has been proven to be a good fit to model annual ex-

treme temperatures (Garcia-Cueto et al., 2021; Supian and Hasan, 2021; Tanarhte, 

Hadjinicolaou and Lelieveld, 2015; Twumasi-Ankrah and Nyantakyi, 2019) and was 

also extended to annual extreme multi-day temperature averages (Yiou, 2020). For the 

study area, statistical tests in MATLAB using the Akaike information criterion (AIC) and 

the log likelihood (LL) of the annual hottest weeks also confirmed that the GEV distri-
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bution was the best probability distribution to describe the data. The parameters of the 

distribution were estimated using maximum likelihood estimation (MLE). 

Since the resistance component required only statistical analysis of rural temperatures 

as input, it was possible to directly use the longer meteorological dataset from DWD 

(in contrast, the UHI modelling step required the NOAA dataset). To obtain tas50, the 

population-weighted annual hottest week values of 1955-2021 for southern Germany 

was first calculated. The values were weighted based on the population of governmen-

tal districts and the tas from a representative weather station for each district. Repre-

sentative weather stations were primarily chosen based on data availability and sec-

ondarily based on distance to the centroid of the district. The locations of the weather 

stations are shown in Figure 3-3. This method was reasonable since the variation of 

temperatures within governmental district was negligible. The result was one tas value 

for southern Germany for each year from 1955-2021.    

 

Figure 3-3: Location of representative weather stations by governmental districts 
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The annual maximum approach was used to determine tas50 based on the regional 

tas. With the GEV distribution, tas50 was obtained with confidence intervals, which 

were also expressed as exceedance probability curves. The analysis was done using 

custom MATLAB scripts. The overall statistical approach to determine the 50-year hot-

test week values is consistent with the statistical approaches from other civil engineer-

ing applications. 

3.4.3. Exposure-Response 

In principle, the temperature-mortality relationship should be determined at tas50 from 

section 3.4.2 since the temperature-mortality curve is non-linear for southern Germany 

(Figure 3-4).  

 

Figure 3-4: Excess heat-mortality exposure-response curve for Bavaria (Fig. 1 from Breitner et al., 2014) 

However, the temperature-mortality equations and data in this case were not accessi-

ble due to data protection laws. Therefore, tas50 was not used. Instead, an interpola-

tion of published values of temperature-mortality relationship from Breitner et al.’s 

(2014) research was used. In consultation with the author, this relationship was 

adapted by interpolating the two-day values and the 15-day values to obtain the rela-

tive risk of heat-related deaths per degree Celsius increase over a seven-day period. 
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This value also corresponded closely to the values derived from Destatis by an der 

Heiden et al. (2019) for southern Germany. This value was multiplied by the mean 

weekly mortality (see section 3.3) to obtain the number of heat-related deaths per de-

gree Celsius over a seven-day period. This value was then used to divide Ntolerable from 

section 3.4.1 to obtain the allowable increase in temperature due to UHI, UHIIdesign. 

The benefit of directly utilizing local or regional temperature mortality relationships is 

that the differences in the heat adaptability of populations are automatically accounted 

for.  
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Figure 3-5: Risk-based framework for developing UHI design criteria 



 

A Novel Risk-based Design Criteria for Urban Heat Island  27 

3.5. Load 

Whereas the resistance was determined regionally, the load was determined locally for 

Kempten, Germany. The load is defined as the local 50-year UHII of the area under 

consideration, UHII50. The load side of the design equation is summarized on the right 

side of Figure 3-5. 

3.5.1. UHI Modelling 

The Urban Weather Generator (UWG) was used for the UHI modelling. UWG is a Py-

thon application in the Ladybug tools plug-in for Rhinoceros 3D, a computer-aided 

design software (Roudsari, Pak, and Smith, 2013). UWG is a computationally more 

efficient model than some other UHI modelling tools and uses energy balance princi-

ples to calculate urban air temperature and humidity from rural weather data (Bueno et 

al., 2013). Modelling tools such as the UWG are necessary because weather stations 

are often located in more rural areas. As a result, UHI cannot be measured directly in 

many cases. The modelling process with UWG requires EPW files for the weather da-

ta input and a 3DM file for the building model. The EPW files were obtained by con-

verting the NOAA ISD files and the 3DM file of the study area was provided by the 

Institute of Energy Efficient and Sustainable Design and Building at TUM.  

