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Summary: Heat poses a significant risk to human health, particularly for vulnerable populations, such as pregnant women,
older individuals, young children and people with pre-existing medical conditions. In view of this, we formulated a heat
stress-avoidant routing approach in Heidelberg, Germany, to ensure mobility and support day-to-day activities in urban
areas during heat events. Although the primary focus is on pedestrians, it is also applicable to cyclists. To obtain a nuanced
understanding of the needs and demands of the wider population, especially vulnerable groups, and to address the challenge
of reducing urban heat stress, we used an inter- and transdisciplinary approach. The needs of vulnerable groups, the public,
and the city administration were identified through participatory methods and various tools, including interactive city walks.
Solution approaches and adaptation measures to prevent heat stress were evaluated and integrated into the development of
a heat-avoiding route service through a co-design process. The findings comprise the identification of perceived hotspots
for heat (such as large public spaces in the city centre with low shading levels), the determination of commonly reported
symptoms resulting from severe heat (e.g,, fatigue or lack of concentration), and the assessment of heat adaptation measures
that were rated positively, including remaining in the shade and delaying errands. Additionally, we analysed and distinguished
between individual and community adaptation strategies. Overall, many respondents did not accurately perceive the risk of
heat stress in hot weather, despite severe limitations. As a result, the heat-sensitive routing service (available in prototype
form during publication) that has been created serves as a readily available and accessible source of assistance to combat
the effects of heat stress in individuals' daily lives during periods of intense heat. The findings served as input for the cali-
bration of heat stress-avoidant routing and supported the development of local heat protection plans without investing in
large-scale adaptation of the built environment. It is crucial to involve the population, particularly vulnerable groups, in the
development of the tool to ensure it meets their needs. This study employed a transdisciplinary multi-method approach,
which considers practical framework conditions by involving the city administration.
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1 Introduction young children, older people and the sick are par-

ticularly affected (EUROPEAN ENVIRONMENT AGENCY

Anthropogenic climate change is leading to an
increase in the frequency, duration and intensity of
heat waves (IPCC 2022, RUEGG 2019, WOUTERS et al.
2017) and has become a major concern for several
regions around the world (ROSENZWEIG et al. 2015,
BULKELEY et al. 2009). While some of the effects of
climate change have already occurred, severe mitiga-
tion efforts cannot reverse them quickly. In urban
areas, heat stress is additionally intensified by their
characteristics and the resulting heat island effect
(BULKELEY et al. 2009, ROSENZWEIG et al. 2015, STONE
etal. 2010). Heat is a burden on the human body that
can lead to health problems and heat-related mortal-
ity (BamBRrICK et al. 2011, EUROPEAN ENVIRONMENT
AGENCY 2022, ScHUSTER et al. 2017, THE LANCET
2021). Vulnerable groups such as pregnant women,
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2022, Tue LaNcer 2021, HARLAN & RubpDELL 2011).
In addition, the quality of life and well-being is
greatly reduced in the absence of thermal adaptation
measures in public spaces (EUROPEAN ENVIRONMENT
AGENCY 2016, FosHAG et al. 2020, LAFORTEZZA et
al. 2009, ANDERSSON et al. 2019). To promote health
and maintain the viability of cities, everyday life and
mobility need to be supported and ensured even in
extreme temperatures (HaTvaNI-Kovacs et al. 2016,
KETTERER & MATZARAKIS 2014, LINDBERG et al.
2016, MATTHEWS et al. 2017). Previous approaches
often focus on urban planning measures (BULKELEY
et al. 2009) or produce scientific results that are diffi-
cult or significantly delayed to implement in practice.
However, the extreme events that are already occut-
ring today require immediate action, both at the in-
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dividual level and at the urban planning level, with-
out the need for long-term planning or substantial
measures in the built environment. Our approach
aimed to bridge this gap by actively engaging with
local communities. This is in addition to structural
adjustments that are generally resource-intensive and
subject to various political and regulatory framework
conditions. Heat action plans incorporate measures
with varying time horizons. Immediate or rapid ac-
tions that can be taken include constructing drink-
ing water fountains, opening cool buildings like
churches during extreme heat peaks, and mapping
public green and recreational areas. Such measures
are currently being implemented in several cities,
including Heidelberg, Germany. Heat-avoiding rout-
ing is a fast solution that individuals can use to pre-
vent heat-related stress in urban areas. It is effective
even when no major structural adaptation measures
have been taken to the urban infrastructure and is
constantly improving with their implementation due
to the increasing availability of low-heat routes.

The study aimed to answer the research question:
How can the needs and conditions of vulnerable pop-
ulations and practitioners be captured in a differenti-
ated way for a heat avoidance routing tool?

In detail the article focuses on representing lo-
cal heat stress, its small-scale spatial differentiation,
and assessing the situation by different population
groups, their associated needs, and the approach in
which this can be taken into account in the devel-
opment of the routing prototype. Both quantitative
and qualitative methods were employed, as detailed
in section three. The results section presents the
various findings and factors that must be considered
when developing the heat-avoiding routing tool that
integrates both individual needs and practical con-
ditions. The discussion evaluates the details of the
study, including the analysis of differences between
the study groups and the suitability of the method
set itself.

The publication forms part of the HEAL (Heat
Adaptation for Vulnerable Population Groups) re-
search project, which secks to provide heat adapta-
tion measures for vulnerable population groups in
Heidelberg. The project’s main focus is the heat-
avoiding route service, which is currently in proto-
type. This publication presents the participatory de-
velopment and interim evaluation of the completed
routing prototype. It focuses on the basic considera-
tions, assessments, and data generated through the
multi-method set for the prototype’s development
and design. The publication concludes with prelimi-
nary results from user testing with both the general

population and vulnerable individuals. The routing
tool is currently undergoing iterative adaptation until
finalisation and presentation to the public.

2 Heat adaptation and vulnerability to health
impacts

Anthropogenic climate change is leading to an
overall increase in global mean temperature, with sig-
nificant regional differences (IPCC 2022, WOUTERS
etal. 2017). While rural areas, which are also affected
by general warming and temporary overheating, ex-
perience cooling by radiation during the night, ur-
ban areas are exposed to permanently higher tem-
peratures than their surroundings due to their higher
degree of sealing and building structure (urban heat
island effect) (WoUTERS et al. 2017, SCHUSTER et al.
2017, ZHAo et al. 2018). This effect is further ampli-
fied by climate change (RUEGG 2019). In addition,
climate change is leading to an increase in the dura-
tion, intensity and frequency of heat waves (RUEGG
2019, Russo et al. 2015, CHrisTIDIS et al. 2014). This
development poses an increased health risk for (ur-
ban) populations (EUROPEAN ENVIRONMENT AGENCY
2022, HARLAN & RUDDELL 2011, THE LANCET 2021).
Data showed that heat-related morbidity and mor-
tality have increased in recent decades, and that ex-
treme heat events are also associated with increasing
numbers of heat-related illnesses and deaths (EBi
et al. 2021, MATTHEWS et al. 2017, MORA et al. 2017,
Donarto et al. 2015, WINKLMAYR et al. 2022). About
37 % of heat-related deaths worldwide can be attrib-
uted to climate change between 1991 and 2018, ac-
cording to data from 43 countries (VICEDO-CABRERA
et al. 2021). At the same time, the world is becoming
increasingly urbanised, with more than 60 % of the
world’s population expected to live in cities by 2030
(UntrED NATIONS 2019).

Heat events with high outdoor temperatures dur-
ing the day and little cooling at night put a strain on
the human organism. Even small increases in ambi-
ent temperature or humidity have a direct impact on
human health, leading to dehydration, cardiovascu-
lar stress, physical and mental impairment and heat
stroke (EBI et al. 2021, REID et al. 2012, AHima 2020,
PERIARD et al. 2021). Small deviations of around
1.5 °C from the body’s core temperature (37 °C (£
0.5 °C)) can significantly affect physiological func-
tions and lead to a significant reduction in physical
and mental performance (EUROPEAN ENVIRONMENT
AGENCY 2022). In most cases, direct heat-related
adverse health effects are the result of inadequate
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thermoregulatory capacity (PERIARD et al. 2021,
AHvA 2020). Several groups are more vulnerable
to the climatic risk factor of heat than the general
population (REID et al. 2012, PiLrLicH 2018, EbI et
al. 2021). We incorporated four groups: older people,
those with pre-existing conditions such as cardiovas-
cular disease, young children, and pregnant women
(REID et al. 2012, PiLricH 2018, Esbr et al. 2021).
Pregnant women merit special attention as they are
typically healthy young women who may suddenly
face heightened vulnerability during pregnancy. The
heightened vulnerability of certain groups is also
due, for example, to the use of certain medications
(e.g., antidepressants) that are more commonly used
in these groups (older people, people with physical
or mental illnesses). These medications can impact
thermoregulation or alter their efficacy by increas-
ing, decreasing, or modifying it (STOLLBERGER et
al. 2009). In addition, some groups of people (e.g.,
Older people and young people in their teens and
twenties) tend to misjudge their own vulnerability
and underestimate the risk of heat-related health
damage or impairment (HaTvani-Kovacs et al. 2016,
CvitaNoviC et al. 2019, SANDHOLZ et al. 2021). Risk
assessment is an important factor influencing indi-
vidual behaviour, and inaccurate assessment can be
an obstacle to successful prevention or heat adapta-
tion measures. In addition, there is an uneven distti-
bution of opportunities and resources for active heat
protection among the population (SANDHOLZ et al.
2021, OSBERGHAUS & ABELING 2022).

Sustainable urban planning aims at reducing the
degree of sealing, increasing the amount of green
spaces and shading. It can therefore have a positive
impact on the urban microclimate and the well-be-
ing of the urban population (LAFORTEZZA et al. 2009,
ANDERSSON et al. 2019, EUROPEAN ENVIRONMENT
AGENCY 2022). Adapted planning and modification
of the local environment can have a supportive ef-
fect and promote the application of preventive be-
havioural measures by individuals. In addition, the
development and implementation of heat action
plans is an important task for cities (KETTERER &
Marzarakis 2014, LINDBERG et al. 2016). For exam-
ple, itis proposed to install drinking water dispensers
in public places to prevent dehydration and promote
health during heat events (EUROPEAN ENVIRONMENT
AGENCY 2022).

The rapidly growing threat to human health and
impairment of daily life from heat extremes under-
lines the need to adapt to increasing heat (SCHUSTER
et al. 2017). Urban adaptation measures mainly relate
to increasing the proportion of green and blue infra-

structure in urban areas. Green and water areas can
positively modify the local microclimate through
effects such as evaporative cooling. In addition,
artificial shading of urban areas such as pedestrian
zones has also become more common in recent years
and has a major impact on cooling. (COLTER et al.
2019, GarcIA-NEVADO et al 2020). Urban adaptation
measures to reduce heat stress can support and facili-
tate individual heat adaptation strategies (HATVANI-
Kovacs et al. 2016, KETTERER & MATZARAKIS 2014,
LAFORTEZZA et al. 2009, GUNAWARDENA et al. 2017).

These factors also affect mobility patterns,
such as prioritising green spaces and shaded routes.
Communication and linking of these ‘cool places’,
which are areas of well-being and recreation, can
improve quality of life and prevent heat-related ill-
nesses. This should be consistently expanded to ac-
company our developed routing tool. Furthermore,
the routing approach highlights areas in Heidelberg
that lack sufficient urban adaptation measures (areas
where few low heat stress alternative routes can be
generated by the model). In addition, the model can
be used to generate heat stress maps or to assess the
accessibility of certain areas/POls considering heat
load (by analysing and mapping the climate and
shading data on which the model is based). If im-
plemented consistently across multiple areas, these
measures have enormous potential to protect vulner-
able populations and maintain the viability of cities
(FosHAG et al. 2020).

