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A B S T R A C T   

Due to their high density and sealing, cities are vulnerable to more frequently occurring extreme 
weather events such as heat, heavy rainfall and storms. Urban planning needs to respond to these 
climate risks. Urban climate analysis maps are used to assess climate-related hazards. Subse
quently, planning recommendation maps aim to inform urban planning processes and to derive 
effective measures for climate change adaptation planning. Taking the IPCC risk concept as a 
methodological framework, this paper assesses whether and how all three components of this 
concept – hazards, exposure and vulnerabilities – are considered in existing urban climate ana
lyses and planning recommendation maps based on a comparison of 12 urban climate analyses 
from Switzerland, Germany and Austria. This comparative analysis highlights difficulties in the 
practical delineation of the components hazard, exposure and vulnerability in order to assess the 
risk of climate impacts on cities. The informativeness of planning recommendation maps depends 
on the depth of the analyses of the components and subsequently affects the quality of derived 
planning measures for urban climate adaptation and mitigation planning. The results confirm that 
there are basically two methodological approaches: those of climatopes and those of urban 
climate models. Increasingly, there are also mixed forms that combine the possibilities of both 
variants. Many additional analyses or components are needed to carry out a comprehensive risk 
analysis, to identify particularly affected areas and thus to provide spatially explicit indications 
for measures. We conclude from our comparison that urban climatic analyses must therefore 
include four components to enable spatial climate change adaptation: (1) urban climatic analysis 
related to the hazard component, (2) in depth social and spatial analysis related to exposure and 
vulnerability components, (3) adaptation options and thus (4) planning recommendations and 
planning recommendation maps as “guidance to reduce the risk”. To improve these analyses and 
provide a better basis for decision making and planning a (international) standardisation is rec
ommended. A joint analysis of climate scenarios as well as socio-demographic and spatial de
velopments can support a better analysis of (future) risks for cities. The effectiveness and 
implementation could be promoted if the analyses are linked to the cities’ “regular” planning 
instruments and the statutory planning instruments.   
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1. Introduction 

Cities are significantly affected by climate change due to the related health, environmental, social, and economic impacts (IPCC, 
2014; IPCC, 2023; Kromp-Kolb et al., 2014). They are more vulnerable to extreme weather events such as heatwaves, heavy rainfall, 
storms, and hurricanes compared to less densely populated regions (Rawlins et al., 2015; Schütt et al., 2022; Labedens et al., 2018). 

Urban areas can experience higher temperatures compared to their surrounding rural areas due to the urban heat island effect 
(UHI) (Oke, 1967). This is mainly caused by the concentration of buildings, roads, and other heat-absorbing surfaces, leading to 
increased temperatures (Lemonsu et al., 2015). Rising global temperatures due to climate change exacerbate this effect, making cities 
even hotter. The expected higher temperatures and more frequent heatwaves (Ulpiani et al., 2024) can lead to heat-related illnesses 
and exacerbate air quality issues, especially in densely populated urban areas (Tomlinson et al., 2011). Such changes have health 
impacts, lead to infrastructure damages and affect economic distributions (Heaviside et al., 2017; Martinich and Crimmins, 2019). 
Extreme weather events and temperature fluctuations can damage critical infrastructure such as roads, bridges, public transportation 
systems, and buildings (Markolf et al., 2019). 

The changes in climate signals can also lead to an increased intensity of heavy rainfall events that can result in more frequent and 
severe flooding in urban areas, that can consequently lead to landslides, infrastructure damage, power outages, and disruptions in 
transportation and communication systems (e.g. Stoffel et al., 2014; Altvater et al., 2011). Climate change can alter precipitation and 
evapotranspiration patterns, leading to droughts and water scarcity in some regions – as it is the case in Central Europe (Haslinger 
et al., 2023). Climate-related hazards, such as heavy rainfall events, can disrupt economic activities, both directly through physical 
damage and indirectly through supply chain disruptions. Last but not least, urbanization and climate change can lead to habitat 
destruction and changes in ecosystems, resulting in a loss of biodiversity and ecosystem services within and around cities (Brunner and 
Cozens, 2013; Verbeeck et al., 2011). 

To mitigate these impacts, cities are working on various strategies, such as implementing climate-resilient infrastructure, 
enhancing green spaces or developing emergency response plans and climate adaptation and mitigation action plans to deal with 
extreme weather events and to reduce the risk of adverse effects (e.g. Djedjig et al., 2015; Demuzere et al., 2014; Ulpiani et al., 2024; 
Aboagye and Sharifi, 2024). 