The UWG has 50 input parameters and the most significant parameters for UHI have 

been identified through many sensitivity studies (Banihashemi, Reitberger and Lang, 

2022, Ibrahim et al. 2021, Nakano et al., 2015, and Salvati, Massimo and Inostroza, 

2017). The input parameters of the study area have also been provided by the Institute 

of Energy Efficient and Sustainable Design and Building and are listed in Table 3-1. 

Among the most significant parameters, only the building footprint density, the façade-

to-site ratio (vertical to horizontal urban area ratio) and tree coverage were analyzed in 

the design framework in order to focus on the risk aspects of the framework. The out-

put of the modelling process was in the form of morphed urban EPW files (1973-1992, 

excluding 1990) that accounted for UHI. Then, the hottest week values were calculat-

ed for the morphed urban EPW files (UHI) and the original EPW files (tas) for the sta-

tistical analysis. Both UHI and tas were necessary because the goal was to obtain UHII 

in the next step. UHII values are more easily evaluated in the design equation.  
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Table 3-1: Description of input parameters for UHI modelling 

Parameter Value Description 
albroad 0.16 Average road albedo 

 
albroof 0.29 Average building roof albedo 

 
albveg 0.25 Average vegetation albedo 

 
albwall 0.16 Average building wall albedo 

 
autosize false Boolean to auto size HVAC system 

 
bld [(‘midriseaparment’, ‘pre80’, 0.97), 

(‘secondaryschool’, ‘pst80’, 0.03), 
(‘warehouse’, ‘pre80’, 0.005)] 

Matrix representing fraction of urban building stock 

 
blddensity [0.3, 0.5, 0.75] Building footprint density as fraction of urban area 

 
bldheight 13.9 m Average building height  

 
c_circ 1.2 Wind scaling coefficient 

 
c_exch 1.0 Exchange velocity coefficient 

 
charlength 258.0 m Urban characteristic length 

 
croad 1600000.0 J/m3K Road pavement volumetric heat capacity  

 
droad 0.5 m Thickness of road pavement  

 
flr_h 3.15 m Average building floor height  

 
glzr 0.25 Glazing ratio/WWR 

 
grasscover 0.1 Fraction of urban area covered by grass 

 
h_mix 1.0 Fraction of building HVAC waste heat released to street canyon  

 
h_obs 13.0 m Rural obstacle height 

 
h_ref 150.0 m Inversion height 

 
h_temp 2.0 m Height of rural temperature measurement 
h_ubl1 1000.0 m Daytime urban boundary layer height  

 
h_ubl2 80.0 m Nighttime urban boundary layer height 

 
h_wind 10.0 m Wind height 

 
kroad 1.0 W/mK Road pavement conductivity  

 
latfocc 0.3 Latent heat fraction from occupant 

 
latgrass 0.5 Fraction of latent heat absorbed by grass 

 
lattree 0.7 Fraction of latent heat absorbed by trees 

 
maxday 150 W/m2 Maximum heat flux threshold for daytime conditions  

 
maxnight 20 W/m2 Maximum heat flux threshold for nighttime conditions  

 
nday 122 Number of days for simulation 

 
radfequip 0.5 Fraction of radiation heat fraction from equipment 

 
radflight 0.7 Fraction of radiant heat from electric light 

 
radfocc 0.2 Fraction of radiant heat from occupant 

 
rurvegcover 0.5 Fraction of rural ground covered by trees and grass 

 
schtraffic (0.03, 0.03, 0.03 0.02 0.03 0.03, 0.06, 

0.10, 0.10, 0.90, 0.90, 0.10, 0.10, 0.11, 
0.11, 0.11, 0.12, 0.11, 0.09, 0.07, 0.06, 
0.05, 0.05, 0.04, 0.04) 