3 Methods

Urban heat adaptation is a multifaceted issue that
involves both individuals and communities, necessi-
tating an understanding of a variety of structural, cli-
matic, social, and personal factors. A multi-method-
ological approach is required to capture and improve
the understanding of the mobility-related challenges
that arise during heat events.

With our practical and evidence-based approach,
we were able to identify the needs of the population
in a very differentiated way and make a low-threshold
contribution to local heat mitigation. The approach
was developed in a pilot study (FosHAG et al. 2020)
and was applied and significantly further developed
in the HEAL project (Heat adaptation for vulnerable
population groups) at Heidelbetrg, Germany (https://
www.geog.uni-heidelberg.de/gis/heal _en.html). The
project focused on the development of a heat stress
avoidant route planner for pedestrians and comple-
mentary support via maps and general information
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on heat protection. The routing solution is based on
a general routing application without a specific focus
and has been developed by the HeiGIT team in col-
laboration with the Geoinformatics department at
Heidelberg University (Novack et al. 2018, Lubwic
et al. 2021, NE1s & Zipr 2008). Furthermore, we
demonstrated that the inter- and transdisciplinary
approach can be extended by specific methodological
tools depending on the objective or need. Through
the HEAL project, we have expanded our transdis-
ciplinary toolkit, thereby increasing its applicability
and transferability. This innovative, evidence-based
and practice-oriented approach, supported by a range
of participatory tools and in dialogue with municipal
stakeholders (supporting community activities such
as developing a heat action plan), represents our un-
derstanding of transdisciplinary research on climate
change adaptation and bridges the gap between sci-
entific knowledge, public needs and municipal ap-
plication. In addition, the approach came close to lo-
calised risk assessment, which can be understood as
the interaction of hazard, exposure and vulnerability,
and took into account the impact of heat as perceived
by urban dwellers (SANDHOLZ et al. 2021).

From surveys and interviews (independent of
time and space) (CASTAN BroTO & BULKELEY 2013,
ADLER et al. 2018, LAWRENCE et al. 2022, BRAUN et
al. 2021) to Mobile Instant Messaging Interviews (MIMLs)
(less formalised, directly integrated into everyday
life) (KaurmaNN & PrinL 2020, KAUFMANN et al.
2021, GissoN 2022) and interactive city walks (from
the perspective of those affected) (SArzyNskr 2015,
O’NEILL & RoBERTS 2019, Scorza et al. 2021), a com-
prehensive and differentiated picture of the target
groups and general findings on heat stress was com-
piled in this study (Fig. 1). In addition, the study em-
ployed interactive formats, such as interactive expert
walks and workshops, to record mutual needs and
possible inputs from scientific and practical partners
(Fig. 1). Other social science methods, such as expert
interviews, were also used to examine the adminis-
trative urban framework and the requirements for
capturing the research results of the city’s practical
partners (Fig. 1). Simultaneously, integrating practice
partners and collaborating closely with local practice
experts provides access to city-specific data, such as
the 3D city model, which serves as the database for
heat stress modelling. Finally, the recorded results
were implemented in the database. The modelling
is based on a cost-benefit function that considers
multi-criteria data input. The prescriptive surveys’
results serve as input factors for the heat stress mod-
el, which forms the basis for routing. Prioritization

and weighting were proposed based on the participa-
tory surveys and developed step by step as part of
the technical implementation. The responsibility for
technical integration and implementation rested with
the geoinformatics and modelling experts in the pro-
ject team. They collaborated with practical partners,
such as the city’s digital agency, to address technical
challenges, e.g. including real-time data interfaces.

The aim of applying the set of methods was to
identify the specific needs of vulnerable groups and
the general population in terms of heat avoidance
routing. General challenges in everyday life during
heat events play a role as well as practical conditions
that limit mobility. For the heat avoiding routing as
a low-threshold tool to support healthy mobility dur-
ing hot days, these inputs from the population are
crucial and cannot be fully captured by a broad-based
survey. Other (scientific), non-participatory methods
were used to identify additional local conditions that
influence the development of heat avoiding routing
(e.g., microclimatic conditions in the urban area).
Figure 1 provides a comprehensive overview of the
different methodological approaches that led to the
comprehensive picture of routing requirements.

In line with the transdisciplinary approach, ad-
aptation measures including the routing tool have
been developed on the basis of the results, as a re-
sponse to heat stress developed in co-design with
practitioners and the urban population. The results
have been reflected back into practice several times
during the ongoing process to support iterative and
reflexive activities and create positive side effects.

The consideration of different target groups in
the approaches was also explicitly addressed. For
example, some sub-studies addressed specific target
groups (e.g., pregnant women) with specific tools,
have been tested and evaluated with the help of dif-
ferently composed groups (e.g., people with mental
illnesses vs. older people) or addressed to the public
(e.g., survey addressing the public in summer 2022)
(see Tab. Al appendix).

3.1 Heat-avoidant routing application to support
urban heat adaptation

As climatic conditions change, urban mobility
habits are also affected. Activities may be delayed or
avoided, leading to neglected or postponed appoint-
ments, and in some cases, loneliness for older peo-
ple who isolate in their homes. Heat-avoiding rout-
ing can help counteract these behavioural changes.
Shady, refreshing pathways facilitate movement and



2024

How 10 assess the needs of vulnerable population groups towards heat-sensitive routing?

Expert interviews
Stakeholder interviews
Surveys
Measurements
Modelling

Set of methods

Mobile Instant Messaging
Interviews (MIMIs)

Mental Maps
Field Map analysis

Interactive city walks

Participatory observation

space-time independent
subject-specific
formalised
defined roles

situation-based
participative
less formalised
dissolved role allocation

Science — Research object

i

—

Science <«—  Stakeholder

m - m

Fig. 1: Inter- and transdisciplinary design integrating quantitative and qualitative methods.
The different tools complement each other as they follow different approaches and are characterised
by different dimensions. Thus, we progressively delve into the perspectives of vulnerable population
groups and city administration experts to develop a heat-avoiding routing approach and assess the

tool’s suitability.

daily routines even during warm weather. Route rec-
ommendations highlight areas with high heat levels,
as well as areas that are cooler, increasing aware-
ness and knowledge of the locale (P1oppr et al. 2022,
BECKER et al. 2023).

The study focuses on participative developing of
a heat-avoiding routing tool. The routing is founded
on free geodata from OpenStreetMap, as well as
municipal geodata like a 3D city model that models
shadow projection throughout the day, microclimate,
and local weather data (Novack et al. 2018, Lubwic
et al. 2008). The user interface has been adapted for
the general public, with a special focus on vulner-
able groups. After selecting the starting and destina-
tion points of a pre-planned route, the user interface
suggests routes with low heat loads. These displayed
routes are segmented by colour to indicate heat loads,
which can be low, moderate, or high. Additionally, the
user can select the desired walking time for the route.

The model processes the spatial and temporal input
and presents heat loads of various alternative routes.

The methods used in this study to determine
routing requirements and appropriate frameworks to
render the tool functional and relevant are detailed
below.

3.2 Surveys

Surveys were conducted to gain a deeper under-
standing of perceived heat stress in Heidelberg, Of par-
ticular interest were the location of hot spots, the sup-
port people need to protect themselves from the heat,
and the valuation of a heat-avoidance route service.

Most of the surveys were conducted digitally
using the online questionnaire tool “SoSci Survey”
(https://www.soscisurvey.de/). Some smaller sut-
veys were also conducted face-to-face or focused
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on sub-target groups (e.g., pedestrians). The study
participation call was disseminated through diverse
public and private channels including social media,
mailing lists, and displays. The city partners and
their network provided support and access to appro-
priate institutions such as senior citizens’ facilities.

The questionnaire format extended beyond bi-
nary options. There have been various question
formats included: open questions, rating questions,
closed questions with multiple answers, single choice
questions etc.

A total of 836 participants took part in the vari-
ous surveys. Of these, 629 valid cases were included
in the large online survey in summer 2022. Cases
that were incomplete or were terminated carly have
been removed from the raw dataset. The results were
analysed using MS Excel and IBM SPSS Statistics
and presented in graphs and tables. The standard-
ised questioning of knowledge and opinions allowed
a quantitative statement on certain behaviours and
perspectives (Braun et al. 2021, VoGcr & ABOOD
2020, LIEBERKNECHT et al. 2023, CAPSTICK et al. 2015,
LEE et al. 2020, WAGNER et al. 2019, BENEVOLENZA
& DEeRIGNE 2019, WoLF et al. 2010, RATTRAY &
Jongs 2007). Although the number of cases is high
(n=629), the analysis of participants does not fully
meet the criteria of representativeness (in terms of
the distribution of characteristics such as age, gen-
der etc.) (see Fig. Al appendix) (Durry et al. 2005,
Braun etal. 2021, RATTRAY & JONES 2007). Common
standards for questionnaire development and survey
methodology were used to develop and implement
the questionnaires (RATTRAY & JoNEs 2007, BRAUN
et al. 2021)

3.3 Interviews

Interviews with vulnerable people and experts
from different domains were used to identify explicit
challenges of heat protection at a personal level for
vulnerable people and to define practical and func-
tional frameworks for adaptation and the heat avoid-
ance routing tool.

A total of 35 interviews were conducted with
experts such as city administrators, senior citizens’
services, the mobility sector and representatives of
vulnerable groups. The interviews were conducted
in person or digitally and were recorded, transcribed
and analysed. Interview guidelines were developed
to facilitate a consistent interview process. The
guidelines have been structured according to main
questions, sub-questions and optional questions and

have been tailored to each interviewee (ANDERSON
& KIirkpATRICK 2016, BITTNER & STOSSEL 2012,
KaurManN & PerL 2020, Kosters 2022). The in-
terview’s primary topics related to the challenges of
coping with daily life and mobility during the heat,
as well as appropriate adaptation measures at indi-
vidual and community level, depending on the focus
of the interview and the respondent.

With a few exceptions, for which explicit con-
sent has been obtained and documented, the results
are presented anonymously. The selection of the ex-
perts was carried out by means of a broad enquiry in
which suitable actors were contacted by telephone,
e-mail or through personal networks.

In order to understand the individual perceptions
and heat adaptation strategies of vulnerable groups,
we tested Mobile Instant Messaging Interviews (MIMIs)
(KAuFMANN & PEIL 2020, KAUFMANN et al. 2021,
Gisson 2022) (n=8). Theses interviews were pet-
formed using a small sample (n=8) of pregnant wom-
en as a test case. MIMIs refer to a digital interview
format that can be conducted over a day or longer via
a messenger service, aiming to accompany interview-
ees in their daily lives and engage in targeted, repeat-
ed interaction (KAUFMANN & PEIL 2020, KAUFMANN
et al. 2021). Although problem-focused face to face
interviews allowed for trust to be built, direct con-
versation and sharing of past experiences, ideas, criti-
cisms and desires are subject to the effects of social
desirability and recall bias in responses. The MIMIs
(KaurmaANN & PrIL 2020, KAUFMANN et al. 2021)
helped to provide more detailed information on in-
dividuals’ everyday behaviour and perception of heat.
MIMIs (as well as face to face interviews) allowed
for direct interaction between respondent and inter-
viewer as well as spontanecous further questions or
clarifications of certain statements during the event,
which increases the accuracy of the data (KAUFMANN
et al. 2021). MIMIs also allowed for a variety of data
to be collected, as most messenger services allow
participants to use emoticons, gifs, videos, photos
or voice messages to answer questions, without the
collection method being intrusive, as the use of mes-
senger services is part of many people’s everyday lives
(KaurMaNN & Pein 2020, KaurmMaNN et al. 2021,
GissoN 2022). MIMIs served as a method that allows
the interviewee to enter their daily life without inter-
rupting their current activities ensured an undistorted
picture of the participant’s life situation (IKAUFMANN
& PEIL 2020, KAUFMANN et al. 2021).

