Nat. Hazards Earth Syst. Sci., 25, 1573-1596, 2025
https://doi.org/10.5194/nhess-25-1573-2025

© Author(s) 2025. This work is distributed under
the Creative Commons Attribution 4.0 License.

Mapping vulnerability to climate change for spatial

planning in the region of Stuttgart

4.,b

Joanna M. McMillan!, Franziska Gottsche!, Joern Birkmann!, Rainer Kapp?, Corinna Schmidt>?, Britta Weisser*°,

and Ali Jamshed'

'Institute of Spatial and Regional Planning (IREUS), University of Stuttgart, Pfaffenwaldring 7, 70569 Stuttgart, Germany
2 Amt fiir Umweltschutz, Abteilung Stadtklimatologie, Landeshauptstadt Stuttgart, GaisburgstraBe 4,

70182 Stuttgart, Germany

3 Amt der Niederosterreichischen Landesregierung, Abteilung fiir Raumordnung und Gesamtverkehrsangelegenheiten,
Fachbereich Ortliche Raumordnung, Landhausplatz 1, 3109 St. Polten, Austria
“Ministry of Regional Development and Housing Baden-Wiirttemberg (MLW), Theodor-Heuss-Strafe 4,

70174 Stuttgart, Germany

4previously at: Verband Region Stuttgart, Kronenstrale 25, 70174 Stuttgart, Germany
bpreviously at: Institute of Spatial and Regional Planning (IREUS), University of Stuttgart, Pfaffenwaldring 7,

70569 Stuttgart, Germany

Correspondence: Joanna M. McMillan (joanna.mcmillan @ireus.uni-stuttgart.de)

Received: 13 May 2024 — Discussion started: 6 June 2024

Revised: 1 January 2025 — Accepted: 14 January 2025 — Published: 29 April 2025

Abstract. The Stuttgart region in southwest Germany al-
ready experiences heat stress and extreme precipitation
events. According to German law, spatial planning at the mu-
nicipal and regional levels has an important role in adapting
to such events. However, this is a challenge to achieve along-
side other demands on land use. One important resource to
support adaptive planning is spatial risk analyses, which can
provide justification for prioritising adaptation and informa-
tion about where and how to prioritise different measures.
Such maps should not just consider information on the na-
ture of the hazards but also on the vulnerability of people and
exposed areas. While in theory this has been recognised and
vulnerability analysis methods have been developed, there is
a significant gap in linking this research to planning prac-
tice in the German context. In this paper, we use a GIS-based
method for mapping quantitative indicators of social vulner-
ability to heat and pluvial flooding for the region of Stuttgart.
We share insights from the process of developing these maps
based on the needs of spatial planning and discuss how such
information can be used in planning practice. We propose
solutions regarding issues such as spatial resolution, indica-
tor selection, aggregation, and complexity; report initial feed-
back from planners; and make recommendations for further

bridging the gap between risk and vulnerability research and
planning practice.

1 Introduction

Heatwaves and extreme rainfall events have had dire conse-
quences around the world, including in Germany, and some
people are more affected than others are from such impacts
(IPCC, 2022). For example, in both the European heatwave
of 2003 and the Ahr Valley flooding in 2021, older people
were overrepresented in the fatalities (DKKYV, 2022; Win-
klmayr et al., 2022). In Germany, heatwaves are becoming
more probable and severe (Hundhausen et al., 2023), and
heavy rainfall events are becoming more intense and erosive
(Deumlich and Gericke, 2020). These hazards are not just ex-
acerbated by climate change but also by climate-insensitive
urban development, for example, through urban expansion
into areas important for urban ventilation or for water man-
agement, or through development of settlement areas with
high rates of soil sealing or lack of blue-green infrastructure
(Rudiger, 2018). At the same time, the population in Ger-
many is ageing and thus the number of people particularly
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susceptible to heath impacts of climate extremes is increas-
ing. In addition to age, other factors including the socioeco-
nomic situation of individuals and areas also influence if a
person is able to prepare for or deal with extreme climate
events (Bolte et al., 2023). In order to reduce the impact
of climate extremes on people and settlements, we need to
consider different factors that contribute to climate risks, in-
cluding the urban environment, demographic and socioeco-
nomic structures, and adaptive capacities, in addition to the
nature of the hazards themselves. This has been recognised
in policy, for example, in the state adaptation strategy of
the case study region which states, “Socioeconomic and de-
mographic characteristics. .. are important for assessing the
health risk associated with climate change” (Ministerium fiir
Umwelt, Klima und Energiewirtschaft Baden-Wiirttemberg,
2023, p. 30, own translation).

Spatial planning at the regional and local levels can play
an important role in reducing climate risk (Hurlimann and
March, 2012; Hurlimann et al., 2021). That it is necessary
for spatial planning to address climate change adaptation,
in addition to mitigation, is stipulated in German planning
law (see Regional Planning Act amendment in 2008; Fed-
eral Building Code amendments in 2011 and 2013; Regional
Planning Act § 1 Para. 2; Federal Building Code § 1 Para. 6).
Spatial planning can influence how the built environment and
land-use change modifies hazards, for example, through al-
tering the heat-island effect, water retention, or air and wa-
ter flows. This has been recognised by policy (e.g. Min-
isterium fiir Umwelt, Klima und Energiewirtschaft Baden-
Wiirttemberg, 2023, p. 59). However, spatial planning also
has implications for social equality and for people’s ability
to deal with hazards, for example, by being able to access
shaded parks during a heatwave or the accessibility of es-
sential and emergency services by vulnerable populations.
In general, the impact of social inequalities on climate risk
and vice versa is still insufficiently addressed in Germany
(Bolte et al., 2023), including in the field of spatial plan-
ning in which the implications for, and relevance of, adap-
tive capacities and social vulnerability are not well recog-
nised (Greiving and Fleischhauer, 2022).

The need for an information basis about risk, includ-
ing vulnerability, for planning has been recognised in pol-
icy (Ministerium fiir Umwelt, Klima und Energiewirtschaft
Baden-Wiirttemberg, 2023). While hazard mapping and the
integration of these maps into planning is still a dynamically
developing field, there are relatively well-established meth-
ods, particularly regarding heat stress. In contrast, the nec-
essary spatial information about vulnerability to determine
to what extent the exposure of particular areas poses a risk
to the population and settlement function remains largely in
the realm of research. While there are established methods
for performing vulnerability analyses, the practical applica-
tion of their results by planning authorities in Germany is far
from standard procedure (Greiving and Fleischhauer, 2022).
Reasons for this include methodological challenges of spatial
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vulnerability analyses, as well as a lack of translation of anal-
ysis results into maps that can be used in planning processes.
This gap between research on spatial vulnerability analyses
and their usability in spatial planning practice is the focus of
our paper. We address the following research questions:

1. What are the requirements for maps of vulnerability
from a spatial planning perspective?

2. How can vulnerability to climate extremes be mapped
in a way that spatial planners can use?

3. How can vulnerability maps be interpreted and used in
planning practice?

We investigate these research questions in the case study
region of Stuttgart, Germany, as part of a transdisciplinary
process to create an online tool for planners to support cli-
mate adaptation. This tool is to include spatial information
about the hazards of pluvial flooding and urban heat islands
as well as the other dimensions of risk, including vulnerabil-
ity. Thus, it was necessary also from a practical perspective to
bridge the gap between vulnerability research and planning
practice. In this paper, we share the insights gained from this
process of working with planners to include vulnerability in
the information basis about climate risk for planning.

In this paper, we first summarise the research on the spatial
dimension of vulnerability and methodological challenges of
mapping vulnerability, as well as the gap between research
and planning practice (Sect. 2). The following sections out-
line the case study and the research approach (Sect. 3),
present the preliminary findings about planning requirements
(Sect. 4.1) and data availability (Sect. 4.2), and justify the
selection of key vulnerability indicators for the Stuttgart re-
gion (Sect. 4.3). These preliminary findings provide the basis
for the chosen GIS-based vulnerability mapping methods de-
scribed in Sect. 5. In Sect. 6, we present the final catalogue
of maps for the Stuttgart region’s adaptation planning tool.
We then discuss the usability of the vulnerability maps to as-
sess risk (Sect. 7.1), feedback from planners (Sect. 7.2), and
recommendations for further bridging the gap between vul-
nerability mapping and planning practice (Sect. 7.3).