The review of Aboagye and Sharifi (2024) pointed out that, among other potential deficiencies, “criteria related to implementation” 
of climate actions are often missing in current climate action plans. In addition, Ulpiani et al. (2024) mentioned that only about one 
quarter of the Global Covenant of Mayors climate action plans comprise a map of climate hazards (Ulpiani et al., 2024). They also state 
that “there is a noted deficiency in targeting specific vulnerable population” (Ulpiani et al., 2024). Both, however, are important to 
define appropriate adaptation options and to optimize the location of adaptation measures as essential part of recommendations for 
climate adaptation planning. 

Ren et al. (2012) pointed out that urban climatic maps, consisting of an urban climatic analysis map and an urban climatic planning 
recommendation map, can help to bridge the gap between climate science and urban planning. Both, urban climatic analysis maps and 
planning recommendation maps, are therefore a valuable tool to enhance the urgently needed implementation of climate actions 
(IPCC, 2023). In recent years, many different urban climate analyses have been conducted around the world with the aim of providing 
planning recommendations for spatial development and to increase climate resilience (Ren et al., 2012, Ngamsiriudom and Tanaka, 
2023, Xu et al., 2020, Guerra et al., 2023, Zhang et al., 2024). These were performed using different methods and tools (see chapter 1.2 

Fig. 1. Schematic showing the incorporation of hazards, exposure and vulnerability to determine risk as a basis for urban climate analysis (IPCC, 
2014; Estoque et al., 2023). 
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and 3.1.1). Research and practice show that “pure” urban climate analyses are not sufficient for urban planning (Ren et al., 2012, 
Zhang et al., 2024, Ulpiani et al., 2024, Hidalgo et al., 2019). A comprehensive risk analysis and the identification of particularly 
affected areas, and thus spatially explicit indications for planning measures, require many additional analyses or components. In order 
to determine the consequences of climate change for cities and urban planning, the IPCC risk concept with the components hazard, 
exposure and vulnerability provides the theoretical framework. 

1.1. Hazard, exposure and vulnerability – The IPCC framework as a basis for risk communication 

In the context of climate change impacts, risks arise from the dynamic interactions between climate-related hazards and the 
exposure and vulnerability of the affected human or ecological system to those hazards. The concept of risk as depicted in the IPCC 
reports provides a useful framework for decision-makers to address negative impacts of climate change (IPCC, 2014). In the area of 
urban planning this helps to develop strategies to reduce the potential negative effects of urban climate change. To evaluate climate- 
related risks in urban areas, the determining factors should be assessed and embedded in urban climate analyses. 

In the fifth Assessment Report (AR5) (IPCC, 2014) and the Special Report on Managing the Risks of Extreme Events and Disasters to 
Advance Climate Change Adaptation (SREX) (IPCC, 2012), risk is expressed as a function of hazard, exposure and vulnerability. There 
has been a methodological shift towards a risk-centered approach compared to previous assessment reports (e.g. AR4), where 
vulnerability has been expressed as a function of exposure, sensitivity and adaptive capacity. In their review Estoque et al. (2023) 
found that misinterpretation and unawareness exist among researchers when addressing the revised concept. Here, we focus on the 
concept proposed in the AR5, thus considering the aspects of hazards, exposure and vulnerability together to support urban planning 
and decision making and to provide guidance to reduce the risk (see Fig. 1). 

1.2. Adaptation to climate change in urban planning using urban climatic analysis 

As a basis for climate change adaptation strategies, cities are commissioning urban climatic studies for strategy development and 
decision making. An important component of an urban climatic study is the production of urban climate analysis maps, which depict 
the local climatic conditions of an urban area (Baumüller, 2015). 

Urban climate analyses have been conducted for several decades, with the emergence of urban climatology as a distinct field of 
study in the mid-20th century (Yoshino, 1990). However, the systematic examination of how urban environments influence local 
climate conditions dates back even further. As urbanization began to transform cities during the Industrial Revolution, observers noted 
temperature differences between urban and rural areas. One of the earliest recorded references to the urban heat island effect can be 
found in a publication by Luke Howard in the early 19th century (Howard, 1833). In Europe, the first urban climatic maps were 
developed in Germany in the 1970s (Matzarakis, 2005). At that time the mitigation of air pollution was in focus (Ren, 2015). Based on 
land use information and its climatic characteristics, the different urban climatic conditions were defined as climatopes – spatial units 
of the urban climatic maps (Ren, 2015) – which until today provide a central methodological approach to urban climate analyses (see a 
detailed description in chapter 1.2.1). In the 1990s several cities in Germany (e.g. Stuttgart, Berlin) continued to conduct climatic 
analyses leading to a set of ‘climatic atlases’ that informed urban planning decisions aiming at improved air exchange in these urban 
areas (Ren, 2015). Starting in the 1980s and with increasing awareness of environmental issues, urban climate analyses gained sig
nificance in the context of climate change and urban planning. Federal states and cities started to conduct detailed measurement 
campaigns to analyze urban climatic conditions. Thermal images, meteorological measurements, mobile measurements or vertical 
atmospheric soundings were used to evaluate the climatic situation within a city. Furthermore, researchers began using advanced 
computer modeling to simulate the spatial distribution of urban heat load and predict the effects of different urban designs and land 
use patterns (Sievers and Zdunkowski, 1986; Bruse and Fleer, 1998). 