The cvaluation for both interview types was
carried out using defined category systems (partly
with the help of the software MAXQDA) and var-



2024

How 10 assess the needs of vulnerable population groups towards heat-sensitive routing? 7

ied slightly between the different interview variants
or target groups. The evaluation process is based on
qualitative content analysis according to MAYRING
(MAYRING 2021, MAYRING & FrNzL 2019, WEBER &
WEeRNITZ 2021). The transcription of the interviews
followed the rules of Kuckartz (Kuckartz 2014,
Kuckartz 2019).

The method allowed for more qualitative eval-
uation of different perspectives on a given topic.
Individual assumptions have been compared quali-
tatively but not quantitatively, as the opinions do
not have to be representative (GLASER & LAUDEL
2009, KAUFMANN et al. 2021, VocT & ABOOD 2020,
Kuckarrz 2014, Scumipr et al. 2019).

3.4 Interactive city walks including ethnographic
methods

The interactive city walks were adjusted as a meth-
od to address heat adaptation measures and challenges
directly in the city. Several methods, some of them
ethnographic, were integrated into the walks in order
to capture a differentiated discussion from different
individual and professional perspectives in a short pe-
riod of time. The integrated methods comprise narra-
tive interviews, participant observation, participatory
mapping, mental maps and photovoice. Each of these
methods will be discussed in more detail below.

Participatory formats can help to understand
people’s demands for public space and to incorpo-
rate their input into future urban adaptation projects
(HANSLMAIER et al. 2022, HANSLMAIER et al. 2018,
Cvrranovic et al. 2019, Korast et al. 2022). The use
of ethnographic methods, especially participant ob-
servation, was an appropriate way to gain an in-depth
insight into the realities of people’s lives (Musik 2016,
SArzyYNsk1 2015, ENGELS & ROGGE 2018, REINHARZ
2017). Other methodological components that sup-
port the purpose and focus on hot and cool plac-
es across the urban area and individual adaptation
strategies were narrative interviews (ANDERSON &
KirkpaTRICK 2016), photo-voice method (SIMMONDS
et al. 2015, SErrz & ORrsiNT 2022, WIHOFSZKY et
al. 2020, WANG et al. 1998) and hotspot-mapping
(REINHARZ 2017, SARZYNSKT 2015, ScorzA et al. 2021,
VANDERLINDEN et al. 2020, BAUMEISTER et al. 2020).
The methods mentioned were incorporated into the
city walks, and participants of the walks were active-
ly engaged in the methods throughout the tour.

The interactive walks took place in small groups
(comparable vulnerable characteristics) on differ-
ent days. The weather on each day was similar to a

summer day, without extreme heat stress, so as not to
expose the participants to extreme stress. The routes,
breaks and total duration were individually adapted to
the participants needs (more frequent breaks, cool-
ing down in air-conditioned indoor rooms, etc.). Four
interactive walks were conducted in total, two with
vulnerable groups and two with experts. Walk one in-
volved two older people and their companion. Walk
two included four participants with mental illness and
a caregiver. Walk three had four experts participating,
and walk four involved three experts in the fields of
urban planning and health protection. In total, fifteen
individuals participated in the walks.

Important for generating information on urban
and individual heat adaptation of vulnerable groups
of people was the broad understanding of mobil-
ity patterns in urban space (FERNANDEZ-HEREDIA &
FERNANDEZ-SANCHEZ 2020, ForTyNovA et al. 2020,
STINDER et al. 2022). The classic method of participant
observation has been implemented through city walks
that follow specific routes of the daily life of the people
concerned (KOkGsT et al. 2022, ENDE 2020, O’NEILL
& RoBERTS 2019, SECKELMANN & Hor 2020). After ac-
companying a group of people through the urban area,
a narrative interview was conducted (ANDERSON &
Kirkparrick 2016, Kusters 2022). The narrative inter-
view had the advantage of providing the most authen-
tic perspective on urban and individual heat adaptation
from the perspective of those at risk, thus enabling the
identification of important behaviours or health chal-
lenges in everyday life related to heat (OHLBRECHT
2016, ArAos et al. 2016, KANDARR et al. 2014).

The photo-voice method is a qualitative photo-
graphic tool that is used in various fields of social re-
search and is also conducted in workshops (SEiTz &
ORrsINT 2022, StMMONDS et al. 2015, WIHOFSZKY et al.
2020). As with other methods relevant to this work, the
aim of the photo-voice method was to gain knowledge
about the perspectives and experiences of vulnerable
people on heat-related issues, in particular individual
and urban heat adaptation. In the classic application,
participants are asked to take their own photographs
of places, objects or situations that are particularly
relevant to the issue and reflect their own perspec-
tive (SErtz & ORrsINI 2022, WANG et al. 1998, WaNG
& REpwoobp-Jongs 2001). When utilizing the photo-
voice method on a regular basis, test subjects produce
photographs during the survey phase in response to a
specific task, which are later discussed in a workshop
(Serrz & OgrsiNt 2022, WANG et al. 1998, WaNG &
Rebpwoob-JoNes 2001). For the interactive city walk,
we opted for a modified approach to avoid overload-
ing the interactive city walk format. The participants
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brought their own photos, which were not related to
the city walk. The photos should show places where
there is a high level of heat stress, or situations or plac-
es that people associate with heat stress. Participants
discussed the photographs and added text, drawings
or captions on the paper provided, adding further
thoughts to the existing perspective through the pho-
tograph (HARTUNG et al. 2020, WiHOFszKY et al. 2020,
WANG et al. 1998). Alternatively, in the context of this
study, photographs were prepared and introduced into
the discussion by the study leader.

The mapping of both cool and heat-affected lo-
cations as well as conducive infrastructure in the ur-
ban area was carried out as hotspot mapping, which
basically involves documenting and mapping occur-
rence and distribution of heat as perceived in the city
area in as much detail as possible (VOLKER et al. 2013,
BAUMEISTER et al. 2020). In a quiet atmosphere, an of-
ficial map of the city of Heidelberg was spread out on
paper and sticky notes were used to mark places. The
notes could contain information such as the name of
the place, but also further details. While working on
the map, the participants discussed and exchanged
their individual views on the places or gave each other
hints on cool places in the city.

3.5 Measurements

On-site measurements taken on hot days have
provided evidence and quantification of heat stress in
selected sub-spaces. This measurement has helped to
underpin individuals’ perceptions of heat stress.

The measurements were taken out of interest in
the heat load and solar radiation during the midday
hours between 11:30 and 14:30 on 18 and 19 June
2022. The two consecutive days have been classified
as hot days (maximum air temperature = 30 °C) with-
out cloud cover. The air temperature in °C, the sut-
face temperatures of facades, walls, etc. (if present) in
°C, the surface temperatures of the floor covering in
°C, the wind speed in m/s, the relative humidity in per
cent and the time of the measurement were recorded
at approximately 25 metre intervals at 90 measure-
ment points on ‘Mittermaierstral3e’ and its extension,
‘Berliner Stral3e’, and at 30 measurement points along
the ‘Bahnstadt Promenade® (see section on study site
and Fig. B in the supplementary material). Following
the measurements, infrared images were taken with
an infrared camera.

The equipment for the in-situ measurements
consisted of an infrared thermometer (pyrometer)
for determining surface temperatures, a ventilated

psychrometer for determining air temperature and
relative humidity, a hot-wire anemometer for deter-
mining wind speed and an infrared camera for ther-
mal imaging.

3.6 Micro-climate modelling

By modelling the current state of heat stress on
hot days and simulating a heat-adapted state with ap-
propriate measures in selected study areas, the effects
of adaptation were quantified. This approach yielded
a differentiated understanding of small-scale heat dis-
tribution, in addition to measured and perceived heat
stress, and demonstrated the impact of specific cli-
mate adaptation measures at the pedestrian level.

The micro-climate modelling was performed us-
ing ENVI-met, a three-dimensional flow and energy
balance model whose physical foundations are based
on thermodynamics, atmospheric dynamics, and the
laws of fluid mechanics (SArATA et al. 2016, Liu et al.
2021, HurTNER & Brusk 2009). It was used to simu-
late the interactions between surfaces, the urban en-
vironment and vegetation, and the atmosphere, tak-
ing into account urban structural characteristics such
as building dimensions or vegetation characteristics
(HurrNer & Bruse 2009). The spatial resolution is
typically between 0.5-10 m, depending on the size
of the area (SALATA et al. 2016). Based on the urban
structures, the equations include the distribution of
air temperature, humidity, different radiation fluxes
and turbulence that shape the microclimate. The in-
teraction between vegetation and the atmosphere was
also calculated, resulting from, among other things,
water vapour exchange, water uptake by roots and the
change in leaf temperature during the day (HUTTNER
& Brust 2009, Tsoka et al. 2018). The spatial and
temporal resolution allowed the analysis of small-scale
interactions between plants, buildings and surfaces in
terms of microclimatic characteristics (TSoka et al.
2018, Sarata et al. 2016, LoisL et al. 2021). Similarly,
thermal indices have been used to make statements
about thermal comfort for the human body (Sarata
et al. 2016, Nastos & Marzarakis 2008).

ENVI-met, with its microclimate simulation
capability, is used, for example, in urban design to
identify differences in implementation scenarios
during a planning phase and to select the best de-
sign in terms of expected microclimatic changes
(HurTNER & BrUSE 2009, L1u et al. 2021). The accu-
racy of the input data affects the extent to which the
reality of climatic conditions can be represented (Liu
et al. 2021). The input data used by ENVI-met in the
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most accurate resolution possible are the geographi-
cal location and size of the study area (see section on
study site), the structural characteristics of the urban
sutface: building dimensions, roads/pedestrian and
cycle paths, soil, surface and vegetation character-
istics, the meteorological data of the simulation day,
cloud cover, initial temperature and humidity, and
wind conditions (Liu et al. 2021, HUuTTNER & BRUSE
2009, LEE et al. 2019, GOLDBERG et al. 2016).

The data basis for the urban structure in this
study was a 3D city model provided by the City of
Heidelberg (FME Workbench 2022.1.1). The build-
ing heights for the model base were derived from
this using a measuring tool in CAD. The horizontal
building dimensions were also taken from the 3D
city model and additionally from the real estate ca-
dastre of the City of Heidelberg, which can be ac-
cessed via the geoinformation system of the City of
Heidelberg (GTIS). Surface and vegetation charac-
teristics were taken from the aerial map also made
available there.

ENVI-met provides a database of surface
properties relevant to thermal effects, such as al-
bedo (HurTtNER & Brusk 2009). The meteorologi-
cal data came from the nearest weather station. In
this case, data from the ‘Stadtbiicherei’ (library) sta-
tion in the Heidelberg district of ‘Bergheim’, near
‘Mittermaierstral3e’, was used. The station is located
on the gravel roof of the building (118 m above sea
level; 6 m above ground). Precipitation, air tempera-
ture, humidity, wind speed and wind direction are

recorded every 10 minutes. To calculate thermal in-
dices such as UTCI and PET, several approximations
of human biometeorological parameters are assumed
(LomBL et al. 2021, Nastos & Matzarakis 2008).
These correspond to a middle-aged male of average
height, walking.