Traffic schedule  

 

sensanth 11.76 W/m2 Street level anthropogenic heat 

 
sensocc 100 W Sensible heat gain from occupant 

 
shgc 0.42 Building glazing solar heat gain coefficient 

 
treecover [0.1, 0.5] Fraction of urban ground covered in trees 

 
vegend 10 Month in which vegetation stops evapotranspiration 

 
vegroof 0.0 Fraction of roof covered in vegetation 

 
vegstart 5 Month in which vegetation starts evapotranspiration 

 
vertohor [0.8, 1.5, 2.0] Vertical to horizontal urban area ratio 

 
windmin 1 m/s Minimum wind speed  

 
zone 5C Climate zone in which area exists 
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3.5.2. Statistical Analysis 

The statistical analysis in this section followed the same approach as section 3.4.2. tas 

was taken from 1973-1992 (excluding 1990) of the NOAA dataset to fit the GEV distri-

bution because the UHI modelling process required the NOAA dataset due to the EPW 

file conversion process (see section 3.2 and section 3.5.1). UHI and tas were taken 

from consistent data sources to prevent inconsistencies in the analysis. The statistical 

analysis yielded UHI50 and tas50. UHII50 was obtained from equation 3.7: 

𝑈𝐻𝐼𝐼'( = 𝑈𝐻𝐼'( − 𝑡𝑎𝑠'( (3.7) 
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4. Results 

On the resistance side, the range of variables used for the FN curves and the resulting 

Ntolerable are summarized in Table 4-1. A value of b = 1.0 indicates risk neutrality 

whereas b = 2.0 indicates risk aversion. The annual individual risk of fatality, lD,tolerable, 

is taken as 10-6 in many practical applications although 10-5 is also used by some au-

thorities. Nr,max of 0.03% of the population was used as the base value since that num-

ber reflects the ratio of intensive care unit beds to the total population for southern 

Germany (Destatis, 2020). The actual percentage would be lower since a portion of 

the intensive care unit beds would be occupied for other reasons. A total population, P, 

of 23,115,942 (2003) was used for the scaling factor, qp, to construct the FN curves. 

The FN curve for the case where lD,tolerable = 10-6, b = 2.0, and Nr,max = 0.0003P is plot-

ted in Figure 4-1. 

 

Figure 4-1: Population adjusted FN curve for southern Germany (λD,tolerable = 10-6, NR,max = 0.0003P & b=2.0) 
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Table 4-1: Ntolerable based on a range of risk parameters 

(a) lD,tolerable = 10-5 

 b = 1.0 b = 1.5 b = 2.0 

NR,max = 0.0003P 1227 271 84 

NR,max = 0.001P 1088 270 84 

NR,max = 0.005P 945 270 84 
 

(b) lD,tolerable = 10-6 
 b = 1.0 b = 1.5 b = 2.0 

NR,max = 0.0003P 123 58 27 

NR,max = 0.001P 109 58 27 

NR,max = 0.005P 94 58 26 

The published temperature-mortality relationship for Bavaria was a 11.4% (95% CI: 

7.6-15.3) increase of relative risk over a 4.8 °C increase for a two-day lag and a 8.2% 

(95% CI: 4.6-12.1) increase for a 15-day lag (Breitner et al., 2014). By interpolation, 

the increase in relative risk for seven-day lag was 2.1%/°C (95% CI: 1.3-2.9). From 

temperature-mortality graphs in an der Heiden et al.’s (2019) research, the value for 

southern Germany was approximately an increase of 2.5%/°C by inspection, which is 

reasonably consistent with the value from Breitner et al., (2014). The regional mean 

weekly mortality was 4400 for southern Germany (Destatis). An increase of 2.1%/°C 

(95% CI: 1.3-2.9) was used for the excess heat mortality risk increase to multiply the 

weekly mortality for southern Germany. This yielded an excess heat mortality rate of 

93 deaths/°C (95% CI: 57 deaths/°C - 128 deaths/°C). Dividing the Ntolerable from Table 

4-1 by the excess heat mortality rate yielded UHIIdesign which is presented in Table 4-2. 