Similar to the climatopes, the urban climate zones (UCZ) are linking air temperature to land use/land cover classes surface 
properties and offer a generic typology for identifying areas in terms of their capacity to modify the local climate (Oke, 2006; Richard 
et al., 2018). Based on this approach, Stewart and Oke (2012) developed Local-Climate-Zones (LCZ) which are used worldwide due to 
offering an easily applicable global dataset (Richard et al., 2018, Guerra et al., 2023, Zhang et al., 2024, Lehnert et al., 2021). 

According to Ren et al. (2011), urban climate analysis maps generally consist of three aspects: i) the dynamic component (e.g. local 
wind systems and cold air flows), ii) the thermal component, focusing on areas affected by heat stress and iii) air pollution. In current 
scientific literature, two primary methodologies are distinguished for evaluating settlement areas under bioclimatic stress: (1) cli
matopes and/or (2) urban climate models (Ren et al., 2011). 

1.2.1. Urban climate analyses using climatopes 
Climatopes are non-parcel-specific spatial units that represent areas with similar microclimatic characteristics (Baumüller, 2015). 

Meaning each climatope unit responds similarly to boundary layer forcing and represents a local (micro)climate (Mora, 2010). A 
boundary between two climatopes indicates the potential range of two neighboring urban climatic conditions (Ren, 2015) and is not a 
fixed entity in reality (Stanhill and Kalma, 1995). Climatopes are mainly distinguished by daily thermal variations, the surface 
structure and vertical roughness, topography as well as the type of land use and vegetation cover (Scherer et al., 1999; Baumüller, 
2015). However, the development of climatopes is a qualitative process based on climatic expertise or prior knowledge of local 
topography and climatology and specialized to particular (urban) areas (Parlow, 1998; Scherer et al., 1996, 1999; Alcoforado et al., 
2009; Ren, 2015). Consequently, each city exhibits a unique set of climatopes meaning that intercity comparisons or generalizations 
are of limited use (Stewart and Oke, 2015). The climatope approach was first used to differentiate urban areas according to their 
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climatic functions and characteristics, with the aim of reducing air pollution in the early second half of the 20th century in Germany 
(Ren, 2015). However, climatope maps are developed and used for other contexts as well, such as the climatic analysis of mountain 
areas (Mora, 2010). 

The method of developing climatopes has been described in English and German by the Association of German Engineers (VDI)1 in 
their standard “VDI 3787 Part 1” and studies not only in German-speaking countries used the climatope approach for generating urban 
climatic maps (see Ren et al., 2012 and Ren et al. 2015 for global examples). According to the VDI, climatopes are derived, classified 
and allocated from the latest digital, geo-referenced data (VDI – Verein Deutscher Ingenieure, 2015). This data consists of: land use 
data, topography (e.g. digital elevation model), data of building layer (including building height, building density and degree of 
sealing etc.), data of vegetation type and structure or aerial images with high spatial resolution (VDI – Verein Deutscher Ingenieure, 
2015). 

These data feed various GIS layers – e.g. building volume, ventilation paths, green areas, slopes, etc. – where climatopes can be 
delineated qualitatively. This classification of climatopes should then be further improved with information on the distribution of basic 
climatic parameters (e.g. air temperature, humidity, wind speed and direction, radiation), cold air drainage and thermally induced 
wind systems, as well as information on human-biometeorological conditions (VDI – Verein Deutscher Ingenieure, 2015). It is crucial 
to acknowledge that the VDI is a Germany based standard that is primarily designed for low-density urban settings (Ren, 2015). For 
high-density cities, which often have a diverse land-use composition, the climatope approach requires further refinement and 
expansion. In the case of urban climate analysis in Hong Kong, for example, not only were land use, topography, vegetation, and wind 
data employed to delineate climatopes, but further detailed urban morphology information, including building tower and podium 
data, was incorporated to calculate building volume and ground coverage, as well as proximity to openness (Ren, 2015). 