2 Theoretical context
2.1 Vulnerability and risk

This research is based on the understanding of climate risk as
aresult of interaction between hazards, exposure, and vulner-
ability, in which vulnerability consists of susceptibility and
coping and adaptive capacity (IPCC, 2014, 2022). This em-
phasises the importance of understanding the social and envi-
ronmental context in which a hazard occurs in order to under-
stand the resulting impact and consequences of climate haz-
ards. The term vulnerability is often used synonymously with
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Figure 1. Conceptualisation of climate risk used in this study, em-
phasising the importance of human vulnerability and exposure and
surrounding urban structures and functions on human well-being.
The basic three-dimensional concept of risk is based on the IPCC
conceptualisation (IPCC, 2014), and the link to spatial planning is
based on previous work by the authors (McMillan et al., 2022).
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risk, with exposure defined as part of vulnerability (Jurgile-
vich et al., 2017). However, in this research we use the def-
inition of the current IPCC report (IPCC, 2022), which has
remained essentially the same over the past decade and has
become a widespread basis for research, providing a useful
common definition of the terminology (Greiving and Fleis-
chhauer, 2022; Tyler and Moench, 2012). Accordingly, we
look at vulnerability as explicitly different from exposure —
with exposure defined as the presence of something of value
that may be affected by adverse impacts of a hazard, and
vulnerability defined as “the propensity or predisposition to
be adversely affected” (IPCC, 2022). Vulnerability describes
the susceptibility to being negatively affected by a hazard and
the lack of ability to cope and adapt. The term “social vulner-
ability” (or human vulnerability) is often used to make ex-
plicit that one is not referring to risk but rather to the aspect of
vulnerability in the sense described above and the various rel-
evant social factors such as economic status, age, gender, and
access to resources (Christmann and Ibert, 2012; Birkmann,
2007; Cutter and Finch, 2008; Fordham et al., 2013). How-
ever, vulnerability is not just determined by demographic or
socioeconomic factors, and thus the term “social vulnerabil-
ity” can be too narrow. Our surroundings — the built environ-
ment, the structure and design of the urban area — are a major
factor in determining the level of risk, not just by modify-
ing the microclimate and water runoff, but also by affecting
people’s capacity to cope and adapt through factors such as
housing type, building standard, urban form, access to green
space or blue-green infrastructure, and access to health ser-
vices (Ellena et al., 2020; Sandholz et al., 2021).

Figure 1 depicts the conceptualisation of risk used in this
research, in which risk areas are areas where there is a need
to reduce risk through adaptation. Risk areas are those in
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which people and things of value (e.g. homes, schools) are
exposed to hazards (e.g. flooding, heat) and vulnerable to be-
ing negative impacts (e.g. loss of life, health issues, prop-
erty damage), considering the current intensity and extent of
the hazard (including in extreme scenarios) and considering
changes to these spatial hazard patterns in the future, includ-
ing changes due to climate change or urban development. Ur-
ban development can exacerbate or mitigate all dimensions
of risk, and adaptive spatial planning can regulate and coor-
dinate spatial development to reduce risk. Spatial planning
can also affect greenhouse gas emissions and thus climate
change, which in turn exacerbates hazards. Importantly, cli-
mate change and related hazards such as high air tempera-
tures or heavy rainfall are not the only factors in determining
risk and well-being. Crucial factors are also the urban sur-
roundings including the urban form and surface characteris-
tics, as well as access to and quality of critical urban func-
tions such as green space.

2.2 The spatial dimension of vulnerability and its
integration into spatial planning

The study of spatial inequality and socio-spatial segregation
within cities has a long tradition in sociology and geography
and has been of central concern to the study of cities since
the early 1900s. That social equality is also the concern of
planning is anchored in German spatial planning law at the
regional planning level, which formulates the guiding prin-
ciples of “balanced and equitable living conditions” between
places (Regional Planning Act § 1 Para. 2), and at the ur-
ban planning level, which states that “the social and cultural
needs of the population, in particular the needs of families,
young, old and disabled people” must be taken into account
(Federal Building Code § 1 Para. 6). That there is an envi-
ronmental dimension to spatial inequality has been the fo-
cus of the environmental justice discourse since the 1980s,
with a focus on the use of spatial analysis since the 2000s
(Sze and London, 2008; Greiving and Fleischhauer, 2022).
However, in spatial planning practice in Germany, Greiving
and Fleischhauer (2022) find that such analyses are rare but
gaining attention along with consideration of climate change
impacts.

That there is a spatial dimension to risk has also long
been recognised, but in research, especially in a European
context, the focus has been on hazard mapping without in-
cluding socioeconomic aspects (Greiving and Fleischhauer,
2022). Likewise, the link between climate change adapta-
tion and spatial planning, including land-use planning and
urban and regional planning, has been made (Wilson and
Piper, 2010; Hurlimann and March, 2012; Davoudi et al.,
2009). This has been increasingly recognised in policy and
planning law in Germany, with climate change adaptation
introduced as a planning principle that must be considered
when making plans at the regional level (Regional Planning
Act amendment in 2008) and the local level (amendments to
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the Federal Building Code in 2011 and 2013). However, the
analysis of risk from a spatial perspective only expanded to
consider aspects of vulnerability in the 1990s. Likewise, spa-
tial planning research focused on hazards until the late 1990s
when the relevance of spatial planning to social dimensions
of risk and disaster management was recognised (Greiving
and Fleischhauer, 2022). Christmann and Ibert (2012) note a
lack of attention given to the spatial dimension of vulnera-
bility in the German context, noting “Apart from Birkmann’s
(2008) criticism that spatial planning in Germany concerned
itself primarily with physical sources of vulnerability, fur-
ther more broadly expressed spatial terms and spatial rela-
tions have so far attracted little attention in the literature”
(Christmann and Ibert, 2012: p. 264). Since then there has
been significant work making the link between vulnerability,
socio-spatial disparities, and spatial planning conceptually,
and this link is increasingly recognised in adaptation strate-
gies (Greiving and Fleischhauer, 2022). For example, in the
case study context, in 2023 the state of Baden-Wiirttemberg
passed a climate change mitigation and adaptation law and
an updated adaptation strategy, which supersedes the cli-
mate mitigation law from 2013 and the adaptation strategy
from 2015. The adaptation strategy states the relevance of
socioeconomic and demographic characteristics for assess-
ing health stress from heat and the need for mapping vul-
nerable population groups and overlaying this information
with climate data to justify the location of infrastructure for
older people and target adaptation measures (Ministerium fiir
Umwelt, Klima und Energiewirtschaft Baden-Wiirttemberg,
2023).

In summary, as depicted in Fig. 2, it is widely acknowl-
edged that there is a social dimension to climate risk, that
there is a spatial dimension to climate risk, and that there is
a spatial dimension to social inequality. However, while cli-
mate risk and social inequality are both considered individu-
ally in planning, they are rarely considered together. Specif-
ically in spatial planning practice in Germany, the social di-
mension of climate risk is still considered less than the phys-
ical aspects of risk. This was found in an empirical study
by Greiving and Fleischhauer (2022), who found that only
a small proportion of urban adaptation concepts and analy-
sis take socioeconomic information into account. The rea-
sons for this have not been explicitly studied. Possible rea-
sons based on insights from the aforementioned study and
the authors’ own experience in the German context include
the following:

1. atime lag between the relatively recent conceptual and
methodological developments in research practice and
the transfer of these approaches into practice;

2. limits to the availability of up-to-date socioeconomic
data at a sufficient resolution;
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Figure 2. Schematic diagram describing that both climate adapta-
tion and social inequality have been integrated into spatial planning
but that the vulnerability dimension of risk and the environmental
aspect of social inequality, which are closely related, have not been
adequately integrated into spatial planning.

3. the separation of administrative responsibilities and
mandates (e.g. social monitoring, technical infrastruc-
ture, environmental protection);

4. insufficient translation of social vulnerability analyses
into recommended action for planners to implement;
and

5. reluctance to explicitly map social data due to issues
of miscommunication (e.g. stigmatisation of social hot-
pots, underrepresenting pockets of vulnerable popula-
tions, confusion about vulnerability vs. risk).

Several of these reasons are related to methodological is-
sues that we outline in the following section.