These are the resistance values for the design equation. 
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Table 4-2: UHIIdesign in Celsius based on a range of risk parameters 

(a) lD,tolerable = 10-5 

 b = 1.0 b = 1.5 b = 2.0 

NR,max = 0.0003P 13.2° (9.6°-21.5°) 2.9° (2.1°-4.8°) 0.9° (0.7°-1.5°) 

NR,max = 0.001P 11.7° (8.5°-19.0°) 2.9° (2.1°-4.7°) 0.9° (0.7°-1.5°) 

NR,max = 0.005P 10.2° (7.4°-16.6°) 2.9° (2.1°-4.7°) 0.9° (0.7°-1.5°) 
 

(b) lD,tolerable = 10-6 

 b = 1.0 b = 1.5 b = 2.0 

NR,max = 0.0003P 1.3° (1.0°-2.2°) 0.6° (0.5°-1.0°) 0.3° (0.2°-0.5°) 

NR,max = 0.001P 1.2° (0.8°-1.9°) 0.6° (0.5°-1.0°) 0.3° (0.2°-0.5°) 

NR,max = 0.005P 1.0° (0.7°-1.7°) 0.6° (0.5°-1.0°) 0.3° (0.2°-0.5°) 

On the load side, the building model and input modelling parameters of the study area 

for the UHI modelling were provided by the Institute of Energy Efficient and Sustaina-

ble Design and Building and 19 years of annual hottest week UHI temperatures were 

calculated from the weather files from NOAA. As previously mentioned, the year 1990 

was excluded due to the occurrence of too many outliers in the horizontal infrared ra-

diation intensity. For UHI, the statistical analysis yielded an UHItot,50 of 23.56 °C. The 

statistical analysis of the NOAA data without UHI, yielded a tas50 of 23.39 °C (95% CI: 

20.98 °C – 28.76 °C). Subtracting tas50 from UHItot,50 yielded an UHIItot,50 of 0.17 °C 

(see Figures 4-2 and 4-3). Scenarios with and without the proposed development were 

analyzed to also determine the contribution to UHIItot,50 from only the proposed devel-

opment. The UHII caused by the proposed development, UHIInew,50, was 0.04 °C. The 

UHII caused by existing conditions, UHIIexisting,50, was 0.13 °C. Confidence intervals for 

the UHI values were not calculated because although the statistical uncertainties were 

calculated, the UWG model uncertainties and model input uncertainties were not 

known. A separate more rigorous uncertainty assessment should be conducted to pro-

vide information on the model and input uncertainties. Figure 4-2 only presents the 

confidence intervals due to statistical uncertainties. Several scenarios for a range of 

values of façade-to-site ratio, building footprint density, and tree coverage percentage 

were also analyzed for reference. The values of UHII50 are presented in Table 4-3. 
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Figure 4-2: Exceedance probability curves with 95% confidence intervals of tas (top) & UHItot of the study area (bottom) 

 

Figure 4-3: Exceedance probability curves of tas & UHItot of the study area 
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Table 4-3: UHII50 in Celsius based on different scenarios of tree cover, footprint density, and façade-to-site ratio;  
UHIItot,50 and UHIInew,50 for the study area are in bold  

(a) Tree Coverage = 10% 

Footprint Density % 
Façade to Site Ratio 

0.8 1.5 2.0 

30% 0.17° (0.04°) 0.21° 0.22° 

50% 0.22° 0.27° 0.30° 

75% 0.36° 0.44° 0.48° 
 

 

(b) Tree Coverage = 50% 

Footprint Density % 
Façade to Site Ratio 

0.8 1.5 2.0 

30% 0.16° 0.20° 0.22° 

50% 0.22° 0.27° 0.30° 

75% 0.36° 0.44° 0.48° 
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5. Discussion 

5.1. Resistance 

On the resistance side, a range of UHIIdesign were presented in Table 4-2 that are 

based on parameters used in practice in other risk applications. The uncertainty in the 

UHIIdesign values is non-trivial and should be taken into account through scaling factors. 