1.2.2. Urban climate analyses using urban climate models 
Climate analyses can also be based on numerical urban climate models for city-wide climate consideration, optionally supple

mented with microclimate models to simulate detailed features such as building geometry and characteristics, vegetation, etc. 
In recent years, several models (we mention some of them in chapter 3.1.1.) that cover a broad range regarding physical processes, 

spatial and temporal scales have been developed to provide urban climate information for different purposes (e.g. urban planning). 
Urban climate models are applied on city scale and take into account detailed information regarding land cover properties (e.g. 
buildings, soil, vegetation, water) to simulate interactions between built-up areas and natural surfaces within urban areas and sur
roundings. They can be used to simulate the spatial distribution of heat-related hazards und thus provide an important tool within the 
scope of urban climate analyses (e.g. Gross, 1994; Sievers, 2016; Maronga et al., 2020). By combining urban climate model results with 
regional climate projections using dynamical-statistical downscaling techniques, urban climate scenarios can be performed consid
ering different greenhouse gas emission scenarios (Früh et al., 2011). Microscale models are used to simulate the effects of buildings 
and vegetation mainly on their immediate environment by considering detailed urban structures like building geometry, surface 
materials or different types of vegetation related to buildings (e.g. roof or façade greening). Due to their higher computational re
quirements, their spatial extent is limited to block or district areas, where they can be applied within the framework of detailed studies 
and (individual) urban development projects (Bruse and Fleer, 1998). Some models and tools were specifically designed to quantify 
radiation parameters like mean radiant temperature that provide the basis for the calculation of thermal indices like the physiological 
equivalent temperature (e.g. Matzarakis et al., 2010). 

To consider important nocturnal cold air flows that provide natural ventilation and cooling of urban areas, cold air drainage models 
are often applied within the framework of urban climate analyses. As a result, parameters such as cold air layer height, wind speed and 
cold air volumetric flows are calculated (e.g. Lohmeyer and Schädler, 1998; Sievers 2005). 

1.3. From urban climatic analysis to planning recommendation maps – Linking climatic and planning knowledge 

In recent decades, with an improved understanding of urban climate dynamics, planning recommendation maps have gained 
significance as a crucial element of urban climate analysis and climate-resilient urban planning. The use of maps to inform urban 
planning decisions is a long-standing practice, though the methodical addition of climate-related recommendations to such maps has 
intensified in recent years, resulting in a limited amount of published scientific literature on the subject (Baumüller, 2015; Ren et al., 
2011). As far as we know, the VDI directive 3787 Part 1 (2015) is presently the only methodological guideline for creating planning 
recommendation maps, although it is predominantly employed in German-speaking countries. In accordance with the directive and 
Baumüller (2015), the planning recommendation maps aim is to offer an integrated evaluation of climate analysis map results and 
supplementary analysis for the purpose of guiding cities on suitable adaptation and mitigation measures. 

The derivation of planning recommendations from the analyses is a necessary step to “translate” the climatic knowledge for spatial 
planning and to inform subsequent urban planning and development processes. The transition from analysis to planning recom
mendations has gained traction in practice but not as much in research. There are currently limited methodological guidelines and 

1 VDI - which stands for “Verein Deutscher Ingenieure” and translates to “Association of German Engineers” - is a German network that publishes 
technical regulations in order to set quality standards in many areas of industry. Developed by engineers for engineers in an interactive process over 
several years, the VDI standards are practice-oriented and aim to reflect the state of the art - i.e. for urban climate analyses. As a result, VDI 
standards claim to be generally recognised technical rules that provide guidance, with the German version of these standards being binding (VDI, 
2024; VDI – Verein Deutscher Ingenieure, 2015). 
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approaches for creating such recommendations. Analyses are developed both within research projects and on behalf of individual 
cities. In most cases, an own, individual method for the planning recommendation maps is developed. 

1.4. Aims of the contribution and research questions 

The aim of this paper is to compare different examples of urban climatic analysis in order to identify similarities and differences in 
their practical implementation, and to provide a basis for the development of a typology for urban climate analyses. Examples from 
cities in the DACH region (Germany, Austria, Switzerland) will serve as a basis. 

The main research questions are: (1) How is the IPCC AR5 risk concept implemented in urban climate analyses and urban planning 
recommendation maps?, (2) How are the individual components – hazard, exposure and vulnerability – analyzed in practice for urban 
planning purposes?, (3) Which components must be included in an urban climate analysis in order to be able to make spatially explicit 
statements for the spatial development of a city (i.e. in the form of planning recommendation maps)? 

2. Materials and methods 

The development and implementation of urban climate analyses for planning recommendation maps requires a combination of 
climatic and urban planning expertise. The paper is based on a research project, where experts on urban climate, urban and landscape 
planning and planning practice cooperate and combine their approaches, knowledge and methods. 

2.1. Selection of examples 

The contribution is based on an analysis and comparison of practically implemented urban climate analyses from Austria, Germany 
and Switzerland (DACH region). Urban climate analyses are commissioned by cities and are therefore usually documented in the 
respective national language. In order to be able to organize an in-depth analysis and comparison, examples from German speaking 
countries were selected since all authors are native German speakers. 