2.3 Methodological challenges of mapping
vulnerability

Vulnerability is a phenomenon that cannot be directly mea-
sured, so it has become common practice in research to use
indicators and indices (Fekete, 2019; Kuhlicke et al., 2023).
There is a large body of work developing social vulnerability
indicators, indices, and maps worldwide in many case stud-
ies. Relevant examples for capturing the vulnerability dimen-
sion of climate risks are the Climate Just tool in the United
Kingdom (Lindley et al., 2011; Breil et al., 2018) and several
studies in the German context (Welle et al., 2014; Scholze
et al., 2020; Birkmann et al., 2021; Holzl et al., 2021; Greiv-
ing et al., 2023; von Szombathely et al., 2023). The scale and
resolution of such indices range from a comparison of coun-
tries at a global level, through comparing municipalities, to
spatial differentiation within cities. In this paper, we are in-
terested in vulnerability maps for use in local and regional
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Figure 3. Summary of barriers and mismatches between the academic work on spatial vulnerability indices and the application of these in

planning practice.

planning and thus in studies that differentiate between and
within neighbouring cities and municipalities.

Social vulnerability indices rank places according to vari-
ous socioeconomic variables. Such indices are often mapped
spatially based on the “hazard of place” theory and the So-
cial Vulnerability Index (Cutter et al., 2003). Main vulner-
ability factors supported empirically in a US context and
with a statistical explanatory power include personal wealth,
age (children and elderly), density of the built environment,
single-sector economic dependence, housing quality and ten-
ancy, race, ethnicity, occupation, and infrastructure depen-
dence (Cutter et al., 2003). In the decades following the de-
velopment of the Social Vulnerability Index, authors have
reached a general agreement on the main components of vul-
nerability. In a review of empirical studies globally, Li et al.
(2023) found the most common indicators of social vulner-
ability to be age, income/employment, sex/gender, and ed-
ucation level, followed by ethnicity/minority, education, ac-
cess to green and blue spaces, social isolation, language pro-
ficiency, access to health services, health condition/disability,
urbanness/remoteness, and housing tenure. It is important to
note that, while each of these indicators is empirically and
theoretically justified, the frequency of usage of indicators in
not necessarily determined by the importance of the indica-
tor to explain vulnerability but rather by the fact that demo-
graphic data such as age and sex are more readily available
in more countries than information about, for example, social
capital or housing conditions.

There is a wide consensus that vulnerability can be dif-
ferentiated socially and spatially and that such an indicator-
based approach to mapping vulnerability is valid (Fekete,
2019; Christmann and Ibert, 2012). Despite a large body
of scientific work on these approaches, Cheng et al. (2021)
found in a literature review of heat vulnerability indices that
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many such indices do not provide useful guidance for urban
planners. Also in the German context, vulnerability indices
are rarely integrated into planning processes (Greiving and
Fleischhauer, 2022). There is an established practice of so-
cial monitoring in many major cities around the world and in
German cities in which socioeconomic indicators and their
dynamics are regularly reported in order to identify disadvan-
taged areas that require welfare and structural measures and
funding. However, in Germany such indicator sets are rarely
used as a part of assessing needs for climate change adapta-
tion or include specific environmental or climate-related indi-
cators (Greiving and Fleischhauer, 2022). There are various
reasons for the limited uptake of vulnerability indices in spa-
tial planning practice, as discussed in the previous section;
Fig. 3 provides an overview of some of the main method-
ological challenges.

There remains an active methodological discourse to ad-
dress these challenges, particularly regarding the empirical
and statistical validation of indices and limitations of data
quality and availability (Fekete, 2019, 2009; Rufat, 2013).
Fekete (2009) provides a detailed and transparent overview
of the many methodological challenges of mapping vulnera-
bility, including those particular to Germany — for example,
data limitations and the challenge of balancing transparency
and statistical sophistication. Particularly critical is the ag-
gregation of indicators into an index, which can disguise un-
derlying conditions and make the results hard to interpret
correctly (Fekete, 2019; Weichselgartner and Kelman, 2015;
Heesen et al., 2014). Hence, Fekete (2019) took a practi-
cal approach and chose to map indicators individually rather
than creating composites. This methodological approach of
mapping individual components or indicators rather than, or
as well as, composites is rare in the context of vulnerability
studies. We employ such an approach in this study due to
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Figure 4. Overview map of the Stuttgart region and its polycentric nature.

considerations of user requirements from a spatial planning
perspective and practical consideration regarding data scale
and resolution (see Sect. 4.1 and 4.2).

In summary, spatial vulnerability indices are state of the art
and a standard in research. However, they are still rarely in-
tegrated into planning processes and suffer limitations due to
data quality, resolution, aggregation issues, and transparency.
Therefore, in this paper we focus on bridging the gap be-
tween vulnerability indices and application in planning prac-
tice. We are concerned with the relevance and usability of
the results for spatial planners specifically, as well as how
the vulnerability information can enable planners to include
considerations of vulnerability and risk in planning processes
in the context of climate change adaptation. We investigate
this by mapping vulnerability for the case study region of
Stuttgart in the context of a transdisciplinary research project
(see Sect. 3).

3 The case study region of Stuttgart and the research
approach

The Stuttgart region in southwest Germany with a size of
3654 km? consists of 179 municipalities, including the state
capital and several medium-sized cities in a polycentric
structure, as well as many smaller towns (Fig. 4). The re-
gion with a population of about 2.8 million is one of the most
densely populated regions of Germany and a key economic
centre of Europe, with a lot of pressure on the housing mar-
ket in and around the urban centres. At the same time, there
are many other pressures on land use in the region, includ-
ing adaptation to climate extremes. Of particular concern for
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the settlements in the region are heatwaves and pluvial flood-
ing caused by heavy rainfall. Life in the region has already
been disrupted by such events, with pluvial flooding and
heatwaves occurring to various extents in most recent years.
In terms of pluvial flooding, storm events of various scales
(including flooding, heavy rainfall, and sometimes hail) oc-
curred each year between 2017 and 2023 in the Stuttgart re-
gion. Most dramatic was the storm event of 1972 in which
six died in the Stuttgart city centre. Also notable is the highly
destructive flash flood in 2016 in a small town called Brauns-
bach 20km outside of the region, which led nationally to a
greater awareness of the risks of heavy rainfall events. It can-
not be stated that the frequency of such heavy rainfall events
has been increasing or will increase in Germany, but they are
becoming more intense and erosive (Deumlich and Gericke,
2020). In terms of extreme heat, the European heatwave of
2003 that led to about 9500 deaths in Germany is notable
as it was the first such extreme heatwave since the previous
one in 1994 (Winklmayr et al., 2022). However, since then
extreme heatwaves have been occurring more frequently, in-
cluding in 2018, which led to about 8700 deaths (Winkl-
mayr et al., 2022). There have been heatwaves and record-
breaking temperatures in every summer since then (Imbery
et al., 2022). The probability of heatwaves occurring in Ger-
many is expected to increase significantly, and their severity
is projected to rise dramatically to different degrees depend-
ing on the level of global warming (Hundhausen et al., 2023).

These hazards and their impact on the health of people and
ecosystems and the function of infrastructure in the region
do not stop at administrative boundaries. Not only do wa-
ter and airflows disregard administrative boundaries, but so
do important urban functions such as critical infrastructure
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Figure 5. Overview of the research process.

networks, everyday commuting routes, and supply chains.
This is especially the case for the Stuttgart region due to
its polycentric structure with its interconnected local centres
and companies with multiple locations and suppliers. That is
why the planning authority at the regional level in Stuttgart
plays a particularly central role in climate adaptation as part
of strategic spatial planning that coordinates the local land-
use planning — as anchored in the German spatial planning
law.

One role of the regional authority is to provide an informa-
tion basis for regional and local spatial planning. Currently
the main information basis for planning is the regional “cli-
mate atlas” published in 2008, which provides information
such as the location of important airflows and green open
space as well as urban areas with poor ventilation, which
is relevant to the mitigation of urban heat islands and poor
air quality. These analyses have provided an important basis
for justifying the protection of green spaces in the regional
spatial plan as well as in local land-use plans. The regional
authority in collaboration with city administrations, special-
ist offices, and research institutes is currently updating this
climate atlas as part of a collaborative research project en-
titled “ISAP — Integrative city-regional adaptation strategies
for a growing polycentric region: Region Stuttgart” funded
by the German Federal Ministry of Education and Research
(BMBF). The new climate atlas will include not only infor-
mation relevant to extreme heat but will also include hazard
maps for heavy rainfall events, information about the current
and future changes in the climate, and further information to
identify areas that have a need for adaptation. This identifi-
cation of adaptation needs requires information on exposure
and vulnerability. It is this task of providing a spatial infor-
mation basis for the assessment of exposure and vulnerabil-
ity — and ultimately risk and adaptation needs — that is the
focus of this paper.