Determining these factors are also non-trivial and should be addressed in future re-

search. Once appropriate resistance factors are determined, it is up to the decision 

maker to decide upon an appropriate value for the given region in which the criteria 

are applied. This may be based on decision analysis tools such as cost-benefit analy-

sis to weight the costs of adopting more risk averse values against the benefits of miti-

gating UHI. It is recommended that the more risk seeking, and risk neutral scenarios 

be avoided. From Table 4-2, it can be seen that scenarios with lD,tolerable = 10-5 with b = 

1.0 and 1.5 have a UHIIdesign (2.9 °C – 13.2 °C) that are currently met by most urban 

areas by a wide margin. When it comes to public safety and buildings, lD,tolerable values 

on the order of 10-6, are typically used (CEN, 2002; ISO, 2015). Scenarios with 

lD,tolerable = 10-6 have a UHIIdesign of 0.3 °C - 1.3 °C and represent a more acceptable 

target for UHI mitigation. For urban areas in which the existing conditions do not meet 

a selected design criteria, having a two-tier design criteria for new developments and 

existing conditions can be considered. This has also been used in other engineering 

applications where new developments are subject to stricter criteria.   

5.2. Load 

Regarding the rural air temperatures, the relatively small sample size of 19 years of 

the NOAA dataset (1973-1992 excluding 1990) caused higher uncertainty in tas50. For 

reference, the tas50 from the DWD dataset which covered 1952-2021, was 24.06 °C 

(95% CI: 21.89 °C – 28.14 °C). This was considerably higher with less uncertainty than 

the tas50 of 23.39 °C (95% CI: 20.98 °C – 28.76 °C) from the NOAA dataset. This 

higher tas50 from the DWD dataset was due to several hot years in the 21st century that 

were not included in the NOAA dataset (tas2003 = 23.27 °C, tas2006 = 22.81 °C, tas2010 = 

22.69 °C, tas2015 = 23.99 °C, tas2018 = 23.11 °C and tas2019 = 23.74 °C). However, it is 

uncertain whether a higher tas50 is related to a higher UHII50. Research has observed 
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cases of both higher air temperatures causing higher UHII (Founda and Santamouris, 

2017 and Zhao et al., 2018) and higher air temperatures having insignificant effects on 

UHII (Chew et al., 2021 and Richard et al., 2021). Nevertheless, the NOAA data was 

the only data set available that could be converted to EPW files for the UHI modelling, 

and the uncertainty of its tas50 has been defined through confidence intervals. 

Regarding the UHII50 values, they were noticeably lower than typical values of UHII 

because the annual hottest week temperatures were used. Also, the study area was 

relatively less dense compared to other areas. For reference, urban densities of five 

residential districts from other UHI studies (Bueno et al., 2013 and 2014 and Salvati, 

Massimo and Inostroza, 2017) are shown in Figure 5-1. An interesting topic of future 

research would be to evaluate denser urban areas with this UHI design criteria.  

 

Figure 5-1: Plot of reference residential districts and their urban density parameters  

Another observation is that the tree coverage had a minimal impact on the load. This is 

consistent with other studies which mention that tree coverage is more influential on 

mean radiant temperature and thermal comfort compared to air temperature (Heris, 

Middel and Muller, 2020, Kamal et al., 2021, Salvati, Massimo and Inostroza, 2017). 

When averaged across daytime and nighttime air temperatures for hottest week calcu-

lations, the cooling effects of tree coverage are even less. This is because the cooling 

effect of trees are greatest during the hottest parts of the day and less during nighttime 

(Chen, Jin and Du, 2020). The maximum increase in UHII50 across all scenarios was 
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0.01 °C for an increase in tree coverage from 10% to 50%. This occurred at the lower 

urban densities (footprint density of 30% and façade-to-site ratio of 80% and 150%). 

Therefore, although trees have a cooling effect experienced in the form of thermal 

comfort and directly under the tree canopy, their effect on the hottest week tempera-

tures and indirectly on the excess heat mortality is shown to be limited.  

5.3. Practical Application 

Comparing the UHIItot,50 of 0.17 °C from the study area with UHIIdesign from Table 4-2 

shows that the study area does not exceed the design criteria for all risk scenarios. 

This was not surprising, given that the urban density of the study area was relatively 

low. However, the UHII due to the proposed development, UHIInew,50, was 0.04 °C 

which is approximately a 33% increase from the UHIIexisting,50. This seemed to indicate 

that the study area is relatively sensitive to densification and could easily approach the 

lower confidence interval of UHIIdesign if for example, the proposed development were 

to be taller or larger than expected, the sensible anthropogenic heat increases due to 

more traffic, or other unforeseen changes.   