A square section was chosen to cover the larg-
est possible area based on the model (HuTTNER &
Bruse 2009, CHarziNikoLAOU et al. 2018). In this
study, a 225x225x30 grid with a resolution of 2 m has
been used. The presentation of the results included
the 200x200x30 grid, corresponding to 400x400 m.
The additional 25 grids in the outer area were used
to improve the result, as effects in the edge area can
distort the result. Accordingly, the two selected study
arcas were placed in the centre of areas (LLoiBL et al.
2021, SaLATA et al. 2010).

The current state of the study areas was mod-
elled and then a target state scenario was developed
and modelled based on established climate change
and heat adaptation measures. The adapted scenar-
io should improve heat exposure through shading
(natural and artificial), changing the surface charac-
teristics of surrounding buildings (changing albedo,
implementing facade greening), reducing additional
heat input from motorised traffic by changing traffic
routing (reducing lanes) and improving the overall
(thermal) quality of stay (see Tab. 1). Co-benefits of
these adaptation measutres would be a better spatial
distribution of cyclists and pedestrians and traffic ar-
eas, improved air quality and reduced noise pollution.

Tab. 1: Summary of individual adaptation measures and behavioural adjustments during heatwaves. The general population,
as well as individuals in vulnerable groups, employ a range of measures (both conscious and unconscious), to prevent heat-related
illnesses. Sometimes, these measures are accompanied by alterations to their daily routines.

Individual adaptation measure Examples

Use of urban infrastructure in public

space * Seekin,

* Avoiding direct sun exposure and secking shaded areas
out air-conditioned rooms

* Use of seating to take breaks
* Avoiding heavily sealed areas o
* Seeking out blue infrastructure in urban areas (outdoor swimming pools, natural

water areas)

Mobility, physical activity and public
transport

* Use of public transport
* Shifting physical activities to morning and evening hours

* Staying indoors / in the flat during the day
* Preference for shady, green paths

Information procurement

* Use of information services

* Get informed by public information via city’s website or social media

Adaptation of everyday life and
social life

* Sufficient / adapted fluid intake
* Sun protection (appropriate clothing, headgear, sunscreen)

* Change of diet to easily digestible food

* Postponing /

Individual adaptation measures at
home

cancelling apfpointments / commitments
* Interaction with friends / fa

mily

* Morning and evening ventilation
* Darkening during the day

* Use of fans / air conditioners )
* Cooling measures (damp cloths, showers, Kneipp treatments)




10 ERDKUNDE

Vol. 78 - No. 1

3.7 Study area

Heidelberg is located in the Upper Rhine Rift
Valley in south-western Germany (49°25'N / 8°43'E
at 114 m a.s.l). The city, with a population of ap-
proximately 160,000 (StapT HEIDELBERG 2020) is
located on the eastern shoulder of the rift valley and
at the transition to the antecedent Neckar river val-
ley. In general, climate change is increasingly lead-
ing to a ‘Mediterraneanisation’ of the climate in the
area with rising average summer temperatures (more
frequent and intense heat waves) and more frequent
heavy precipitation in the winter months (STADT
HEIDELBERG 2015, GEO-NET UMWELTCONSULTING
GuBH & OKOPLANA 2017, FosHAG et al. 2020).
Since 1990, the area has experienced 17 intense
heat waves lasting at least 14 days with an average
daily maximum air temperature of at least 30 °C
(DEuTscHER WETTERDIENST 2022, MINISTERIUM FUR
UmwELTr, KrLiMA UND ENERGIEWIRTSCHAFT BADEN-
WURTTEMBERG 2015, GEO-NET UMWELTCONSULTING
GuvBH & OKOPLANA 2017). In particular, the
densely built-up inner-city areas (e.g., the ‘Bergheim’
or ‘Neuenheimer Feld® districts, where many criti-
cal infrastructure facilities such as the main railway

il
pnm,,,im", =
it

station or several clinics are located) frequently ex-
perience overheating on hot days, with small-scale
microclimatic variations (FosHAG et al. 2020, StaDT
HEIDELBERG 2015).

On-site measurements and micro-climate mod-
elling using ENVI-met focussed on two areas:
‘MittermaierstraB3e’ (central district ‘Bergheim®) and
‘Promenade’ (district ‘Bahnstadt?). Both are highly
frequented areas. ‘Mittermaierstralle’ is a four-lane
road with pedestrian and cycle paths on both sides.
The Promenade is a shared pedestrian and cycle path
that connects the ‘Bahnstadt® district with the west-
ern and central parts of the city.

An overview map of Heidelberg with two detailed
sections of the study areas ‘Mittermaierstral3e’ and
‘Promenade’ shows the spatial situation (Fig. 2).

4 Results

Our chosen inter- and transdisciplinary ap-
proach allowed for a gradual deepening of key as-
pects to meet the challenge of reducing heat stress
in everyday life, zooming in on individual aspects of
urban heat stress and highlighting co-designed adap-

Bioclimaticimpact areas

I:] very favourable \‘. -
L e \
- Tess favourable S
o Bl
Compensation areas (cold air supply)
o

o ot

[

Fig. 2: Map of the city of Heidelberg including detailed map of the two focus areas. The central overview map incorporates the
climate analysis map from the City of Heidelberg’s Urban Climate Report (2015). Areas coloured red represent areas with unfavourable
bioclimatic conditions, areas coloured green are compensation areas that supply the urban area with fresh air. The two detail sections
on the left (Promenade in the Bahnstadt district) and on the right (Mittermaierstrasse in the Bergheim district) show the location of the
two study sites where microclimatic measurements, infrared images and modelling of the actual and an adapted planned state have been
modelled. The detailed maps do not include climate information.
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tation measures. Depending on the methodological
implementation and focus during the workflow, dif-
ferentiated scientific impulses and practical results
were considered and combined in an impactful way
(Fig. 3). Taken together, the results of the co-design
process provided appropriate thermal adaptation
strategies that meet the needs of vulnerable people
and are directly incorporated into the development
of the routing approach. The main objective was to
identify the needs, requirements and local conditions
that influence the development of the heat-sensitive
routing service as a concrete support measure to en-
sure mobility on hot days. A meaningful and practi-
cal design of the routing tool cannot be guaranteed
without integrating the results of the interactions
with the subsequent user groups of the routing ap-
plication as well as the supplementary methodo-
logical explorations, such as microclimatic measure-

Disciplinary research

ments. The developed and applied transdisciplinary
workflow also represents a methodological outcome
that enables the generation of content knowledge on
transdisciplinary research.

Figure 3 provides an overview of the relevant
key findings that influenced the development of the
routing tool and supporting information materials.

It is important to consider that the heat-prevent-
ing routing tool is inclusive. This ensures that the
needs of vulnerable individuals regarding distances
and heat stress are considered, while also being prac-
tical and usable for non-vulnerable individuals who
wish to reach their destination quickly and without
experiencing heat stress. Specifically, this require-
ment refers to the maximum detour length, which
may need to be integrated to avoid heat stress com-
pared to the shortest route. Diversions must not be
too long or too far for several reasons, including

» |dentification of microclimatic
variability in selected subspaces

+ Identification of thermal stress
triggered by urban structures
(sealing, albedo etc.)

*  Modelling and quantification of
the effects of heat adaptation
measures: shading by natural
and artificial elements, change
of surface characteristics and
restructuring of traffic spaces

Results

Localization of
heat hotspots
at different
scale levels

+ Qualitative assessment of the

quality of urban public space

including requirements to reduce

heat stress

Evaluation of personal heat stress

risk: general underestimation of

heat stress risk

Ranking of positively assessed

heat protection measures

* (Quantification and ranking of heat
symptoms like exhaustion

» Decision factors for routing:
distance and shading

e

Stakeholder

i

Science

m

+—>

Stakeholder

i

Science

it -

Fig. 3: Overview of the general results of the inter- and transdisciplinary approach, integrat-
ing both quantitative and qualitative methods. Depending on the focus and the tools used, dif-
ferentiated scientific and practical results can be generated. Taken together, they provide an in-depth
insight into the heat stress exposure at the study site and the detailed challenges and needs of the
(vulnerable) population. The data and analysis help to develop appropriate heat adaptation strategies
in a co-design process that meet the needs of vulnerable people.
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efficiency (non-vulnerable) or distance limitations
caused by disability (vulnerable individuals).

In addition, the data has been gathered in antici-
pation of a differentiation of the routing tool in later
development stages. This will become even more im-
portant if different user profiles are integrated into
routing.

At the meta level, the results indicate gen-
eral insights into heat stress and heat protection in
Heidelberg. These findings can assist the city ad-
ministration and critical infrastructure in prevention
and adaptation efforts. Additionally, they provide
valuable information for accompanying materi-
als such as brochures, instructions, analogue maps,
and presentations that follow the publication of the
routing tool. The completion of this project will be
announced through public workshops and practical
excursions planned for summer and autumn 2024.

To inform and raise awareness without over-
whelming or scaring the user, it is important to
adopt a sensitive approach and design accompanying
materials that are adapted to different user groups.
For example, section 3.4 discusses the importance
of self-assessment or lack of awareness of one’s own
vulnerability or heat stress risk in this context.

In the results section, individual results of the
multi-method approach are presented separately and
grouped according to methodological perspective,
followed by a summary of the conclusions for the
development of heat stress avoidant routing (see 4.5).

4.1 Measurements and urban microclimate
modelling using ENVI-met

The results of measurements and ENVI-met
modelling (status quo) on highly frequented and heat
exposed routes showed the increased thermal stress
in the urban area of Heidelberg. Figure 4 shows the
differences between the current state and the adapt-
ed state for different bioclimatic parameters and thus
the effect of the proposed adaptation measures. The
air temperature at 14:00 is largely reduced as a re-
sult of the planned measures. In the area of shading
by awnings and the greening of the facade, a reduc-
tion in air temperature of -0.2 K can be observed
as a result of the measures, and there are also slight
positive effects of -0.1 K along the avenue of trees,
which serves as a separation between the pedestrian/
cycle path and the car lanes. Marginal increases in
air temperature occur only at very small scales. For
the average radiant temperature, the green strip leads
to a reduction of almost -2 K. Reductions of up to

-9 K can be seen through the trees. Sun sails reduce
the average radiation temperature by up to -16 K by
shading, but at the same time increase the average ra-
diation temperature by up to 3 K in areas where they
return the reflected radiation. It follows that the air
temperature is only affected by the measures to an
extent of measurement uncertainty, while the radiant
heat is effectively reduced. The specific humidity is
also slightly increased up to a height of 1.4 m due to
the greening measures. The effect on wind speed is
negligible in this case, but can be significant.

According to the overall modelling results of
potential heat adaptation scenarios, urban greening
as well as artificial shading by temporary awnings
can counteract heat stress (Fig. 4). Following the re-
sults, trees can reduce the UTCI (Universal Thermal
Climate Index; combined thermal index) (NasTos &
MaTtzARAKIS 2008, KETTERER & MATZARAKIS 2014,
SALATA et al. 20106) in the study areas by -4 K, and
awnings by up to -4.5 K.