This research took place over the years 2020 to 2023
and is embedded in the above-described planning process in
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which input from practitioners was central to the research
process and results (Fig. 5). We gathered this input at dif-
ferent stages of the process and in various forms. Firstly, the
regional planning authority conducted a workshop with lo-
cal planners from throughout the region to elicit end-user re-
quirements of the climate atlas online tool. Meanwhile, the
Stuttgart city climatology department also conducted three
workshops with spatial planners from the city administration.
These workshops focused on the climate atlas as a whole and
included valuable insights relevant to the vulnerability maps.
Together with the regional planning authority, we also con-
ducted a workshop to discuss interim results of the vulnera-
bility and exposure maps with regional planners. In addition
to these more structured workshops, there were regular dis-
cussions within the project team, which included not only
the regional and city officials but also specialists in the fields
of urban climate modelling and modelling of pluvial flood-
ing caused by heavy rainfall. We presented interim results
at scientific conferences (one focused on spatial planning
and the other on risk management), which provided feed-
back from different disciplinary perspectives. In parallel, we
conducted household surveys in the region, which provided
insights from the local population about perceptions of cli-
mate risk and implementation of adaptation measures. The
following section (Sect. 4) summarises initial findings from
these discussions and from literature-based research, which
determined the method for mapping vulnerability, described
in Sect. 5.

4 Preliminary findings: basis for the vulnerability
mapping

4.1 Map requirements from a planning perspective

The target audience of the maps of vulnerability is spatial
planning at the local and regional levels, and additionally
the maps will be made available to the public and should be
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of interest to a wider professional audience and interested
public. The analysis results should be relevant to the general
strategic level for the region as a whole, while also providing
information that is relevant to municipalities. The regional
planning authority has a particular responsibility to provide
information relevant to the many small municipalities in the
region, which otherwise would not have access to such cli-
mate services. Thus, the analysis approach involved a bal-
ancing act between these planning levels in terms of spatial
resolution (i.e. how detailed or finely spatially differentiated
the map is).

The analysis of vulnerability is also a balancing act be-
tween simplicity and complexity. On the one hand, it is com-
mon practice in an academic context to include many indica-
tors in a composite weighted index as a way to capture vul-
nerability. However, this leads to a type of black box which
is difficult for planners to judge, interpret, and communicate.
We found in our exchange with planners that there is a strong
preference for single indicators where it is simple to under-
stand what is being measured and mapped. However, at the
same time there is also the need to synthesise or overlay in-
dividual indicators to be able to see connections between the
spatial phenomena or characteristics of settlement areas.

In the exchanges with planners at the regional and local
levels in the Stuttgart region (see Sect. 3), we identified the
following key criteria for the usability of the maps in spatial
planning processes:

1. Accurate and current data. The data should be accurate
and not more than a year or 2 old so that planners can
be confident that they are basing plans on information
about the current situation that will stand up to legal
scrutiny.

2. Transparent and traceable method. The data sources,
their qualities, and the analysis methods should be
clearly and simply documented and available so that
planners can judge and accurately interpret the impli-
cations of the results.

3. Clear and comprehensible communication. The results
should be easy to understand and communicate to di-
verse audiences in order to allow planners to justify
and defend the resulting plans and in order to foster
greater understanding of climate adaptation considera-
tions amongst the administration and public.

4. Spatial resolution and aggregation. The information
should allow a differentiation within municipalities as
well as between municipalities to be relevant to the local
and regional planning levels. The spatial differentiation
should also be at a fine enough scale to allow a useful
overlay with the fine-scale hazard maps, but at the same
time the results should be aggregated so that they can
be interpreted and formulated into clear requirements
for actions.
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Figure 6. Assessment of the available social—spatial statistical data
according to the main identified end-user requirements.

5. Regional coverage. The information should be available
for the whole region, not just the major cities, because
especially the small municipalities do not have access
to such information and require it.

We thus conclude that the vulnerability maps should be de-
tailed and meaningful for the entire region in order to be ap-
plicable for local and regional planning levels and compara-
ble to hazard information but at the same time be as simple as
possible while still correctly characterising the settlement ar-
eas and allowing the identification of adaptation needs. These
conclusions provided the basis for subsequent methodologi-
cal decisions outlined in the following two subsections.

4.2 Assessment of data options and spatial units

To map vulnerability, we require two main types of data:
firstly, social-spatial statistics and, secondly, spatial data
about the physical urban environment and its use. The data
on building shape, type and use, and land use were provided
by the planning authority from the official property cadas-
tral information system. The cadastral data are, however, not
sufficiently current, so we supplemented them with Open-
StreetMap data. OpenStreetMap data are entered by users
and validated using a systematic process. In terms of social—
spatial statistics, the core of the vulnerability analysis, there
is currently no option that meets all the necessary criteria (see
Fig. 6). Based on the findings from Sect. 4.1, we require so-
cial data for the entire region at sub-municipality resolution.
Census data are a good high-resolution data source, but at
the time of this research the available census data were from
2011 and thus outdated (the new census was published mid-
2024). The state statistical office updates the social statistics
annually, but these are only available at the spatial resolu-
tion of whole municipalities. For these reasons, we purchased
data from the geodata company Nexiga GmbH. Nexiga re-
ceives data from the state statistical office and the employ-
ment agency and supplements it with its own survey data.
They use a statistical procedure to disaggregate the data sets
to a finer scale. Due to the procedure, full transparency of the
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data is no longer possible, which is the main weakness of this
data source.

The data from the company Nexiga provided a sufficient
alternative given the limitations in the official data at the time
of the study (2020-2023). Furthermore, the data from Nex-
iga provided another benefit, namely suburb boundaries as a
spatial unit for analysis. These are not an official administra-
tive unit as there is no such administrative unit except for in
some larger cities but not for their surrounding regions (e.g.
the city of Stuttgart has official suburb boundaries but the
other municipalities in the region of Stuttgart do not). Nex-
iga constructed these suburb polygons based on data about
urban and social structures. On average (regional average),
1245 residents live in a suburb. Unlike grid cells, these poly-
gon boundaries correspond to the actual urban environment
and thus, according to our exchanges with planners, are eas-
ier to interpret. We thus deemed these suburbs to be a spatial
unit well suited for spatial planning purposes and for over-
laying with other risk information (i.e. hazard maps).

4.3 Selection of vulnerability indicators

We selected key indicators for vulnerability to pluvial flood-
ing and extreme heat based on literature and data availabil-
ity, as well as on availability of empirical evidence from
a German context and on conclusions from initial statisti-
cal and spatial analysis of the data. Firstly, considering the
commonly used indicators of social vulnerability outlined in
Sect. 2.3 and the availability of appropriate data described
in Sect. 4.2, the following indicators could not be opera-
tionalised for the Stuttgart region due to a lack of appropri-
ate data: education level, health condition/disability, ethnici-
ty/minority, social isolation, and language proficiency. There
are also many other less common indicators that would be
relevant in this context but not operational due to lack of
data, particularly measures of hazard-specific experience or
relevant knowledge about coping in a disaster or about im-
plementing adaptation measures, as well as measures of in-
tersectionality such as single parents with young children or
older people living alone.

While for some common indicators we did have data avail-
able — for example for age, gender, household size, income,
unemployment, and housing tenure — we did not include
maps of each of these indicators in our final selection. We
eliminated gender as an indicator due to the complexity of
the relationship between hazard impacts and gender found
in empirical evidence in the German context. Butsch et al.
(2023) found that men are more often affected by the im-
mediate consequences while women more often suffer long-
term consequences. In this context, it must be noted that there
is a lack of research and data on the specific vulnerabilities
of gender-diverse people (Simmonds et al., 2022). We also
eliminated the indicator “household size” because although
being a single-person household is a relevant factor, it is not
a significant enough factor on its own. Living alone is rather
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an exacerbating factor to the vulnerability factors old age and
underlying physical and mental health conditions. The level
of aggregation of our data did not let us make the connection
between single-person households and other conditions.

For the further definition of a final set of key indicators, we
considered the two climate-related hazards separately and as-
sessed the empirical evidence from Germany (based on ex-
isting literature reviews). A key current collection of meta-
studies provides the empirical basis for the final selection
of our vulnerability indicators, namely the German Status
Report on Climate Change and Health (2023). This report
analyses and synthesises studies on the health impacts of ex-
treme weather events (specifically floods, storms, droughts,
and fires; see Butsch et al. 2023) and extreme temperatures
(specifically heat; see Winklmayr et al., 2023) and assesses
the evidence from Germany on the social determinants of
vulnerability (Bolte et al., 2023). Butsch et al. (2023) find
that “four population groups are particularly affected by the
health consequences of extreme weather events for different
reasons”, the first being “children, older people and people
with physical limitations” due to the physical stress of ex-
treme events. The second group are “people with low so-
cioeconomic status” due to being “more directly exposed to
extreme weather events and often have lower coping capac-
ities”. The third and fourth group are men and women, as
discussed in the previous paragraph.