The choice of risk parameters specifically for southern Germany is non-trivial. For the 

region of southern Germany, a choice of NR,max = 0.0003P is logical, using the maxi-

mum capacity of intensive care unit beds as a benchmark (Destatis, 2020). lD,tolerable = 

10-6 is mainly used when considering risk to the general public and is used by many 

building codes and standards. However, the choice of b = 1.0 (risk neutral) to b = 2.0 

(risk averse) with UHIIdesign values of 0.3 °C – 1.3 °C is not trivial. For reference, Ger-

many adopted a value of b = 2.0 for road tunnel safety (Spouge, Skjong and Olufsen, 

2015) which may indicate a national preference for risk averseness. If southern Ger-

many were to adopt b = 2.0 in this case, the corresponding UHIIdesign of 0.3 °C would 

not be exceeded by the study area. However, other denser cities in the region like Mu-

nich could approach or exceed this design criteria. Even other parts of Kempten are 

considerably denser and may be in danger of exceeding UHIIdesign. Therefore, under 

the scenario where b = 2.0, significant changes to the urban morphology may be 

needed in the densest urban areas, which can quickly become cost prohibitive. b = 1.0 

or b = 1.5 may be a more realistic scenario when considering southern Germany as a 

whole. As mentioned previously, other decision analysis tools such as a cost-benefit 

analysis should be used to guide the final decision for an optimal UHIIdesign.  
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6. Conclusion 

Although there has been an increase of research in the field of UHI within recent dec-

ades, this paper identified a research gap in the development of UHI design criteria 

and has taken the first steps to address this gap. A novel risk-based design criteria for 

UHI was developed that provided concrete thresholds for UHII values. Based on this, 

designers can develop concrete UHII values to guide their mitigation measures more 

precisely. Urban planners can assess UHI in existing urban areas more strategically 

and new developments can be designed to account for UHI more precisely.  

The design criteria was based on statistical methods and societal risk concepts that 

have been widely used in engineering and design applications for decades. The de-

sign criteria was expressed in the form of a design equation where the UHI load 

should not exceed the UHI resistance. The design criteria accounted for excess heat 

mortality risk based on published heat-mortality relationships. This design criteria was 

demonstrated for a case study area in Kempten, Germany. For the UHI resistance, a 

range of 0.3 °C – 13.2 °C was calculated based on a range of risk parameters that are 

commonly used in practice. For southern Germany, a UHI resistance of 0.6°C – 1.3 °C 

for risk parameters lD,tolerable = 10-6, NR,max = 0.0003P and b = 1.0 or 1.5 seemed to be a 

realistic choice, based on risk attitudes in other similar applications and the regional 

situation. For the UHI load, the UHI modelling was done with the UWG, and the study 

area was shown to have a load of 0.17 °C. Since the study area was not a dense ur-

ban area, it is not surprising that it did not exceed any of the UHI resistance values.  

The upper extremes of the range of UHI resistance values presented in this paper rep-

resent more risk seeking and risk neutral scenarios and should not be used. Then 

there is a range of more reasonable resistance values, and it is up to the decision 

makers and their advisors to use decision analysis tools such as cost-benefit analysis 

to choose appropriate values for their region. Ultimately, this design criteria was in-

tended to be a design tool that represents the designer’s professional responsibility to 

mitigate excess heat mortality risk due to UHI. Similar to how the safety of a structure 

or a product is the responsibility of the one who designed it, the heat mortality risk 

caused by the UHI of an urban area should be the responsibility of those who de-

signed the area. However, an urban area that meets the UHI design equation does not 

necessarily signify that the overall heat-related risk is acceptable. There are many oth-
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er aspects of quantifying and mitigating heat mortality risk that could be considered 

related to the base rural temperatures or indirectly to UHI for which designers do not 

have direct control over, such as calibration of heatwave warning systems, implemen-

tation methods of educational programs for vulnerable populations, infant safety fea-

tures in automobiles, and safety protocols for athletics. Therefore, the design criteria 

developed in this paper should not be misinterpreted for a definitive risk quantification 

solution for heat mortality risk overall.    