Initially, an online search was conducted focusing on the 25 most populated cities in Austria and Switzerland as well as the 30 most 
populated cities in Germany to determine whether they have an urban climate analysis. In Austria, five, in Switzerland six (additionally 
three analyses on the cantonal level) and in Germany, 27, cities were identified to have undertaken such analyses. Secondly, the 
examples were reviewed to determine whether they included planning recommendation maps (up till June 2023). This criterion 
reduced the number of examples to three Austrian, three Swiss2 and 24 German examples. The next step involved evaluating whether 
the urban climate analyses were initiated by the respective municipalities – those initiated through research projects were eliminated 
in order to emphasize on the procedure of implementation in practice. Finally, the most diverse range of contractors of the examples 
was chosen, as we found that most of the examples in Switzerland and Germany were done by the same contracting company. Due to 
these exclusion criteria, the sample was reduced to a total of 12 cities, which were analyzed and compared in depth: Austria – Graz, 
Linz, Innsbruck; Switzerland – Zurich, Basel-Stadt, Winterthur; Germany – Berlin, Stuttgart, Leipzig, Essen, Gelsenkirchen, Aachen. For 
the comparison, the examples were anonymized by letters in brackets: (A) to (L). The materials used (the reports from the urban 
climate analyses as well as the main urban climate analysis maps and planning recommendation maps) to analyze our sample are 
documented in the appendix. 

2.2. Qualitative content analysis and comparision by attributes 

A qualitative content analysis (Mayring, 2019, Gläser and Laudel 2019) of the reports and maps was carried out for the analysis and 
subsequent serves as a basis for the comparison of the selected examples. A coding key based on the categories of the IPCC AR5 (2014) 
risk concept was developed for this purpose. The initial structure of the coding key consisted of the four main categories – hazard, 
exposure, vulnerability and (guidance to reduce the) risk – within which the different processing steps, methods and components were 
assigned. In order to understand the exact methodology, components and work steps for the production of planning recommendations 
maps, different forms of urban climate analyses and the corresponding planning recommendation maps were identified from the 
literature using a deductive approach. These served as a first categorization of codes for the processing steps, methods and components 
of urban climate analyses. Thereupon, the literature was searched for further differentiation attributes. In addition, individual attri
butes of the examples analyzed were inductively added. A total of 118 codes (65 codes for hazard in 10 categories, 11 codes in 4 
categories for exposure and vulnerability, 11 codes in two categories for the adaptation options and 31 codes in 6 categories for the 
“guidance to reduce the risk”) were used for the analysis of the documents and plans from the examples (see Table 1 below and the 
complete table in the appendix). 

After assigning the codes to the different methodologies, components and processing steps used in the examples analyzed the 
results were transferred in a table to compare differences and similarities and to develop first approaches for a typology. In order to 

2 Although the city of Basel lacks a “classic” planning recommendation map, our desire to have as many examples for comparison as possible 
meant that Basel’s heat-concept (their adaptation strategy to urban heat) was included in the sample. This is not seen as a big problem, since it 
followed on seamlessly from the climate analysis of the canton of Basel-Stadt and integrates the same workflow as stated in the VDI directive for 
planning recommendation maps and literature. 
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compare the examples, the processing steps, methods and components used in each case are marked with an “x” in the table. 
The comparative method is often applied when looking for patterns of similarities and differences by comparing attributes. Such as, 

for example, different methods, input data, simulation tools or socio-demographic indicators used. This comparison leads to a typology 
of urban climate analyses with the aim of producing recommendation maps for urban planning. According to Mandara (2003), a 
typology is “a hierarchical system of categories used to organize objects according to their similarities and dissimilarities”. The 
construction of typologies is of central importance – mainly in qualitative social research – when complex realities have to be handled, 
understood and explained as far as possible. However, minimal methodological guidance has been developed so far to explain the 
process of a systematic and transparent type construction in detail. A typology is created by dividing an object field into groups (types) 
according to one or more attributes. In doing so, it is important to consider, that the elements within a type are as similar as possible 
(internal homogeneity on the “level of the type”) and, that the differences between the types are as great as possible (external het
erogeneity on the “level of the typology”) (Mookerjee and Roy, 2023; Stapley et al., 2022). 

Since there is no existing typology for urban climatic analysis, a progressive typification was carried out (Kluge, 1999). Starting 
from the individual attributes, those that are most similar are examined, based on the meaningful combinations of attributes. The 
results of this analysis and comparison are described in the following chapter. 

3. Results – Components of an urban climate analysis for the development of planning recommendation maps 

We distinguish the following components for the comparison of the attributes of the examples: (1) urban climatic analysis related to 
the hazard component, (2) in depth social and spatial analysis related to the exposure and vulnerability components, (3) adaptation 
options and thus (4) planning recommendations and planning recommendation maps as “guidance to reduce the risk”. 