Winklmayr et al. (2023) show strong evidence for the sig-
nificantly higher susceptibility of older people to extreme
heat in Germany, showing that with higher weekly mean tem-
peratures the mortality rate increases for all age groups, but
with a particularly steep curve for the group over 65 years
and even more so for those over 85 years. The synthesis re-
port noted a lack of knowledge and need for more research
about socioeconomic determinants of vulnerability to health
impacts by heat in Germany (Bolte et al., 2023). The report
found evidence from European studies on the following so-
cioeconomic factors being related to higher risk of health
impacts from heat: social isolation (especially in old age),
homelessness, and an unfavourable housing situation (Win-
klmayr et al., 2023). While national studies are lacking, there
are several local empirical studies. A study of the city of
Dresden found a link between dense urban areas with low
greenery and fewer parks, a higher social burden (according
to the city’s social index of their education monitoring re-
port), and frequency of being subjectively burdened by heat
(Looks et al., 2021; Bolte et al., 2023). Additionally, a recent
household survey within the case study region of Stuttgart
found socioeconomic status to be a significant determinant
of adaptive capacity (Laranjeira et al., 2021).

In addition to socio-demographic factors, access to green
space is known to be an important factor of heat vulnerabil-
ity and have a direct relevance to spatial planning. In extreme
heat, public shaded green spaces can provide places for peo-
ple to retreat on hot days, especially for older people, chil-
dren, and people without their own garden (Sandholz et al.,
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Table 1. The three vulnerability indicators selected for the residential areas of the Stuttgart region.

J. M. McMillan et al.: Climate change for spatial planning in the region of Stuttgart

Indicator

Proportion of seniors

Socioeconomic status

Access to green space

Measured by

percentage of residential population
over 65 years

relative portion of households with
low income or renting

square metres of green space per
resident

Indicator of

sensitivity/susceptibility to heat and
flooding

capacity to cope with and adapt to
heat and flooding

capacity to cope with heat

Reasoning more susceptible to health impacts ~ fewer assets to buffer impacts or  shaded green space as cool refuges
take adaptation actions
Evidence Winklmayr et al. (2023), DKKV  Bolte et al. (2023), Looks et al. Arnberger et al. (2017), Bolte et al.

(2022), Sandholz et al. (2021),
Butsch et al. (2023), Bolte et al.

(2021), Butsch et al. (2023), Laran-
jeiraet al. (2021)

(2023), Sandholz et al. (2021)

(2023)

2021; Arnberger et al., 2017). It is important to note here that
we explicitly separated the assessment of green space from
the assessment already part of the climate analysis. In the cli-
mate analysis, areas such as meadows and fields around the
cities are judged as highly important due to their function
as areas of cold-air production and are thus essential for the
nightly cooling of urban heat islands. However, in the vulner-
ability analysis we focus only on green spaces that provide
accessible shade for people to use during hot days. While
green space is also important for pluvial flood mitigation,
we excluded it from the calculation of social vulnerability
to pluvial flooding because here we are measuring only the
sensitivity and capacities of the residential population. In the
case of heat, having access to green space is a way that resi-
dents can reduce to some extent how much they are affected
by heat. However, in the case of flooding the green space is
not for use directly by residents in a flooding event, but rather
a means to mitigate the flood hazard through water retention
or diversion. Our approach was to keep the analysis of the
vulnerability separate from the consideration of hazard miti-
gation.

We undertook a spatial analysis of different age groups
and of the three indicators for which we had data that re-
late to socioeconomic status, namely income, unemploy-
ment, and housing tenure. Regarding socioeconomic status,
statistical analysis of the three variables found that unem-
ployment is significantly correlated with household income,
and spatial analysis showed that spatial differences between
higher or lower portions of unemployed population are min-
imal. Therefore, we chose only to include the two indicators
“low income” and “home ownership” as key indicators to ex-
plain socioeconomic status and one aspect of vulnerability.
Regarding age, we found for children (tested for age groups
under 10) there was little spatial variation at the resolution of
suburbs, and due to the small differences, the pattern can be
presumed to be quite dynamic over time. We therefore deter-
mined such a map to be inappropriate as a basis for planning
and rather selected the map of older people (over 65) which
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showed a much stronger spatial pattern. Furthermore, the em-
pirical evidence for the vulnerability of older people is very
robust, with older age also correlating with other vulnerabil-
ity factors including heath conditions and a higher likelihood
of living alone. Thus, in accordance with the end-user re-
quirements outlined in Sect. 4.1, the data availability outlined
in Sect. 4.2, the empirical evidence outlined in this section,
and the initial statistical and spatial analysis of the data, we
selected the following three key indicators for vulnerability:
age, socioeconomic status, and green space provision (see
Table 1).

5 Methods: mapping vulnerability
5.1 Indicator and index construction

Based on the three selected key vulnerability indicators (see
Sect. 4.3 for the selection process) we produced a regional
map for each indicator, namely (1) proportion of seniors,
(2) socioeconomic status, and (3) access to green space. In
addition, we combined these key indicators into two indices
which we call synthesis maps — one map to synthesise the
indicators relevant to heat stress (namely all three key indi-
cators) and the other to synthesise the indicators relevant to
pluvial flooding (namely proportion of seniors and socioeco-
nomic status). Figure 7 provides an overview of the result-
ing five maps to show spatial patterns of vulnerability in the
Stuttgart region. Here it is important to repeat that we define
vulnerability as one dimension of risk; these maps do not de-
pict risk as they do not include information about exposure
or hazards (see Sect. 2.1). We also produced maps for the
assessment of exposure, including about population density,
settlement structure, land use, and critical and sensitive in-
frastructure, in addition the hazard maps — these are all also
important elements of the spatial risk assessment but are not
the focus of this paper.

To construct the synthesis maps we first standardised the
three key indicators using the quantile classification method
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Proportion of seniors

Proportion of residents aged
65 ot over

Key vulnerability
indicators

Socioeconomic status

Composite indicator
including proportion of
households with relatively
low income and proportion
of tenant households

Access to green space

Green space per resident
(considering use-intensity),
where green space is at least
partially shaded, within 200m
of the residential area and
publicly accessible

Relative social vulnerability to pluvial flooding

Proportion of seniors +

1

Synthesis
maps

Proportion of seniors +

1

Socioeconomic status +

Socioeconomic status

Relative social vulnerability to extreme heat

Access to green space

Figure 7. Overview of the vulnerability maps for the Stuttgart region, including three key vulnerability indicators and the two synthesis maps

based on these indicators.

and then added the indicators to produce two unweighted
composite indices according to the following formulas (see
also Fig. 7):

Vul_PF, =S, +E,, (1
Vul_H, =S, +E, +G,, )

where Vul_PF, is the relative social vulnerability to pluvial
flooding in suburb n, Vul_H,, is the relative social vulnera-
bility to heat in suburb n, S, is the standardised indicator for
vulnerable age group (proportion of residents over the age
of 65 in suburb n), E, is the standardised indicator for so-
cioeconomic status (based on the average of the proportion
of renters and the proportion of lower income households in
suburb n), and G,, is the standardised indicator for accessi-
bility to shaded green space for residents in suburb 7.

We describe the method for calculating indicator S and E
in Sect. 5.2 and indicator G in Sect. 5.3. The indicators were
statistically validated using a sensitivity analysis in order to
check if the selected indicators are each relevant for explain-
ing the final index values for vulnerability. The results of the
sensitivity analyses for vulnerability to flooding and vulnera-
bility to extreme heat are provided in the Appendix (Fig. Al).

5.2 Socio-demographic data analysis

For all vulnerability maps, we used the quantile classifica-
tion to divide the suburbs into five equally populated classes
(quantiles). This method creates classes with the same num-
ber of suburbs in each class, with the median and average
in the middle class. This method has the advantage that data
outliers do not have a significant influence on the classifi-
cation. It encourages a spatial differentiation throughout the
region, which is a disadvantage in that it can lead to the ap-
pearance of differences between areas when there is only a
minimal difference. However, this is also an advantage in
that differences within smaller municipalities become more
visible. The results are relative values that describe the devi-
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ation from the median, which is simple to communicate. For
example, the indicator “proportion of senior citizens” shows
the average proportion of residents over 65 years of age per
suburb in five classes. This classification method is also com-
monly used and transparent, and thus aligned with the user
requirements identified in Sect. 4.1.