The need for urban adaptation measures was
also highlighted by some thermal images of selected
routes. For example, on a hot day in June 2022, sur-
face temperatures of up to 59 °C were measured in
the ‘Bahnstadt’ district (Fig. 5). The ‘Promenade’ is
a heavily used pedestrian and cycle path that con-
nects the ‘Bahnstadt’ district with the old town and
areas on the outskirts of the city. Many families live
in ‘Bahnstadt’ and there are several children’s play-
grounds along the ‘Promenade’. As the image on the
right shows, these areas were uncomfortable to use
in hot weather as they provide little shade (Fig. 5). In
addition, changes to the surface albedo of roofs and
surface unsealing were identified as useful comple-
mentary measures. This would be reflected in the land
surface temperature (LST), caused by solar radiation.
This in turn is an indicator of the heating of different
surfaces and affects the ambient temperature.

The relatively new landscaping does not yet pro-
vide shade for the road; artificial shade will only be
provided in the area of several adjacent playgrounds.
Although the significance of the thermal images
is limited, in addition to the other results and sut-
veys, they show that pedestrians and cyclists are in a
stressful thermal situation on hot days. Heat avoid-
ance routing can avoid this area and prefer parallel
routes between buildings to avoid heat stress.

The results obtained from the on-site measure-
ments indicate a temporary increase in urban tem-
peratures, consistent with individual heat assess-
ments obtained through other methods and reflected
in the modelling findings. Moreover, the measure-
ments highlight the significance of the dynamic
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routing component. Point measurements along main
traffic routes show the daily temperature cycle and
small-scale differences in the microclimate caused
by changing shade or ventilation throughout the day.
For example, temperature differences of up to 5 K
(fluctuating around the daily maximum around mid-
day) occurred along the study areas (distance approx.
1 km at ‘Mittermaierstra3e’) within two hours on a
hot day (see Fig. A2 appendix). This highlighted the
importance of a dynamic routing approach that takes

Absolute difference

potential air
temperature [K]

>0.10
0.00
-0.10
-0.20
-0.30
>-0.40

Absolute difference
spec. humidty [g/kg]

>0.08

changing weather conditions into account when cre-
ating routes and meets the needs of vulnerable peo-
ple, who are more likely to spontancously adapt their
errands to weather conditions due to retirement or
illness than people who are healthy and involved in
the daily work routine (NEIs & Zipr 2008, LUDWIG et
al. 2021, Novack et al. 2018, Tosr et al. 2019).

The modelling, thermal imaging, and meas-
urements indicated that gradual adaptation to heat
stress through measures such as unsealing, shading,

Absolute difference

potential air
temperature [K]

>3.0

Absolute difference
wind speed [m/s]
>0.04

0.02
-0.04
-0.08

>-0.12

50 100m

Fig. 4: Presentation of the effects of the adaptation measures in the study area ‘Mit-
termaierstraf3e’ on the most important parameters for the human bioclimate. Shown are
the differences in absolute potential air temperature (a) in K, mean radiation temperature in K
(b), specific humidity in g/kg (c) and wind speed in m/s (d) at a height of 1.4 m above ground
level, corresponding to the height of pedestrians and cyclists at 2 p.m., for the scenario with
climate change adaptation measures and lane reduction. They show the effect of the measures
taken, where in a) and b) the reduction leads to an improvement in thermal adaptation, while
in d) a reduction is seen as more negative for ventilation and thus for thermal adaptation. In ¢)
the effect depends on the other parameters and can be both positive and negative. Location of

the study site is shown in Fig. 2.
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Fig. 5: Infrared image of the surface radiation temperature (LST) on a hot day in July 2022 on
the ‘Promenade’ in Heidelberg’s ‘Bahnstadt’ district. The area of the infrared image is indicated
by the red rectangle. The path is paved with concrete and runs along a lawn and, on the other side,
directly along the housing estate, separated by a wall of stamped concrete. The surface temperature
visualisation also shows natural shading from trees, although this is minimal as the vegetation is rela-
tively undeveloped due to new planting. There are a few benches, most of which are not shaded. The
surface temperature has no direct effect on the air temperature as some of the energy is absorbed
and later released through radiation. However, sutface radiation also increases heat stress. The image
therefore shows the significant overheating of the area at midday (indicated by the colour scale in

degrees Celsius).

and greening can significantly increase the potential
for heat avoidance routing based on these factors.

4.2 Perceived heat hotspots in Heidelberg, Ger-
many

Trough surveys, expert interviews and interac-
tive city walks (including hot spot mapping tools),
we identified several perceived heat hotspots in the
urban area of Heidelberg. The results related to
different spatial scales: squares, streets, and larger
areas such as entire neighbourhoods. The heat hot-
spots included the ‘Bergheim’ district, including the
centrally located squares like ‘Bismarckplatz’, the
‘Bahnstadt’ district, with particular emphasis on
two public squares, the old town (district ‘Altstadt’)
including the main road ‘Hauptstra3¢’, the univer-
sity campus ‘Im Neuenheimer Feld” and the Neckar
bank in ‘Neuenheim’ (Fig. 6). The latter is a highly
exposed green space, but the natural shade pro-
vided by mature trees has been greatly reduced in
recent years. The districts mentioned are character-
ised by dense structures, a high degree of sealing
and a low proportion of green spaces. In addition, a
number of other non-specific locations were identi-
fied as being particularly exposed to heat, such as
the city centre in general, as well as many of the
public squares (Fig. 2). The highlighted sites repre-
sent areas of particular bioclimatic stress, based on

both quantitative survey methods and qualitative
perceptions (see Fig. 2).

In addition to the more negative perceived heat
hotspots, it was also possible to identify ‘cool’ plac-
es where the quality of the stay during the summer
months was rated positively. These are usually charac-
terised by a lower degree of sealing, more vegetation
and trees, and thus sufficient shade. The identification
of perceived heat hotspots is an example of how im-
pulses for the generation of the routing approach were
derived from the results of the interaction with the
target groups. Heat-avoidance routing can avoid these
heat hotspots by favouring low heat areas. The loca-
tion of heat hotspots also indicated potential locations
for heat adaptation measures.

4.3 Heat perception, vulnerability and adaptation
measures

In general, around two-thirds of respondents to
our 2022 online survey stated they found the summer
heat a burden and that it affected their daily lives. High
temperatures, intense sunlight, high humidity and low
night-time cooling were perceived as particularly un-
pleasant. The most common health impairments were
profuse sweating, exhaustion and fatigue, lack of con-
centration and headaches. Despite this, only a third of
respondents said they consider their personal risk of
heat stress to be high or very high. It is evident that
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vulnerable groups have a significantly higher risk self-
assessment compared to non-vulnerable individuals.
Specifically, the chronically ill category exhibits a nota-
bly higher risk of both very high and high assessment.
The group of older people also has elevated values
in assessing very high or high risk. For families with
young children, the assessment of very high risk is mar-
ginally more pronounced. Overall the risk assessment
is elevated for vulnerable individuals, although roughly
a fifth (19.8 %) of those who classify themselves as vul-
nerable also indicate a low or non-existent risk of heat
stress. Not all people at risk perceived heat as equally
threatening, which may in turn lead to the trivialisa-
tion of heat-related health problems. Exceptions to the
perception of vulnerability were parents with young
children or babies, who perceived their children to be
highly sensitive to heat, or people providing care, such
as carers in retirement homes.

As pregnant women constitute a distinct subset
of the vulnerable population owing to their youth and
overall good health, we evaluated this group using the
MIMI method and accompanying standardised inter-
views to assess temporary vulnerability and percep-
tions of exposure.

All pregnant women considered heat to be a
risk. However, participants tended to focus on ab-
stract risks not related to their personal lives or to
describe dramatic scenarios in the distant future.
When considering their own vulnerability to heat,
participants agreed that their pregnancy contributed
to their personal vulnerability but did not place them
in the most vulnerable group to heat exposure (“[I
feel more at risk] as if I wasn’t pregnant (...), [I think
my body] still has relatively good adaptation mech-
anisms”). Headaches, increased sweating and thirst,
water retention, fatigue and exhaustion were among
the most common reported heat-related symptoms.
The severity of heat stress and related symptoms
ranged from barely noticing the heat to heat-relat-
ed absenteeism. There were also reports of mental
health issues due to the heat and the associated limi-
tations in daily life (“It affects the psyche (...) you
don’t want any contact with other people (...) just
want to be left alone”). Additionally, the psychologi-
cal stress of possible heat-related illness motivated
participants to take adaptation measures. Avoiding,
postponing or cancelling outdoor activities were the
most commonly reported strategies. Participants re-
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Heat hotspots in Heidelberg, Germany

n=268, multiple mentions possible

Mentioned locations Mentioned districts
1 - 2 mentions 1 - 2 mentions
3 - 4 mentions | 3-4mentions

S BimeRHnS 5 - 6 mentions

9 - 15 mentions 3
7 - 33 mentions

16 - 25 mentions

34 - 58 mentions

Heat hotspots matched to climate analysis map
(City Climate Report, City of Heidelberg 2015)

Fig. 6: Perceived heat hotspots identified by respondents in Heidelberg, Germany. The places and areas (neighbourhoods) are
perceived as particularly hot and uncomfortable during heat waves and are avoided by heat-sensitive people in summer (data based on
data collection via public surveys in summer 2022; class size based on number of mentions (per histogram) and according to natural
breaks (jenks) in both layers (locations, districts), n=268). On the map on the right, the perceived heat hotspots are combined with
the climate analysis map from the city climate report. This shows the general similarities between the perceived heat hotspots and the
bioclimatically unfavourable sub-areas identified by modelling (see Fig. 2).
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peatedly emphasised that maternity leave, sick leave
or a ban on working due to their pregnancy allowed
them to use many individual strategies that would
not have been possible during their normal working
hours (“I am on a sick leave to rest and I think my
exhaustion is related to the heat”).

Individual adaptation strategies to summer heat
derived from interactions with vulnerable people
were divided into five categories: Use of urban infra-
structure in public spaces (e.g., seeking shaded areas);
Mobility (e.g., shifting physical activity to the morn-
ing and evening hours); Information seeking (using in-
formation and warning services); ~Adaptation of daily
and social life (e.g., dietary changes); and Individual
home adaptation measures (e.g., darkening the home)
(Tab. 1). According to the participants, the most ef-
fective behavioural adaptation to avoid heat stress
outdoors was to stay in the shade. This also went
hand in hand with the desire for more green spaces
for shading and cooling in urban areas. Respondents
also indicated that they would like to see more pub-
lic water dispensers or free drinking water.

Older people also wanted infrastructures that
help them to manage their daily lives regardless of
the heat they experience. There was a general de-
mand for seating in residential areas and near shop-
ping and medical centres.

These self-assessments provided crucial infor-
mation on how to communicate and design preven-
tion and support measures for heat stress (routing

tool and analogue material and maps). It is impot-
tant to ensure that the information is relevant, use-
ful, and practical for the intended user groups.