3.1. Comparison of the individual components of an urban climate analysis for the development of planning recommendation maps 

We listed the above-mentioned four distinguished components (see chapter 3) in our table, which subsequently supported us in 
depicting and allocating many different attributes drawn from our sample of twelve examples during the comparative analysis. For 
better clarity and understanding we included a condensed version of this table for each component separated in the following (sub-) 
chapters (the complete table is in the appendix). Aside of the table we describe the differences and similarities found in the following 
sections. 

3.1.1. Climate hazard analysis – Urban climatic analysis 
In all twelve examples, urban heat load including cold air and/or ventilation paths were analyzed to represent the thermal and 

dynamical component of the urban climate analysis (See Table 2:). An additional analysis of air pollution was performed in seven 
examples (A), (G), (H), (I), (J), (K), (L), whereas two examples (G and H) additionally considered heavy rainfall. The results are 
summarized in the form of so-called urban climate analysis maps (for model-based analyses) or synthetic urban climatic maps (for 

Table 1 
Overview table of analyzed categories and attributes. The main categories were initially derived from the IPCC AR5 risk concept components and then 
revised to structure the results accordingly. Own table, 2024.  

1) Hazard: Urban Climate Analysis and Analysis Maps 
Method of urban climate analysis 
Climate Analysis map(s) for daytime 
Climate Analysis map(s) for nighttime 
Climatope Map (with combined day- and nighttime thermal load) 
Presentation of thermal and dynamic components within analysis map(s) 
Differentiated climatopes as consolidated indicators (if applicable) 
Consideration of climate change projections in hazard analysis 
Additional urban climate change scenario maps depicting future periods 
Measurement campaigns for data (climatope) generation or comparison with model results 
Types of measurements 
2) Exposure and Vulnerabililty: In-depth analyses 
Identification of particularly affected areas (exposure analysis) 
Analysis of sociodemographic Indicator (population density/distribution) 
Identification and analysis of vulnerable groups (vuln. Group(s)/distribution) 
Identification and analysis of vulnerable (social) Infrastructure 
3) Adaptation Options 
Identification and proposal of adaptation options 
Fields of action for adaptation options identified 
4) Guidance to reduce the Risk: Plannig Recommendations and Planning Recommendation Maps (PRM) 
Structure of Planning Recommendation Map (PRM) 
Presentation of heat load in the built-up areas in PRM 
Presentation of green/open spaces in PRM 
Aspects of assessing the climate function of green/open space 
Presentation of ventilation and cold air flow in PRM 
Designation of traffic-related air pollution of Main roads  
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climatope-based analyses) to depict the climatic situation within a city and to delineate areas based on their climatic functions and 
their climate-ecological spatial structures. Furthermore, they provide the basis for in-depth analyses (see 3.1.2) and for deriving 
planning recommendation maps (see 3.2). 

Our comparison has shown that the urban climate analyses and the delineation of affected areas provided by each city are based on 
numerical simulations or on climatopes, using different tools and techniques. When analyzing hazards on city or microscale, it is 
important to consider detailed city-specific structures as they strongly influence the characteristics of extreme weather events. Indi
vidual weather stations are not sufficient to depict the climatic situation in detail. Numerical models, GIS analyses or additional 
meteorological measurements are therefore used to locate spatially areas prone to a certain hazard. The input data used for performing 
the urban climate analysis strongly depend on the applied models or tools and their requirements. The following datasets are 
commonly used within the scope of urban climate analyses and were included by a majority of the studies: a digital elevation model, 
land use classification scheme or zoning plan, vegetation data, building data and degree of soil sealing. Some analyses include 
elaborate urban climatic observational assessments representing meteorological and climatological conditions regarding near-surface 
temperature, relative humidity, wind field or cold air paths. The topic of air quality was considered in seven examples by providing 

Table 2 
Summary of the indicators found for depicting the thermal and dynamic aspect of the urban climate analyses and to characterize the hazard. This table 
is a condensed version of the comparative analysis of attributes allocated to the hazard component (the full/complete table is in the appendix). Key: x 
= applicable. Own table, 2024.  