We also used this quantile classification method to stan-
dardise the indicators. We constructed the second key indica-
tor “socioeconomic status” out of two components: (1) tenure
(proportion of households living in rented homes out of the
total number of households per suburb) and (2) household in-
come (proportion of households with a monthly net income
of less than EUR 1500 in the total number of households
per suburb). These two components are correlated (r = 0.65).
To construct the key indicator “socioeconomic status” we
first standardised both components using the quantile method
with classes named 1 to 5, in which 5 represents the high-
est proportion of renters and the highest proportion of low-
income households. We then calculated the average of these
two components and reclassified the composite again into
five equal classes.

5.3 Analysis of access to shaded green space

The third key indicator “green space” describes the amount
of shaded accessible public green space per resident. Such
spaces include parks in urban areas, forests, or shaded paths.
This indicator is not about the many other uses of such
spaces, such as rainwater management, cold-air production,
ventilation, recreation, or biodiversity. We only consider
green space in terms of their benefits as cooler places to re-
treat to during heatwaves and thus as an aspect of adaptive ca-
pacity and vulnerability to health impacts of heat stress. We
constructed this indicator based on available data (see Ap-
pendix Table Al). We first identified relevant green spaces
based on the following criteria:

1. vegetated (grass, plants),
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Figure 8. The socio-demographic indicators (old age, housing, and low
(excerpt of regional map).

shaded (by trees),
public (not private, continuously open and free),

amenities (benches, paths),

A

proximity (within walking distance to residential areas),
and

size (relevant capacity considering nearby residential
population).

We were not able to visit all of the relevant spaces through-
out the region and assess them according to the above crite-
ria. We had to rely on a data-based method with some ground
truthing.

We first selected the following areas from the land-use
cadastre as heat-relevant green spaces: forest, parks, green
spaces, garden land, and cemeteries. Cemeteries are often
not considered green public space in a more general sense,
as they cannot be used in the same way that parks can, but in
Germany, they are often well shaded with established trees,
offer basic amenities (e.g. benches), are places of social con-
nection for older residents, and thus are highly relevant to
heat vulnerability. Garden land is also not usually considered
public space, as the gardens are mainly private. However, in
the Stuttgart region the small lanes between the gardens are
often well shaded by established trees and dense green sur-
roundings and thus can be relevant retreats from the heat.
We did not include land uses that are vegetated but without
trees or amenities (e.g. footpaths), thus we did not include
agricultural fields, vineyards, orchards, or roadside vegeta-
tion. We only considered such areas within 200 m of a sub-
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income) mapped together to show their contrasting spatial patterns

urb boundary by straight-line distance. We only took areas
that are publicly accessible into account; i.e. we excluded
private gardens, communal gardens of apartment buildings,
and parks that cost entry (based on OpenStreetMap data). In
addition, we only considered areas that are at least partially
shaded (according to the Copernicus Street Tree Layer).

After identifying these public shaded green spaces, we de-
termined the availability of such green spaces in terms of ef-
fective available area of green space per resident in each sub-
urb. This measure differs from the gross area of green space
per resident and takes into account the fact that a unit area
of green space that has a high “use intensity”, i.e. one that
is shared between many users, has a different usage quality
compared to one with a low use intensity. Refer to the Sup-
plement for a detailed description of these GIS-based calcu-
lation steps.

6 Results: maps of vulnerable areas

The resulting maps of the Stuttgart region provide informa-
tion on vulnerability, including on the spatial distribution
of older residents, on the population’s socioeconomic re-
sources, and on public green space provision. These maps
complement the regional climate analysis and pluvial flood
hazard maps. As described in Sect. 4.2, we undertook this
analysis at the resolution of statistically generated suburbs
rather than using the more common approach of municipal
averages. We based this decision on the end-user require-
ments outlined in Sect. 4.1. In this section, we present a se-
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Figure 9. Map of the access-to-green-space indicator (excerpt of regional map).
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Figure 10. Synthesis map of social vulnerability to heat that combines all three key indicators (excerpt of regional map).

lection of the final maps below and identify emergent clusters
of high vulnerability.

Figure 8 shows that older residents tend to live outside or
on the outer edges of cities and municipalities, while the pro-
portion of older people in inner-city areas, especially in the
larger centres, is relatively low. There is also a high propor-
tion of seniors in many of the smaller municipalities in the
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eastern districts of the region. Figure 8 also shows that the
spatial pattern of socioeconomic structure, as measured by
household income and housing tenure, has a contrasting spa-
tial pattern to that of the proportion of senior citizens. House-
holds that rent or have a lower household income are located
more in the inner-city districts of large and medium-sized
cities. There are notable exceptions in the very small hamlets
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in the northeastern districts (e.g. in the Swabian—Franconian
Forest) where the proportion of households with low incomes
is relatively high.

The access-to-green-space map shows areas with rela-
tively low green space per resident primarily in inner-city
areas (Fig. 9). This is mainly due to higher population den-
sity and higher pressure on land use. The analysis also shows
a relatively low supply of green space in some small towns.
This result is mainly because fields and private gardens were
deliberately not included in the calculation. Although these
areas tend to be dominated by single-family dwellings with
gardens, this will not necessarily continue to be the case
in the future if the policy of reducing land consumption,
through measures such as requiring a minimum density in
new residential developments, is successful.

When we combine these three factors — proportion of older
people, socioeconomic status, and access to green space — to
form the synthesis map “relative social vulnerability to heat”,
areas become apparent where vulnerability is relatively high
on average (Fig. 10). The synthesis map “relative social vul-
nerability to pluvial flooding” which considers the average of
only the two socio-demographic indicators, and not access to
green space, is included in the appendix (Fig. A2) because
there are only minimal differences between these two maps
except that the urban centres tend to have a higher vulner-
ability class when the access-to-green-space indicator is in-
cluded. As discussed above, the indicator of socioeconomic
structure also identifies mainly the urban centres as vulner-
able. Aside from the urban centres, the synthesis map also
points to vulnerable areas on the outskirts of Stuttgart and
the mid-sized cities throughout the region, particularly due
to the higher proportion of older population in the outer sub-
urbs. We discuss the interpretation and usefulness of these
maps in the following section.

7 Discussion

7.1 Using vulnerability maps to prioritise and
differentiate adaptation needs

In this section, we discuss the vulnerability maps (described
above in Sect. 6) in combination with maps of the hazards
and exposure. We discuss how the inclusion or omission of
different data can lead to different conclusions about high-
risk areas.

In Fig. 11, we overlayed the vulnerability synthesis map
with the climate analysis map. Here the inner cities stand
out as areas most exposed to extreme heat due to the heat-
island effect as well as having high relative vulnerability due
to both a higher proportion of socioeconomic disadvantaged
households and a lack of green space. For example, in partic-
ular the densely populated inner eastern suburbs of the city
of Stuttgart are characterised by heat exposure and relatively
high social vulnerability including relatively low access to
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green space, and they thus present a priority area for adapta-
tion (Fig. 11).

In Fig. 12, we overlay the vulnerability synthesis map with
the pluvial flood map (maximum water depth). In this case,
we show how the overlay looks in the online tool for planners
and the public to use. Here the issue of the spatial resolution
mismatch can be seen (introduced in Sect. 2). The flood map
is very detailed and separated into maximum water depth and
velocity in the modelled scenario — both important factors to
understand risk. However, this makes it challenging for plan-
ners to interpret, especially at the regional level, and chal-
lenging to combine with the social vulnerability information.
For example, a flood is hazardous sometimes more due to the
water depth (e.g. when water enters buildings) or flow ve-
locity (e.g. shallow but fast flowing water can be dangerous
for people less stable on their feet). Furthermore, the partic-
ularly hazardous spots can be quite small (e.g. a street cor-
ner). These two factors make identifying the high-risk areas
a challenge (e.g. from what level of water depth or velocity is
a spot considered dangerous and from what number or mag-
nitude of dangerous spots and what level of social vulnerabil-
ity is a suburb considered high risk?). Thus, future research
(and future work in the ISAP project in the case study region)
should address this issue of translating or interpreting pluvial
flood maps into risk maps and into actions required by spatial
planning.