The development of the design criteria presented several limitations. Firstly, there 

were limitations in the availability of heat mortality data. Mortality data is subject to 

data protection regulations in Germany and obtaining this data requires a license. Fur-

thermore, the accuracy of heat mortality data is a challenge since heat mortality is 

usually not listed as the cause of death. Typically, the victims have other underlying 

health conditions which become the primary cause of death. Also, the lack of more 

weather data in the right file format for the UHI modelling caused higher uncertainties 

in the tas50 and UHII50 values. The UWG required EPW files as inputs and finding 

more years of data in this format for a smaller city like Kempten is often not possible. 

One solution is to use EPW files from other climatologically similar regions if the data 

is statistically independent. This would need to be developed in future research. Final-

ly, the temperature-mortality relationship is fundamentally a relatively uncertain pro-

cess and requires interdisciplinary expertise. Even though, this paper relied on re-

search from leading climatologists and epidemiologists in southern Germany, at a city 

or even neighborhood scale, the temperature-mortality relationship could vary due to 

demographics, land use type, quality and availability of health services, heat warning 

systems, etc.  

Heat mortality risk in the context of UHI is a complex and interdisciplinary challenge 

due to the dynamics and uncertainties of the underlying processes and the wide range 

of expertise that it touches, and more work is needed in a few main areas to better 

operationalize a design criteria for UHI. Initially, this design criteria should be tested for 

other denser urban areas to further validate the methodology. A logical starting point 

would be to investigate other urban areas in southern Germany. This should include 

grouping climatologically similar regions together so that there is a larger sample size 

of weather data for the UHI modelling step. Secondly, more work on simplifying the 

methodology for practitioners is necessary. This can involve the development of UHI 

load tables grouped by climatological regions for the most influential urban morpholog-
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ical parameters. Designers can then easily look up UHI load values for a particular site 

based on the site’s main urban parameters without the need of their own statistical 

analysis. Also, scaling factors need to be developed to account for statistical uncer-

tainties, model uncertainties, demographic differences and land use type. The re-

sistance and load values would then be multiplied by these scaling factors for better 

accuracy and representation of local and regional effects. Finally, with climate change 

predicted to have a significant influence on extreme temperatures, future work should 

investigate the impacts of climate change on the UHI design criteria. Preliminary re-

search on incorporating climate change data has already been carried out by the au-

thors but more work still needs to be done on the post processing step before the data 

can be incorporated.            
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Appendix 

A.1. Weather Data 

Table A-1: Comparison of top ten hottest weeks (in °C) from different datasets 

(a) Kempten (NOAA) (b) Kempten (DWD) (c) Southern Germany (DWD) 

tas  Year Dates  tas  Year Dates  tas  Year Dates 
23.31° 1983 25.07-31.07  23.99° 2015 01.07-07.07  27.25° 2003 04.08-10.08 
21.31° 1991 06.07-12.07  23.74° 2019 25.06-01.07  26.39° 1957 02.07-08.07 
20.81° 1982 10.07-16.07  23.31° 1983 25.07-31.07  26.02° 2015 01.07-07.07 
20.66° 1992 03.08-09.08  23.27° 2003 04.08-10.08  25.90° 2018 30.07-05.08 
20.64° 1976 30.06-06.07  23.13° 1952 01.07-07.07  25.60° 1983 25.07-31.07 
20.57° 1986 29.07-04.08  23.11° 2018 31.07-06.08  25.42° 2006 20.07-26.07 
20.53° 1984 08.07-14.07  22.99° 2002 17.06-23.06  25.11° 1976 28.06-04.07 
20.46° 1981 31.07-06.08  22.81° 2006 20.07-26.07  25.06° 2019 25.07-31.07 
20.20° 1980 01.08-07.08  22.69° 1957 02.07-08.07  25.01° 1964 15.07-21.07 
20.14° 1987 29.06-05.07  22.69° 2010 08.07-14.07  24.62° 1994 31.07-06.08 

 