4.4 Input factors from target groups and local
experts for routing applications

When considering the various input factors
that can be included as routing weights there was
a trade-off between different items, which can be
weighted differently. Based on the summer 2022
survey, the following priorities have been iden-
tified: The most important factors in the stated
route choices were distance (the shortest route is
preferred) and shade (shaded routes are preferred).
While vulnerable groups preferred shading to dis-
tance as the most important decision factor, non-
vulnerable groups like healthy young people pre-
ferred shorter distances and rate shading of a route
as the second most important factor. Vulnerable
people also preferred side roads and were less likely
to spontancously set off (regardless of the current
weather) (Fig. 7). There was also a general willing-
ness to take a detour (regardless of the total length
of the route) in order to arrive at the destination
more relaxed, healthier and refreshed. Almost half
of all respondents accepted a detour of 5 minutes,
and around a third accepted a detour of up to 10
minutes.
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Fig. 7: Preferred criteria for route selection or detour options by respondents. The decision factors are separated according
to different optimisation requirements resulting from interaction with the (vulnerable) population (n=455). These factors serve as
direct input and weighting factors for routing, By applying an inter- and transdisciplinary approach, the needs of potential users
are directly integrated into the development of proposed solutions, thus ensuring their practicability. For factors such as the ac-
cepted length of detours or the most important criteria for choosing a route, it is essential to directly consider user feedback and

incorporate local knowledge.
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The analysis revealed differences, albeit not sig-
nificant ones. All findings were inputted directly
into the routing application (backend modelling and
frontend user interface) (NE1s & Zipr 2008, Novack
et al. 2018) which produces routes to prevent heat
stress caused by fluctuating heat conditions. The
routing development also considered the preferenc-
es and requirements of the targeted groups and the
framework conditions stated by municipality experts
(Tab. 2). The similarities and differences in require-
ments and preferences demonstrate that the tool sat-
isfies both needs: It can be used by the general pub-
lic while also meeting the efficiency and time con-
straints of younger, healthy individuals. Additionally,
it is suitable for use by vulnerable populations as it
considers important limiting factors such as time
requirements, heat stress, shading, distance, and re-
sulting detour lengths. This specialised knowledge
enables the development of distinct usage profiles,
such as vulnerable and non-vulnerable, as the appli-
cation will undergo further development.

5 Discussion

The multi-method set and nuanced results re-
vealed the variety of factors, data and information
that must be considered when developing a heat-
avolding route service. At the same time, it is evident
that even multi-criteria routing or the heat stress
model, which processes and weighs data and infor-
mation to generate corresponding routes, cannot
consider all factors and distinguish between feasibil-
ity and relevance. In addition, some information was
not available in digital form and had to be generated
or approximated using our methods. For instance,
data on artificial shading on paths or squares was not
available digitally and had to be obtained through city
walks, interviews, and surveys. However, assessing
the impact of these measures proved to be challeng-
ing. We analysed the current and desired conditions
of road spaces by conducting on-site measurements
and modelling. The knowledge gained enabled us to
create a prototype of a heat-avoiding route service
that caters to the needs of vulnerable individuals
while also being practical for non-vulnerable indi-
viduals who wish to protect themselves from heat
stress in their daily lives.

On the other hand, we aimed to create an inclu-
sive service that is accessible and usable for everyone.
We considered the needs of vulnerable people with-
out giving them undue weight, which could make the
service unusable for non-vulnerable people. We care-

fully balanced the importance of the most critical
factors for both vulnerable and general populations
and implemented a middle ground. To ensure the
tool is not only usable for heat-sensitive individuals,
but also for tourists and residents, we aimed to bal-
ance the focus on impaired individuals with general
usability. Therefore, the results were incorporated
into interactive formats, such as city walks, and dis-
cussed with individuals and experts. In future ad-
aptations, the information and differentiations could
be used to develop different usage profiles.

In order to meet the specific needs of the target
groups (vulnerable population groups) and to define
their vulnerability compared to less heat-sensitive
people, a comparison was made between the assess-
ments of people belonging to a vulnerable group and
the information provided by non-vulnerable people.
As the routing application should facilitate the mo-
bility of vulnerable people and ensure healthy mo-
bility during heat events, it is important to focus on
the needs of this group and differentiate them from
the general public, who may not be inclined to take
longer detours as opposed to those with vulnerable
characteristics.

The set of methods, consisting of ENVI-met
modelling, thermal mapping, in-situ measurements,
surveys, interviews, interactive city walks integrat-
ing participant observation, narrative interviews and
participatory mapping, as well as mobile instant mes-
saging interviews, thus fulfilled several objectives:
An exemplary and detailed mapping of heat stress
in the urban area (modelling and measurements), an
understanding of the perceptions, challenges and
needs of the general population and particularly vul-
nerable groups during heat periods (surveys, inter-
views, partly supplemented by mental map surveys,
MIMIs, interactive city walks), the localisation of
heat hotspots in the urban area (participatory map-
ping, interviews), positively evaluated and practically
implementable heat adaptation measures (surveys,
interviews with vulnerable people and practical ex-
perts, interactive city walks) and, last but not least,
the identification of the most vulnerable groups in
the urban area and their needs (surveys, interviews,
MIMIs, interactive city walks): Citizens, interactive
city walks) and, as the main objective and central
tool for heat adaptation, relevant and practical in-
formation for the implementation of heat avoidance
routing (all methods used were included here). In
this way, we were able to improve the understand-
ing of vulnerability in the context of urban heat and
with a focus on vulnerable people, and gain insights
into the mindset of (vulnerable) groups when dealing
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Tab. 2: Factors considered during the development of a heat-adapted routing tool. The table presents a summary of the key
factors, necessary information, their integration into the routing model, and the methods or sources used to collect the data. The factors
were balanced and weighted in a multi-criteria model to support mobility during heat days (e.g. heat primarily influences the European
summer season, so factors like seasonality can be neglected in this case). It is important to note that routing tools may not always
consider all factors, as the more criteria integrated into the model, the more complex its implementation becomes. Even multi-criteria
routing has limitations, as too many criteria would result in no realistic routes being suggested. Participatory methods were used to col-
lect, categorize, and prioritize the most important criteria. The resulting catalogue was delivered to the technical implementation team

for discussion and development of the routing backend.

Factor Routing aspects to be Required information (relevant Source of information and
considered (phenomenon parameter) methodology used
to be described)
Distance * Average acceptable walking * Road and path grid * Open geodata via OpenStreetMap
distances * Road and path network distances * Urban geodata available through
* Average acceptable walking * Accessibility of roads and paths cooperation with urban stakeholders
times ¢ Incline (environmental agency, survey agency)
* Willingness to take detours ® Traffic light system * Interviews and surveys of the general
* Average acceptable detour public and vulnerable groups
length ¢ Interactive expert walks
Shade * Heat stress due to exposure  * Building heights * Open geodata via OpenStreetMap
to direct sunlight or lack of * Vegetation ¢ Urban 3D data available through
shading * Artificial shading measures collaboration with urban practice partners
* Position of the sun (building heights, tree registry, cool map
* Cloud cover with green space registry, etc.)
* Exposure ¢ Solar modelling of the sun’s position in
* Season temporal and spatial variability
* Time of the day * Evaluation of weather data from
® Perceived difference between natural temporary spot measurements and long-
and artificial shade term monitoring by weather stations
* Interviews and surveys of the population
and vulnerable groups
¢ Interactive city walks including
participatory observation, photo voice and
mental maps
Vegetation * Greenness * Mapped green spaces / green space * Open geodata via OpenStreetMap
grid * Urban 3D data available through
* Tree register and integration into 3D collaboration with urban practice partners
terrain or city model / (building heights, tree registry, cool map
* Vegetation grid / NDVI dataset with green space registry, etc.)
* Season
Weather ¢ Heat load * Outside air temperature * Evaluation of weather data from
conditions * Humidity temporary spot measurements and long-
* Wind speed term monitoring by weather stations
¢ Cloud cover ¢ Interviews and surveys of the population
¢ Clothing and vulnerable groups
* Activity * Interactive city walks including
* Time of the day participatory observation, photo voice and
® Mode of transport mental maps
Accessibility * Walkability/Bikeability of * Incline * Open geodata via OpenStreetMap
routes and areas * Restrictions/type of path (pedestrian ¢ Urban geodata available through
path, cycle path, etc.) cooperation with urban stakeholders
* Curb heights and widths (environmental agency, survey agency)
* Condition of the surface/floor * Interactive city walks including
covering participatory observation, photo voice and
mental maps
¢ Interactive expert walks
Infrastructure ¢ Amenities and perception of  ® Seating options e.g. benches (especially ~ * Open geodata via OpenStreetMap

routes and areas

in shaded areas)

* Drinking fountains/refill stations

* Public toilets

* Cafes, restaurants, shops

* Traffic volume

* Noise pollution

* Air quality

* Cleanliness, neatness

* Social structure (what is the social
structure like in public places and
which social groups are present?)

* Security aspects (e.g. lighting in the
dark)

Urban geodata available through
cooperation with urban stakeholders
(environmental agency, survey agency)
Interviews and surveys of the population
and vulnerable groups

Interactive city walks including
participatory observation, photo voice,
MIMIs and mental maps

¢ Interactive expert walks
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with heat. These findings were fed back to the city’s
planning department, and their expert perspective
and practical context were captured. In this way, it
was possible to ensure that, on the one hand, the
routing as a concrete measure would meet the needs
of the users and, on the other hand, that the analyses
of heat stress would be fed back to the city adminis-
tration as an impulse.

5.1 Accepted detour length according to vulner-
able group membership and personal heat
stress risk

After considering a multitude of factors, includ-
ing input from local experts and future users, it be-
came clear that heat-avoiding routing may not always
provide the shortest or fastest route between two
points (it is important to note that this would not
have been a novel concept, as it is already a funda-
mental aspect of common route services). To prevent
heat stress and allow for mobility and activity along
shaded paths and green and water areas, detours may
be necessary. The heat stress model analyses relevant
criteria in the backend, prioritises them based on the
participatory results, and determines the best possible
routes. These routes are more pleasant, cooler, and
shaded, but may not provide a direct line / connec-
tion between two points. To limit detours and save
time, we determined the average and maximum de-
tour acceptance. The acceptance was higher for in-
dividuals who identified as vulnerable compared to
non-vulnerable individuals or those who reported no
risk of heat stress. However, a significant proportion
of non-vulnerable individuals also accepted short de-
tours to reduce heat stress in their daily lives.

When interpreting the accepted detours accord-
ing to membership of a vulnerable group, it must be
taken into account that, depending on the group, a
longer detour cannot always be planned or accepted
due to health conditions or time constraints in every-
day life. Furthermore, a reduced willingness to take
detours can be related to the perceived low level of
stress. Working people usually have less time to take
longer detours, as the daily routine is usually defined
by fixed appointments and (working) hours. People
who are on sick leave or who have already reached
retirement age are generally less bound by fixed times
in their daily lives and are therefore more flexible.
Acceptance of a diversion of more than 10 minutes was
low in all groups; the length of the path has negligible
significance. In particular, people without (physical)
disabilities were unlikely to accept a diversion involv-

ing such a loss of time (only 5 % of respondents with-
out any disability). Older people showed the highest
willingness to take a longer detour, about 15 % would
walk more than 10 minutes longer to reach their des-
tination relaxed and healthy. However, short detours
of up to 5 or 10 minutes were (theoretically) accepted
by a large proportion of non-vulnerable people (> 80
%). Behavioural adaptations in the form of detours
from usual routes were generally preferred to limiting
daily activities due to heat stress. Furthermore, in the
context of raising awareness of heat risks, it should
be noted that heat-adapted mobility (e.g., in the form
of heat stress-avoiding routes with minor detours) re-
quires certain adjustments and planning in everyday
life. This acceptance should be further increased to
prevent heat-related illnesses, as our results showed.