Despite these open questions, the overlay of social vul-
nerability maps with hazard maps can help to better identify
the high-risk areas and derive and prioritise necessary action.
Measures that reduce hazard and exposure (e.g. through se-
curing open space and implementing blue-green infrastruc-
ture) could be prioritised in socially vulnerable areas, as well
as measures that reduce the social vulnerability. Depend-
ing on the reason for the high social vulnerability (e.g. the
socioeconomic situation of residents or the availability of
shaded green space), such measures could be to prioritise
these areas for hazard reduction, information-based measures
such as targeted risk awareness campaigns, or improvement
in the quantity and quality of accessible shaded green space.
In the case of both pluvial flooding and heat risk assessments,
consideration of vulnerability factors can lead to a more com-
prehensive and nuanced assessment of risk and can also be
useful for the following tasks:

1. to further differentiate highly exposed areas in order
to identify the high-risk areas which indicate a poten-
tial priority for risk reduction action (e.g. which areas
within a heat island have a high density of vulnerable
residents),

2. to differentiate different types of high-risk areas (e.g.
due to hazard exposure or lack of green space) so as
to differentiate different appropriate risk reduction mea-
sures (e.g. hazard mitigation or improvement of green
space access), and
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Data sources: Climate analysis (preliminary results, Lohmeyer GmbH 2023, ISAP-Project). Vulnerability analysis (IREUS 2023, ISAP-Project) based on socio-demographic data & residential areas,
Nexiga GmbH 2020, ALKIS land-use data from LGL 2020 (www.Igl-bw.de), OpenStreetMap land-use data (OpenStreetMap-Contributers 2023), Copernicus Street Tree Layer 2019 (Generated using
European Union's Copernicus Land Monitoring Service Information https://doi.org/10.2909/205691b3-7ae9-41dd-abf1-1fbf60d72c8c). Background map tiles by CartoDB (under CC BY 3.0. Data
by OpenStreetMap, under ODbL) and ESRI World Hillshade (Esri, Airbus DS, USGS, NGA, NASA, CGIAR, N Robinson, NCEAS, NLS, OS, NMA, Geodatastyrelsen, Rijkswaterstaat, GSA, Geoland, FEMA,

Intermap, and the GIS user community).

Figure 11. Overlay of the areas of relatively high social vulnerability (based on proportion of seniors, socioeconomic status, and access to
green) map layer over the areas with the most unfavourable bioclimatic conditions for human well-being in terms of heat load due to a high

potential for the heat-island effect (climate analysis results).

3. to identify areas with high social vulnerability that may
not currently be exposed according to the hazard maps
but still are potentially at risk to less extreme events
(e.g. to avoid increasing risk, future urban development
should not exacerbate urban heat through increased soil
sealing in areas that are socially vulnerable)

These suggestions about how the maps could be used are
based on our own discussions within this study, not on an
evaluation of how planners do use the maps — this should be
a focus of further study.

At the municipal planning level, an established plan-
ning instrument in Germany is socially focused urban re-
newal programmes, in which socioeconomically disadvan-
taged neighbourhoods are improved in a participatory pro-
cess. Through this approach, both social issues and struc-
tural issues of an area can be addressed, including climate
risk alongside other environmental justice issues such as air
and noise pollution and broader vulnerability issues such as
social isolation and community cohesion. The spatial infor-
mation about climate risk, including vulnerability, can pro-
vide a basis for identifying issues and for formulating the
necessary development concept or framework plan for the
urban renewal. Here it must be noted that social disparities
cannot be removed by planning alone, but planning based
on vulnerability maps can prioritise disadvantaged areas and
help ensure equal provision of infrastructure and quality liv-
ing environments.
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7.2 Feedback on the approach and its applicability for
spatial planning

In this section, we discuss whether our approach and results
meet the end-user requirements outlined in Sect. 4.1, as well
as feedback received from spatial planners. Planning deci-
sions are based on a legally binding process of weighing up
the different interests and land-use conflicts, as well as be-
ing directed by political processes. The deliberation process
by planners is based on a range of different inputs including
data, analyses, and assessments. Scientific results and struc-
tured analyses can, to a certain extent, provide an objective
and transparent basis for the decision-making process. How-
ever, planners cannot simply rely on analysis results without
understanding them. They need to be able to correctly inter-
pret them and explain and defend basing decisions on them,
including in the face of legal challenges. In Sect. 4.1 we listed
several requirements for spatial data to ensure their applica-
bility for spatial planning, and in the following paragraphs
we discuss how this led to our approach to mapping vulnera-
bility, as well as initial feedback on this approach.

Complexity vs. simplicity

One of the key findings from discussions with planning prac-
titioners (Sect. 4.1) is that there is often a discrepancy, firstly,
between complex vulnerability indices and usability in plan-
ning practice and, secondly, between the scale and detail of
hazard maps and vulnerability maps. Therefore, based on
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Figure 12. Screenshot of a prototype of the new climate atlas of the Stuttgart region (developed by the ISAP project team funded by BMBF, to
be hosted by Verband Region Stuttgart, programming and design by indblik.io, 2023). Map shows a pluvial flood map (maximum flood depths
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these user requirements identified in Sect. 4.1 and data avail-
ability assessed in Sect. 4.2, we chose an approach to mea-
suring and mapping vulnerability that focuses on key indi-
cators rather than only on building a composite index. There
are several reasons for this decision: firstly, simplicity. By se-
lecting a limited number of indicators rather than building a
more complex and comprehensive composite index, we aim
to avoid the black box in which the resulting map is only
understandable after a lengthy explanation of methods, in-
dicators, and weights. In particular, we found the issue of
weights caused issues in the communication of complex in-
dices. However, this highly reduced approach cannot capture
the full complexity of vulnerability and thus raises questions
about which areas are missed due to this approach. More re-
search, such as a sensitivity and validation study based on
further data, could help in this regard.

The second main reason for this simplified approach was
data availability. Despite there being strong evidence for
many different factors contributing to vulnerability, there is
no spatial data available in Germany for many of these fac-
tors (Sect. 4.3). Thus, a further reason for not constructing
a more comprehensive vulnerability index is that too many
factors would have to be left out at this spatial resolution. It
would not have been possible to complete a comprehensive
index in a statistically sound fashion; thus, the indicators are
reported separately. At the same time, there is still a need to
compare and combine the individual indicators so as to iden-
tify highly vulnerable areas. We thus constructed a simple
synthesis of the key indicators using an unweighted index.
Due to the limited number of indicators included, the user
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can more easily break down the index into its components
and interpret it for different uses. Breaking the results down
into individual indicators is, in fact, what test users did upon
seeing the synthesis maps; they wanted to know which indi-
cator caused an area to be considered highly vulnerable in our
maps. At the same time, they also showed interest in the syn-
thesis maps as a way to get an overview of the situation and
identify where several indicators had high values (e.g. high
proportion of elderly and of households with a lower socioe-
conomic status). Based on this initial feedback, our approach
seems appropriate from a planning perspective. However, if
more appropriate data were available for more vulnerability
factors, other solutions to the issue of translating a composite
index for planning purposes could be considered. For exam-
ple, sensitivity tests or stepwise regression could be used to
identify the indicators that led an area to be considered highly
vulnerable (as suggested by Cheng et al., 2021).

Interpretation of analysis results for planning

The above paragraphs and this paper focus on developing a
methodology that meets planning requirements. However, a
different and important aspect of usability by planning is how
results can be best translated and communicated for planning
purposes. This translation should include clearly written and
spatially explicit suggestions for planners. The climate anal-
ysis, for example, includes an additional map that translates
the climate analysis results into such explicit spatial plan-
ning suggestions (e.g. open space with an important cooling
function). Online tools to present spatial information can be
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a part of this translation of climate risk information, as can
tools such as risk-based spatial concepts or other so-called
“informal” planning instruments such as framework plans for
certain districts.

While co-created analyses and well-translated results may
improve the link between vulnerability analyses and the plan-
ning administration, more is required to support planners
in communication with local councils that pass planning
statutes and can set strict targets and threshold values for cli-
mate and environmental risk (e.g. air pollution levels) that
then must be considered in planning deliberation processes.
For this translation of climate risk information for local coun-
cils, simple and relevant messages are required, for example,
the translation of risk into monetary costs. This translation of
vulnerability maps into concrete planning suggestions, con-
cepts, and instruments needs further research.

A final remark concerning usability is an own reflection on
this research process. We conclude that it is highly beneficial
to include planning practitioners in the early stages of analy-
sis and in mapping the results (e.g. for the online tool). With-
out this input throughout the process, we would have made
different decisions about the analysis and mapping, based
more on current literature (i.e. producing a more complex
composite index), using different data (i.e. older census data
or much lower resolution data) and different mapping styles
(i.e. grid cells instead of polygons). This would likely have
reduced the usability of the results.