Example Codes D E F G I C B H A J K L 

1) Hazard: Urban Climate Analysis and Analysis Maps             
Method of urban climate analysis              

Model-based approach x x x x x        
Climatope-based approach         x x x x 
Mixed form approach      x x x     

Climate Analysis map(s) for daytime x x x x x        
Climate Analysis map(s) for nighttime x x x x x        
Climatope Map (with combined day- and nighttime thermal load)      x x x x x x x 
Presentation of thermal and dynamic 

components within (consolidated) 
urban climate analysis map(s) or 
climatope map               

PET - Physiological Equivalent Temperature 
(day) 

x x x  x         

2 m air temperature (night) x x x  x         
Urban heat island effect (night) x x x x x         
Climatopes      x x x x x x x  
Nocturnal wind field x x x  x         
Wind field changes    x  x x   x    
Wind rose      x x x      
Cold air volume flow x x x  x         
Cold-air paths  x  x x x x x  x x x  
Cold air production areas (implicit or explicit)  x   x x x x x x x x  
Cold air impact areas  x  x x         
Ventilation paths    x x x x x x x x  

Differentiated climatopes as consolidated indicators of combined day- and nighttime thermal 
load as well as dynamic components (only applicable for climatope map examples)             

Consideration of climate change projections in hazard analysis x x x x x x x    x  
Additional urban climate change scenario 

maps depicting future periods  x x x  x x x      
Measurement campaigns for data (climatope) generation or comparison with model results              

for thermal component (heat)     x x x x x x x x  
for dynamic component (wind/ventilation/ 
cold air)      x x x x x x x  
no additional measurements x x x x         

Types of measurements              
Station measurement campaigns to 
determine meteorological parameters such 
as air temperature, wind, relative humidity      x x x x x x x  
Mobile measurements (vehicles) to assess air 
temperature and urban heat island effects     x x   x x x x  
Thermal airbone measurements to determine 
radiation and surface temperatures     x   x x   x  

Trace gas measurements to determine cold 
air flows           

x x  

Vertical soundings to analyze vertical 
profiles of temperature, relative humidity 
and wind         

x   x  
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additional data and maps regarding pollutant emissions and their value exceedances (e.g. CO, PM10 or NOx emissions). 
The mesoscale model FITNAH-3D (Flow over Irregular Terrain with Natural and Anthropogenic Heat Sources) (Gross et al. 1994) 

was applied in all model-based studies investigated here. It is a three-dimensional numerical model developed at the Meteorological 
Institute of the University of Darmstadt, Germany, and has since been further refined and enhanced by the private company GEO-NET 
Umweltconsulting GmbH. It has been employed in many cities across Germany and Switzerland to investigate urban climatic patterns 
by analyzing small-scale temperature distribution, thermal load, cold air dynamics and flow conditions during representative fair 
weather conditions. In particular, the physiological equivalent temperature PET at 14:00 Central European Summer Time (CEST) was 
used to characterize thermal stress during daytime. For the nighttime, the 2 m near-surface temperature (and the subsequently derived 
nocturnal urban heat island effect) as well as wind field and cold air volume flow at 04:00 CEST were used to indicate areas prone to 
nocturnal overheating, to investigate processes of nocturnal air exchange and to depict important cold air and ventilation paths. 

In the case of the climatope-based and mixed-form analyses, the results were merged and summarized into one synthetic urban 
climate analysis map by delineating areas based on their microclimatic properties. The number and type of climatope classes strongly 
differs among the analyzed examples and ranges from 9 to 30 (see appendix table for detailed differentiation of climatopes found in the 
sample). For two examples (C and B) it was mentioned that some climatopes are only implicitly included and have been taken into 
account, even if they are not visible on the map. Cold air drainage models, such as KLAM_21 (Sievers 2005) or KALM (Lohmeyer, 
1998), were frequently applied to simulate nocturnal cold air paths and to identify cold air volume flow or thickness of cold air. In most 
cases, the delineation of the climatopes is not solely based on static data. Some analyses (A, H, J, K, L) combine comprehensive 
available meteorological observational datasets from measurement campaigns, air quality data or aerial images with topographic and 
land use data to assess the climatic and air hygiene situation and to define the climatopes. The measurement campaigns include 
temporary installed climate monitoring stations, vehicle-based measurements, airborne multispectral scanners or vertical soundings, 
aiming to identify local characteristics and spatial differences within the city. In certain climatope-based studies, 
human-biometeorological conditions were integrated into the analysis. One example explicitly mentions the RayMan Pro model 
(Matzarakis et al., 2010) to determine PET at selected stations. Other studies state that PET served as a basis for the characterization of 
the climatopes. 

Regarding the future development of heat-related hazards, the effects of climate change in the respective areas were additionally 
analyzed by many studies, with examples (B), (C), (D), (E), (F) and (I) explicitly providing urban climate change scenario maps based 
on the results of the hazard analysis in combination with regional climate projections. For instance, heat-related climate indicators (e. 
g. the mean annual number of hot days, summer days, tropical nights or PET exceedance days) were evaluated for current and future 
30-year periods, considering different representative concentration pathways (RCP). One example (E) presented daytime and night
time scenarios for the year 2030 by taking into account future climatic conditions and projected land-use changes. Examples (B) and 
(C) analyzed the potential impact of hypothetical urban development scenarios in the context of climate change. 