Several route suggestions are generated based on
the start and destination points, current local con-
ditions (including real-time weather data and shad-
ing during the day), and the selected time of day
for the route (defaulting to the current time of day,
but adjustable in the settings). These routes have a
lower heat load than direct paths that ignore factors
such as shading. The user is able to view the avail-
able route options and select the desired route. The
routes are categorized by heat stress level (low, mod-
erate, high) for each segment. This allows the user
to identify critical areas, which may not always be
avoidable due to the maximum and average accepted
detour lengths, and optionally reschedule the activ-
ity for a different time of day or explore new routes.
Therefore, heat-avoiding routing can be beneficial
not only for vulnerable individuals but also for the
general public (exploring new paths and places as an
added co-benefit). Furthermore, research has demon-
strated that integrating blue and green infrastructure
promotes health and enhances the positive percep-
tion of areas, thereby improving overall quality of life
in urban areas (FosHAG et al. 2020, LAFORTEZZA et al.
2009, Tosr et al. 2019).

These findings were integrated into the feedback
loops linking the local government and the scientific
community, which are central to transdisciplinary set-
tings. Interactions and surveys with the population
provide impulses to the city’s administration present-
ed and discussed in meetings and workshops. This ap-
proach can facilitate the practical implementation of
scientific findings, enabling local authorities to better
comprehend their diverse population. In turn, utilis-
ing scientific knowledge can inform and support local
initiatives, whilst involving the public can promote
wider acceptance of necessary adaptation measures
(WEIAND et al. 2019, O’CoNNOR et al. 2000).
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5.2 Self-perceived risk of heat stress and vulner-
ability

Studies consistently demonstrate that the general
population, as well as those classified as vulnerable,
partly underestimate the health risks associated with
heat (BrTTNER & STOSSEL 2012, KANDARR et al. 2014,
Harvani-Kovacs et al. 2016, CviTaNovic et al. 2019,
OsBERGHAUS & ABELING 2022). This was also evident
in the results of various methodological approaches
in this study. It is crucial to increase awareness of the
fact that heat stress can cause or exacerbate illnesses,
alter medication efficacy, and cause avoidable physi-
cal and psychological stress, particulatly in densely
populated urban areas, in light of current and future
climatic developments. This is particularly important
given the high numbers of heat-related mortality and
morbidity during recent heat waves (EBI et al. 2021,
MaTTHEWS et al. 2017, MoraA et al. 2017, DoONATO et
al. 2015, WINKLMAYR et al. 2022). The initial step is
to determine the population’s self-assessment to esti-
mate who can be reached with appropriate measures
and tools. Additionally, it is important to consider
how the information can be disseminated to those
who may not yet have an increased risk of heat stress
or do not assess it accurately. The objective is to re-
duce the proportion of people at risk.

In general, self-assessment of risk was signifi-
cantly higher among vulnerable groups than among
those classified as non-vulnerable (REID et al. 2009,
BenEvOLENZA & DERIGNE 2019). However, the per-
ception that there is no risk was rather rare across all
vulnerability characteristics in our study. People with
(chronic) diseases were the most likely to perceive a
very high risk. Older age (65 years and over) was the
second largest risk factor, followed by very young age
(infants and young children). It has also been seen
that more than half of the non-vulnerable respond-
ents considered their risk to be at least medium. In
general, the result showed that non-vulnerable peo-
ple also perceive heat as a health risk. The personal
petception of low vulnerability compared to people
of the same age was consistent with existing studies
and psychological risk research (BEYERL et al. 2018,
BirTnER & STOSSEL 2012, KURZENHAUSER & Epp
2009). Reasons given include a general preference for
warm temperatures or a general sense of well-being
(KurzENHAUSER & Eppr 2009).

Societal and social aspects may also play a role
and led to misrepresentation or misjudgement (e.g.,
status of older people in society) (BITTNER & STOSSEL
2012, OsSBERGHAUS & ABELING 2022, PiLLicH 2018).
The perceived high sensitivity of young children to

heat stress as observed in our study may be related to
the generally much higher level of care (by parents or
carers) for this group of people (KaBiscH et al. 2016,
PrrricH 2018).

A case study from the USA (REID et al. 2012) that
took an epidemiological view of heat vulnerability
included socio-economic and other health-related as-
pects in addition to the spatial living environment.
The assessment of heat vulnerability included the
spatial distribution of older people, health character-
istics such as diabetes, the density of distribution of
air conditioning in (public) spaces or buildings, and
factors such as social isolation. The results showed
a clear correlation between high heat vulnerability
and the presence of these variables (REID et al. 2012).
The perceived vulnerability of an individual and the
“real”, possibly measurable, vulnerability therefore
depended on many factors and is not only due to age,
as our study also shows. Other factors influencing
vulnerability to heat included personal daily routines,
attitudes and sense of personal responsibility. Among
other things, it is important whether people who are
formally vulnerable (e.g., due to age) admit their vul-
nerability or consciously deal with it (PirLicH 2018).
This attitude may also influence the response behav-
iour. This is also relevant when scientists and practical
partners, such as those from critical infrastructure or
city administration, aim to inform citizens about the
risks of heat stress and protective measures (routing
tool will be presented to the public as a support tool).
However, some individuals may not feel targeted by
such services or information campaigns, e.g. because
they underestimate the personal risk of heat stress.
It is important to consider a sensitive approach, pro-
viding information at eye level and support individ-
ual experiences and learning, e.g. during interactive
walks (BITTNER & StOSSEL 2012, REINHARZ 2017).
The determination of self-assessments and needs will
be the basis for a later reflective integration of the re-
sults while presenting the tool and additional support
materials to the public.

Another study examined the relationship be-
tween heat vulnerability and income (OSBERGHAUS &
ABELING 2022). Higher financial resources can facili-
tate heat stress avoidance behaviour and adaptation
of the living environment (e.g., purchase of shading,
air conditioning, fans or staying in air-conditioned
buildings such as shopping centres, etc.) and thus
made a difference in perceived vulnerability or dis-
comfort (OSBERGHAUS & ABELING 2022). The re-
sults of a study (SANDHOLZ et al. 2021) conducted in
Bonn, Germany also showed that all socio-economic
groups are exposed to urban heat stress, but to dif-
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ferent degrees and for different reasons. Exposure
was lowest among groups typically considered to
be at higher risk, such as older people (SANDHOLZ et
al. 2021). Students and other younger respondents
were comparatively more exposed (SANDHOLZ et al.
2021). This suggested that urban dwellers beyond
the ‘classic vulnerable groups’ are affected by heat
stress in ways that have received less attention in cur-
rent urban policies (SANDHOLZ et al. 2021). A study
(Krauvser & Koch 2021) of vulnerability based on
hospitalisation rates showed that men over 65 are at
particularly high risk of serious heat-related illness.
Overall, 25 % of the population over 65 can be con-
sidered to be at significantly higher risk of being hos-
pitalised due to heat (KrLauBer & Koch 2021). This
again highlights the importance of active heat ad-
aptation and heat protection (e.g., by providing heat
stress-avoidant routing), as many older participants
in our study also underestimate the risk of heat stress.

5.3 Merging the results for the technical imple-
mentation of the routing application

To technically implement the heat stress model
and the heat stress avoiding routing solution, we de-
veloped a catalogue of requirements that lists and
prioritises relevant criteria based on the presented
findings. Through iterative discussions and develop-
ment steps, we categorised the criteria based on the
expected benefits. The prototype considers shadow
data as a crucial factor in route selection, ranking
first in importance for vulnerable people and second
for non-vulnerable people. It also differentiates heat
stress levels per route segment based on shade and
weather data, categorising them as low, moderate, or
high. The basemaps provided offer different levels
of additional information. For example, selecting the
OpenStreetMap base layer makes infrastructural fa-
cilities, such as shops or restaurants, visible. Users
can also choose to display surface conditions, such
as floor covering, and path types, such as road or
footpath. The tool is currently being further opti-
mized during the finalization process. Users can per-
sonalise their experience and customise routes based
on individual requirements by selecting from various
options in the routing menu.

5.4 Critical reflection on integrated tools

We defined the following aspects as indicators
of the success of the transdisciplinary approach: The

incorporation of impulses from transdisciplinary
research into administrative practice (we assume a
staggered integration), the integration and visualisa-
tion of all relevant perspectives within the research
process, the realisation of appropriate measures and
solutions in the implementation of adaptation con-
cepts (possibly undefined time frame), a positive
response to the participation of relevant stakehold-
ers, the establishment of a network of academic and
non-academic partners for sustainable cooperation,
as well as co-benefits of the developed measures
(BERGMANN et al. 2021, FosHAG et al. 2022).

5.4.1 Surveys

The respondents to the survey in the summer
of 2022 were rather young and did not represent
vulnerable groups. The survey aimed to provide a
general picture using the established and standard-
ised method. The differentiated needs of the target
groups were covered and complemented by other
tools and methods.

The uneven gender distribution of participants
could be explained by the generally higher willing-
ness of women to participate in surveys (MENOLD &
72011 2010). LacuiLLEs et al. (2011) and Smith (2008)
found a similar increase in women’s willingness to
participate compared to men. The advantag of the
online survey is that it is independent, e.g., with-
out assistance, without the associated respondent
bias and without additional effort (in terms of time,
etc.) compared to an interview (Durry et al. 2005).
Anonymity is guaranteed by the procedure, which
can be an advantage when answering the questions
(unbiased answers, “social desirability”). Another
advantage of the online survey was that it can be
carried out on the move and at any time, which has
a positive effect on the willingness to participate
(Durry et al. 2005). Disadvantages of the online
survey, however, were that ambiguities might have
remained or the questionnaire might not have been
completed in full. Another disadvantage of the on-
line survey was its reach, as the target group (e.g., the
over-65s) might not be equipped with digital devices
and can’t be reached via online tools. To the extent
that respondents who belong to a vulnerable group
receive assistance in answering the questions, it can-
not be assumed that their opinions was completely
uninfluenced. We assume that this effect is negligi-
ble, as only about a quarter of the respondents in the
online survey belonged to vulnerable groups, and
these were specifically included through other tools.



22 ERDKUNDE

Vol. 78 - No. 1

5.4.2 MIMIs and interviews

Interviews are a way of capturing the perspec-
tive of individuals, such as experts or stakehold-
ers. Interviews can also be used to generate sample
statements that support or refute qualitative find-
ings (ANDERSON & KirkrATRICK 2016, BITTNER &
StosseL 2012, GLASER & LAUDEL 2009). Due to the
individual and personal reproduction of opinions
and knowledge, the statements were usually to be
interpreted as ‘true’. However, they were also sub-
ject to limitations regarding factors such as ‘social
desirability’, which cannot be clearly identified from
the data. In order to obtain further results, the digi-
tal and rather innovative Mobile Instant Messaging
Interview (MIMI) method was also used and adapted
to the content of the study. This was found to be
suitable and provided a more personal insight into
daily life. The ability to share pictures, videos and au-
dio recordings of participants’ daily challenges was
found to be beneficial and provided a broader data
base to be evaluated.

5.4.3 City Walks and integrated participatory
tools

Accompanying people along everyday routes
gave participants the opportunity to draw attention
to specific areas, to reflect on their own behaviour
and possibly to directly address deficits in the local
infrastructure. It can be said that the method of par-
ticipant observation can be usefully integrated into
participatory processes of urban development, as it
creates a situation close to the citizens that allows
interaction at eye level (REINHARZ 2017). In prac-
tice, however, this has also been associated with dif-
ficulties in some situations: e.g., personal mobility
restrictions have an impact. In addition, vulnerable
people were often strongly influenced by their daily
condition. For example, they may be able to go for
a walk on some days because of mild symptoms, but
not on others. This has led to a number of cancel-
lations or even to the walk being restructured into
simple conversations tied to a specific location. It is
also worth noting that the ability to concentrate, pet-
form and assimilate can be severely impaired, pat-
ticularly in the case of people with chronic illnesses
and advanced age, which affected the productivity
of the discussion but also underlined the need to
make these people heard. Furthermore, it was ethi-
cally unacceptable for vulnerable people to go for a
walk on hot days. The weather and temperature con-

ditions on the selected days may therefore also have
influenced the statements about hot days if people
were not in a comparable situation. For parents with
young children, who may be more likely to attend
on hot days, the issue of external childcare during
attendance was often raised.