7.3 Study limitations, recommendations, and further
research needs

This section outlines the limitations of the research, opportu-
nities for improvement, and recommendations for processes
that would support integrating climate risk into spatial plan-
ning.

Firstly, we analysed the vulnerability of residential areas
and the residential population. Thus, we focused only on
the people and the settlement areas and not on vulnerabil-
ities of different land uses or structures in and around the
settlements or the situation in non-residential settlement ar-
eas. This means that risk to the agricultural sector, particu-
larly those working outdoors and therefore highly exposed to
heat, is not included in our analysis. In the online tool we do
provide an additional map of non-residential areas accord-
ing to land use (commercial, industrial, public services) and
employee density; however, we could not map vulnerability
due to lack of data about, for example, the type of working
conditions.

There are other factors of vulnerability that we could not
include in our analysis due to lack of data, for example,
health conditions, social marginalisation, education level,
and knowledge of hazards, as discussed in Sect. 4.3. These
missing data concern both susceptibility and capacity fac-
tors, including factors of socioeconomic disadvantage. One
missing factor that is particularly relevant for urban planning
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is information about the building type and quality and urban
form. We were able to make a map of building density and
dominant building type per suburb, and while this provides a
differentiation of the urban structure that can be relevant to
targeted adaptation strategies, it does not allow a judgement
of vulnerability. For a map of building vulnerability, infor-
mation about building quality would be an important factor
to find a measure for, especially regarding heat vulnerability
(Samuelson et al., 2020).

A limitation also related to data is the coverage and reso-
lution of our analysis, namely for the whole region and at a
sub-municipal resolution. This proved to be an unusual com-
bination, particularly because in the Stuttgart region there are
no statistical sub-units at a more detailed resolution than the
municipalities. This lack of sub-municipal statistical units
is a limitation for all kinds of statistical analyses at the re-
gional level. It would also be helpful for planning purposes
if the census were made available, not just on the current
100 m x 100 m grid, but also for standardised sub-municipal
statistical units available for the whole country and not just
large cities (see e.g. the Australian statistical mesh blocks or
the United States census tracts).

Furthermore, the issue of the census only being once a
decade needs to be addressed. In this study, we investigate the
use of statistically updated and disaggregated data. However,
in terms of transparency and legitimacy it would be prefer-
able to use the public data source, i.e. the census. Further
research should analyse the stability of spatial vulnerability
patterns over time. This would allow us to determine if it is
possible to justify using census data despite them being up to
10 years old or if a 10-year update cycle would be adequate
for vulnerability analyses.

In terms of the research methods, there are several main ar-
eas for improvement that present opportunities for further re-
search. Firstly, more input from spatial planning practitioners
and related sectoral planers (e.g. water management, green
infrastructure management, and social welfare), as well as
planners from smaller towns and planning offices, could help
to improve the relevance and practical usability of the results.
Secondly, the vulnerability aspects of critical and sensitive
infrastructure and their assessment at the regional and local
scale could be further integrated into the assessment. Thirdly,
the analysis of access to green space could be further devel-
oped to include barriers to access such as slope steepness and
network distance analyses.

Another open topic for research is thresholds for classifi-
cation of vulnerability data rather than the data-based clas-
sification used in this and similar studies. The advantage of
a threshold is that comparisons can be more easily made be-
tween different areas and over time. In the German context,
there are various different thresholds for a sufficient amount
of green space that should be accessible, and the discus-
sion is moving towards a standard. There are also various
approaches for thresholds of social deprivation and relative
poverty, or related current discussions about a social index
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with which to identify disadvantaged schools. So far, only
some cities and states in Germany have social indices. Such
current developments are very relevant for the assessment of
vulnerability and climate risk, and future research should link
up these discourses.

While this paper has focused on the specific case of the
region of Stuttgart and the German context, the findings are
applicable to other planning systems. Around the world there
is work ongoing to integrate climate risk assessments into
spatial planning, and while the data quality, climate risk and
vulnerability issues, and planning context vary, the identi-
fied needs of planners (e.g. transparency, interpretation), so-
lutions (e.g. visibility of individual indicators, appropriate
spatial resolution), challenges (e.g. data availability, involve-
ment of different sectors), and lessons learned (e.g. bene-
fits of involving planners early in the analysis, challenges of
combining maps of different risk dimensions) can apply and
be valuable to these different contexts.

8 Conclusion

This study has shown a way to map social vulnerability as
measured by key indicators at the regional and local level.
We found that spatial patterns of susceptibility and coping
and adaptive capacities differ. Based on this finding and rec-
ommendations from planning practitioners, we conclude that
alongside an aggregated synthesis map of vulnerability, maps
of individual indicators can provide a useful addition for con-
sidering specific policy options in spatial planning such as
targeted adaptation of areas with an ageing demographic or
with more limited access to green space. In addition, the re-
search shows that vulnerability and hazard information can
be usefully combined to provide information about spatial
hotspots and differential spatial patterns of risk. The input
from practitioners into the development of the vulnerability
maps allowed us to better understand the needs of the end
users of the maps and cases where such information could be
used, for example, in the strategic adaptation planning and
improvement of green space. Considering the insights pre-
sented in this paper about how to operationalise the vulner-
ability dimension of risk directly for spatial planning could
benefit further work to improve the suitability and usability
of risk analyses for adaptive spatial planning.
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Appendix A

Table A1. Data sources for the analysis.

Data set Data source Use in analysis Currentness  Description

Population figures Nexiga GmbH Gross housing density 2020  Statistical continuation and disaggregation
of official and unofficial social statistics

Resident age Nexiga GmbH Proportion of seniors

Households renting  Nexiga GmbH Socioeconomic structure

Household income  Nexiga GmbH Socioeconomic structure

Land use ALKIS (LGL) Green space 2020 The official real estate cadastre from the
State Office for Geoinformation and Rural
Development of Baden-Wiirttemberg

Park accessibility OpenStreetMap  Green space 2023  Freely available data from OpenStreetMap
contributors

Street trees Copernicus EEA  Green space 2018  Urban Atlas Street Tree Layer, not fully val-

idated
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Figure A1l. A sensitivity analysis of the synthesis maps of vulnerability to flooding (a, b, ¢) and heat (d, e, f). EP represents the proportion
of seniors, RH represents renting households, LI represents lower income, and GS represents access to green space. In the graph on the left,
each curve shows how strong the influence of each indicator on the relative vulnerability value is — the steeper the curve, the stronger the
influence. The middle graph shows the sensitivity of each indicator — the small size of the box plot indicates a more precise influence while a
higher value on the y axis explains a stronger influence. The graph on the right shows how each indicator influences and interacts with others
when one indicator changes. If the “total effect sensitivity” of an indicator is zero, then it can be removed or interchangeable with other
indicators, while if the indicator’s median is greater than zero then it signifies that the indicator is irreplaceable and is relevant in explaining
the vulnerability value. This sensitivity analysis indicates that all indicators are relevant and important in explaining vulnerability despite
having different strengths of influences.
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Data sources: Vulnerability analysis (IREUS 2023, ISAP-Project) based on socio-demographic data & residential areas, Nexiga GmbH 2020. Background map tiles by CartoDB (under CC BY 3.0. Data
© OpenStreetMap contributors 2023. Distributed under the Open Data Commons Open Database License (ODbL) v1.0.) and ESRI World Hillshade (Esri, Airbus DS, USGS, NGA, NASA, CGIAR, N

Robinson, NCEAS, NLS, OS, NMA, Geodatastyrelsen, Rijkswaterstaat, GSA, Geoland, FEMA, Intermap, and the GIS user community).

Figure A2. Synthesis map of social vulnerability to pluvial flooding that combines the two socio-demographic indicators (excerpt of regional

map).
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Data availability. The data set of analysis results, including the ini-
tial indicator values and categorised index results for each suburb,
is available at https://doi.org/10.5281/zenodo.15024293. The avail-
ability of the underlying data sources varies: the Nexiga GmbH data
sets are commercial and not freely available (we discuss the reasons
for using these data in Sect. 4.2), the land-use cadastre can be re-
quested for a fee from the state office LGL, and the OpenStreetMap
and Copernicus data sets are freely available open-data sources.
More information on the data sources can be found in Table Al
and in the reference list. To view the resulting maps in detail, see
the interactive maps online at https://klimaatlas.region-stuttgart.org/
(VRS, 2023).

Supplement. The supplement related to this article is available on-
line at https://doi.org/10.5194/nhess-25-1573-2025-supplement.
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