Table A-2: tas, UHI, and UHII for Kempten by year 

tas (°C) UHI (°C) UHII (°C) Year 
18.68° 18.88°     0.19° 1973 
20.34° 20.52°     0.17° 1974 
19.13° 19.32°     0.18° 1975 
20.59° 20.83°     0.23° 1976 
18.54° 18.74°     0.19° 1977 
20.03° 20.18°     0.14° 1978 
19.07° 19.23°     0.15° 1979 
20.91° 21.05°     0.13° 1980 
20.61° 20.74°     0.13° 1981 
21.40° 21.55°     0.15° 1982 
24.05° 24.22°     0.17° 1983 
20.67° 20.84°     0.16° 1984 
20.91° 21.04°     0.13° 1985 
20.91° 21.08°     0.17° 1986 
20.38° 20.56°     0.18° 1987 
20.04° 20.19°     0.15° 1988 
19.57° 19.71°     0.13° 1989 
20.96° 21.15°     0.19° 1991 
21.37° 21.52°     0.14° 1992 
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Figure A-1: UHI diurnal pattern for hottest week in 1991 
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B.2. Sample Grasshopper (Ladybug Tools) Script 
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B.3. Building Model of Study Area 
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C.1. Climate Models for Future Scenarios 

The choice of climate models to provide data for projecting extreme heat is not trivial. 

Climate modelling is a complex field with relatively large uncertainties. The challenge 

of minimizing uncertainties lies in the modelling itself, but the understanding of the 

behavior of climate models is equally important when it comes to projecting extreme 

heat.  

For localized extreme heat projections, climate data from the EURO-CORDEX is a 

good candidate due to the reliability, availability and resolution of its data. The EURO-

CORDEX is a coordinated set of downscaling experiments (European component of 

CORDEX) that includes climate models from a lot of the major climate institutes in Eu-

rope (Jacob et al., 2014). This coordination ensures that the experiment protocols, 

forcings and output are all consistent. Within the EURO-CORDEX, GCMs from CMIP5 

are downscaled to RCMs. CMIP5 are a set of coordinated GCM experiments and was 

the main climate modeling resource used by the IPCC for AR5. CMIP6 used by the 

IPCC for AR6, which contains newer experiments than CMIP5 was not used because 

experiments are still being downscaled and as a result, much regional climate data is 

still not available. GCMs by themselves provide output with spatial resolutions of ap-

proximately 1000 km by 1000 km. This is insufficient for assessing extreme heat at the 

localized level. On the other hand, RCMs in the EURO-CORDEX provide output with a 

12.5 km by 12.5 km spatial resolution. The organization of available RCMs and GCMs 

combinations for 12.5 km by 12.5 km for tasmax is depicted in Table C-1. The only 

RCMs with data available for all three RCP scenarios are RCA4, HIRHAM5 and ALA-

DIN63. The climate data is available on the ESGF online database.  

Within the regional downscaling process, RCMs are driven by a particular GCM. There 

are a lot of factors at this stage that affect temperature projections, which make the 

choice of RCM-GCM combinations non-trivial. One example is the lack of time-varying 

anthropogenic aerosols used for most of the RCMs except for ALADIN53 and ALA-

DIN63 (Boé et al., 2020). Boé et al. (2020) has pointed out that this causes the RCMs 

to project lower temperatures than the GCMs that drive them. This is due to the fact 

that global dimming is reduced if the trend of decreasing anthropogenic aerosols is 

accounted for. In other words, the RCMs other than ALADIN53 and ALADIN63 esti-

mate future climate with greater amounts of anthropogenic aerosols which as a result 

projects lower temperatures. Strandberg et al. (2014) has also observed a cold bias for 
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the RCM RCA4. RCA4 was found to give smaller temperature increases than the 

GCMs in the summer for most of Europe including for west central Europe (Strandberg 

et al., 2014). Based on these considerations of the available models (Table C-1), the 

ALADIN63 – CNRM-CM5 was the most appropriate for this paper.   
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   N/A RCP2.6 RCP4.5 RCP8.5 

 

Table C-1: GCM-RCM combinations of publicly available EURO-CORDEX output for tasmax at 0.11° spatial resolution 

 

 

 