The hotspot mapping tool has proven to be
particularly useful in targeting people with limited
mobility. This has enabled a more thorough undet-
standing of the residents’ awareness regarding the is-
sue, which in turn enhances awareness concerning
the health risks associated with heat waves. These in-
formation serves to augment the input for the rout-
ing application and city administration.

The implementation of the photo-voice meth-
od proved to be more complex and less efficient
in terms of the intended results. Many heat-related
aspects that were visible in the photos had already
been mentioned during the discussions or hotspot

mappings.

5.4.4 Measurements and modelling

Temporary meteorological measurements pro-
vided current or typical (limitedly representative)
snapshots of the microclimate at selected locations
and associated biophysical stressors. To identify or
weigh up different adaptation options, models have
been used to quantify the impacts.

ENVI-met was used to test the developed cli-
mate adaptation measures for their potential impact.
The purpose of the modelling was to capture the dif-
ferences between possible scenarios and to identify
the most effective measures (Liu et al. 2021). This
has proven to be a powerful tool for modelling the
application of specific heat mitigation measures in
selected areas and quantifying their impact on the
thermal structure. These results also provided di-
rect impulses for urban planning. Due to limited re-
sources and time constraints, we were only able to
examine subspaces. Comparing the current state of
heat stress modelling with the individual perception
and location of heat hotspots, as well as the analysis
in the urban climate report, we observed clear simi-
larities. Had we expanded our modelling to cover the
entire city, we could have provided a more detailed
assessment of these similarities and deviations.

When modelling using ENVI-met, it is also im-
portant to consider that the assumptions are based
on a healthy, middle-aged man. However, this does
not align with the needs or physical requirements
of vulnerable groups. Currently, there is a shortage
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of adequate models and they need to be created and
tested due to the varying levels of vulnerability char-
acteristics. Utilising agent-based models as described
as follows may serve as an alternative as long as ap-
propriate characteristics are included.

Basically, different types of models can be distin-
guished. Two of them are particularly relevant in this
context: Physical models based on partial differen-
tial equations, such as ENVI-met (HUTTNER & BRUSE
2009, SaLaTA et al. 2016, TsokA et al. 2018), to study
and quantify the effects of e.g., structural changes
on microclimatic conditions, and agent-based mod-
els to study how individuals move in the city under
the influence of heat and what stress they experience.
As human perception of thermal comfort can vary
greatly (BITTNER & STOSSEL 2012), agent-based mod-
elling could be a further step to complement on-site
measurements or heat adaptation modelling results
with additional information (LEE & MaLkaw1 2013).
In contrast to measured or modelled meteorological
variables (e.g., by using ENIV-met), agents have a
‘sense of reason’ in addition to their heat perception,
e.g., they seek shade when their individual threshold
of heat stress is reached. The heat sensation of a real
person, e.g., when moving from the shade to the sun,
is not immediate but delayed. The adaptation time
of the body is too short to experience the maximum
level of thermal stress in the sun (Jia & WaNG 2021,
LEE & MaLkawi 2013). The knowledge gained from
agent models could therefore be used to improve
the location and spatial extent of recreational areas
in cities (e.g., shade) (LEE & MaLkawi 2013, Jia &
WaNG 2021).

5.4.5 Implications for policy makers

In addition to the assistance offered by the rout-
ing tool at an individual level, which indicates per-
haps previously unknown, low-heat-stress routes
and locations, and by promoting awareness, the
application displays areas of higher heat stress, and
therefore areas that should be prioritised for adapta-
tion and cooling measures. The supplementary data
which complement the routing (insights into individ-
ual behaviour, perceived problems, risk assessment,
etc.) are useful for personal assessment and adapta-
tion as well as for policy makers to target informa-
tion to the population. Furthermore, routing can
serve as a decisive tool to assess the absence of green
space connections, areas where the public transport
system requires upgrading, and when amenities like
road layouts or traffic signals need adjusting to cir-

cumvent prolonged waiting times in areas lacking
shade. Additionally, it can identify where population-
restricted spaces require urban renewal due to lim-
ited and pressurised urban space.

Heat-avoiding routing serves as a useful and eas-
ily accessible tool in fighting heat stress and adapt-
ing to the effects of rising temperatures. However,
to fully address the challenge of increasing over-
heating in urban areas, it is necessary to expand the
implementation of other measures that complement
the use of heat-avoiding routing. Table 1 includes
adaptation measures that have positive impacts on
the health and mobility of the urban population.
Examples comprise green space networking, unseal-
ing, and creating pocket parks. Furthermore, these
measures provide co-benefits such as enhancing the
urban design and perception of public spaces (e.g.,
feeling of security) or improving air quality. Our sur-
veys have revealed other measures that can be imple-
mented in the short term, including installing drink-
ing water fountains in public spaces and providing
additional shaded seating,.

Consistent planning and implementation of cor-
responding measures, which require construction
and are therefore time-consuming, must be ensured
in all areas. Furthermore, our findings indicate that
by providing targeted information and facilitating
participation, the public’s awareness of heat stress
risks can be broadened and reinforced, leading to a
reduction in healthcare system burden.

6 Conclusion and outlook

The results provided valuable insights into the
spatial distribution of heat hotspots and the evalu-
ation of data obtained through a holistic inter- and
transdisciplinary approach aimed at addressing the
significant challenge of mitigating urban heat loads
through co-design strategies. An assessment of the
perspectives of experts and people at risk showed
that heat stress is increasingly perceived and that the
risk of heat stress is underestimated by the major-
ity of people. Current adaptation measures are partly
in place or planned, but not (yet) consistently im-
plemented at community and individual level. This
was shown by the modelling of heat hotspots in the
current state and by comparing it with the potential
for microclimatic improvement through a modelled
adapted state. In addition, the behavioural patterns
of the study participants have not yet consistently
adapted to the changing thermal conditions in the
urban area, and the need for heat adaptation meas-
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ures varies across the general population and within
vulnerable groups. Dynamic, heat stress-avoid-
ing routing can be an important adaptation tool,
with the help of factor weighting adapted to tar-
get groups. At the time of publication, the routing
service prototype was undergoing initial user tests.
The results showed that the approach was suit-
able and achieved the goal of broad accessibility.
Participants in the study described the heat stress
avoidance routing as a helpful tool, but would also
like to see further measures taken at the local level,
such as the widespread installation of drinking wa-
ter dispensers in public spaces and the provision of
shaded seating. However, further intensive testing
is required to confirm these initial indications and
finalize the tool. To enhance heat-avoiding routing,
it is advisable to increase green spaces, intercon-
nect them, furnish shaded seating arrangements
in public areas and simplify access to cool places,
for instance, churches. These measures ought to be
incorporated in a heat protection framework and
implemented on the community level through heat
action plans. The project’s varied outcomes are a
vital driver for Heidelberg’s heat action plan and
symbolize a tangible adaptation measure, collabo-
ratively designed by citizens and endorsed by the
municipality.

In a forthcoming study, we will assess the ef-
ficacy of routing and its impact on physical param-
eters during active use. By combining route param-
eters with health data, we can identify associations
and gain a deeper comprehension of heat stress in
diverse personal and external conditions.

The pilot study by FosHAG et al. (2020), dem-
onstrated that scientific findings intended to influ-
ence administration, policy and citizens and have a
transformative effect require a certain amount of
time. It cannot be assumed that scientific results
will have an immediate and direct impact on prac-
tice and be implemented promptly. This is partly
due to the different practical conditions and hur-
dles that can be minimised through transdiscipli-
nary design, and likewise due to different capacities
and time horizons that cannot always be planned
for. A transdisciplinary approach such as the one
pursued here, which aims at trusting cooperation
with municipal stakeholders and intensive inter-
action with the population, can accelerate change
processes and should, in our view, be consistently
pursued. The combination of bottom-up and top-
down approaches can promote transformative ac-
tion and development (FEUROPEAN ENVIRONMENT
AGENCY 2016, HERMANSEN & SUNDQVIST 2022).

Some of the recommendations proposed by
FosHAG et al. (2020) to maintain the viability of
public spaces in the face of increasing heat stress
have been implemented in the context of the Heat
Action Plan of the City of Heidelberg, published in
2022. It can be assumed that as the plan is gradu-
ally implemented, other measures that are necessary
and desired by the population will be implemented
in the near future and will lead to a more heat-
adapted city area.

To broaden the scope of research and generate
more comprehensive outcomes, citizen science prac-
tices could be implemented. Enthusiastic amateurs
can partake in research activities depending on their
level of involvement and the project format. Their
contributions could range from data collection to ac-
tive participation in co-designing processes for prob-
lem-solving solutions. This level of involvement cot-
responds to a transdisciplinary research approach.
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Appendix

Tab Al: Overall Target Group Interaction. The table presents a synopsis of the methods employed and the participatory structure,
along with their specific objectives, stakeholders or groups included, time / duration of implementation, and corresponding number of
cases. The methodology is an interactive, transdisciplinary research design tailored to the research objective.

METHOD FORMAT FOCUS TIME CASES
« personal "ﬁ *' ME ﬁ* September 2021 50
Surveys + online & & dis e September 2021 69
« online oﬁ:o ﬁ' July-August 2022 88
« online it June-August 2022 629
« Interviews with vulnerable people 'ﬂﬁ ﬁ {‘;\ ﬁ January 2022 4
Interviews « Expert interviews (city administration) B8 iid January-March 2022 1
« Interviews with vulnerable people i July-August 2022 8
« Mobile Instant Messaging Interviews | o
(MIMIs) + July-August 2022 8
. . . August-September
Expert interviews (health experts) o 2022 4
s  Multi-methods-design (e.g. interactive ° July-September 2022
Interactive city walks mapping, participating observation) *I *I Lyt July-August 2023 4
ﬁ‘]fﬁ Older people ? Pregnant women
e Families S Experts
o‘%ﬁ Cyclists and Pedestrians i General public
é}\ People with pre-existing conditions
Gender of the participants (n=445) Diseases of the participants (n=81)
1.3 0.7
16.2
Cardiovascular disease _ 20
26.7
= not answered
= female
= male Disease of the lungs and respiratory tract _ 16
divers
not specified
Disease of the musculoskeletal system _ 14
55.1
Mental illness _ 13
Vulnerable groups (n=446)
4.0 = not answered Skin disease (e.g. neurodermatitis) 7
= Yes, older person (65 years or
older) Diabetes mellitus - 6
14.8
= Yes, person with chronic
iliness
58.5
Cancer 5
Yes, person with small -
1.4 children(s) in the household
! t/: d t etc.
fpare'n g:an parent etc.) o 5 10 15 20
don'tbelong to any group Number of mentions

Fig. Al: Participant analysis of the online survey in summer 2022. The analysis shows the gender and vulnerability distribution
of the participants and in addition the mentioned diseases of individuals that indicated a chronic illness. The survey provided a general
overview; with several methods we focused on various vulnerable groups in detail (interviews with older people, MIMIs with pregnant
woman, city walks with participants suffering from mental health issues).
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Fig. A2: Example of the on-site measurement data at Heidelberg, Bergheim along ‘Mittermaierstra3e’. Results show the

overheating of the central city area and the dynamic temperature profile during midday on a heat day in July 2022.