3.1.2. Exposure and vulnerability – In depth social and spatial analysis 
In addition to the climate hazard analysis, in-depth analyses were found to identify urban areas that are particularly exposed and/ 

or vulnerable to climatic changes (See Table 3:). Subsequently, particular socio-spatial vulnerabilities can be derived from these in- 
depth exposure analyses. The in-depth analyses were based on the areas of a city with high thermal load as identified and located 
in the hazard analyses. The extent to which individual areas of the city are particularly exposed depends, primarily, on the time of the 
day. Therefore, the distinction in daytime and nighttime heat load, based on the same distinction of the hazard analysis, was made in 
all five examples using simulation tools to determine the hazard. Our findings further reveal that such in-depth analyses of socio-spatial 
exposure and vulnerability were lacking in all of the climatope- or mixed-form-examples. Those cases that conducted in-depth analyses 
were presenting these aspects mostly in the written reports or in additional maps, sometimes as part of subsequently written climate 
change adaptation strategies. 

Population density can indicate the areas where many people are exposed to the urban heat island effect, especially at night. Areas 
with an above-average number of inhabitants (compared to the overall urban population density) were considered. This differentiation 
by daytime and nighttime heat load was then overlaid with different socio-demographic and spatial criteria. The overlaying socio- 

Table 3 
Summary of the aspects and indicators found to characterize the exposure and vulnerability component. This table is a condensed version of the 
comparative analysis of attributes allocated to the exposure and vulnerability components (the full/complete table is in the appendix). Key: x =
applicable. Own table, 2024.  

2) Exposure and Vulnerabililty: In-depth 
analyses              

Identification of particularly affected areas (exposure analysis)              
No particularly affected areas 
identified      x x x x x x x  
Particularly affected areas: Daytime x x x x x         
Particularly affected areas: Nighttime x x x x x         
Built-up areas with green space deficit    x         

Analysis of sociodemographic Indicator (population density/distribution) x  x  x        
Identification and analysis of vulnerable groups (vuln. Group(s)/distribution)  x  x x        
Identification and analysis of vulnerable (social) Infrastructure  x  x x         
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demographic indicators were the 90th percentile of the overall population density in example (D) and (F), or the upper quartile in 
example (I). The examples (I) and (G) added the distinction of vulnerable population groups, which were in both cases particularly 
young or elderly people. Example (I) used the upper quartile to distinguish the additional social vulnerability, while example (G) just 
stated “above average” occurrence of these vulnerable groups for outlining a further (socio-spatial) vulnerability to heat in these 
respective spatial blocks. 

These indicator groups for social vulnerability were also used to define the vulnerable (social) infrastructure that was considered in 
two in-depth analyses carried out by our examples. In (I) these were health-care facilities, retirement and nursing homes, childcare 
facilities and educational buildings including after-school care for children; and in (G) the same vulnerable infrastructure was 
considered plus additionally: libraries, playgrounds and sport facilities. 

The areas of high thermal exposure during the day are used to delineate the areas of bioclimatic stress at the places of stay. These 
places of stay can be further differentiated by spatial units - for example by (i) built-up areas – mostly residential, (ii) green and open 
spaces and (iii) public street spaces (G). The distance to green and cooler areas was used to delineate areas with a lack of access to cool 
and green spaces) and/or ii) built-up areas with a lack of (compensating) green space availability within walking distance (G). 

3.1.3. Adaptation options 
In addition to the urban hazard analyses and in-depth analyses, the selection and assessment of climate adaptation measures play a 

crucial role within the framework of planning recommendation maps (See Table 4:). Their consideration however differs strongly 
among the studies and some studies do not consider them at all. In our sample, measures were not proposed by: (B), (H), (K), (L). 
Applying adaptation options is often related to a modification of certain physical microclimatic parameters that affect the associated 
hazard level and/or a modification of the exposure of elements at risk or their vulnerability, implying a variation in the risk. 

Adaptation strategies and recommendations are often provided in the form of a catalog, listing several adaptation options relevant 
for the respective study site. In some studies, the measures were spatially located and prioritized: (A), (C), (E), (G), (I). The identi
fication and evaluation of adaptation options supports stakeholders and decision-makers in gaining a more detailed understanding of 
the availability, efficiency and feasibility of different measures with regard to the local requirements. 

All examples mentioned similar fields of action for adaptation, which include: additional greening, shading (reduction of radiation 
input), increase in albedo, unsealing, water areas for evaporative cooling, preventing densification at the expense of green areas, 
improvement of ventilation/flow-through, climate sensitive spatial structures, reduction of emissions or emission control. 

To assess the efficiency of these measures, some studies applied different types of models to carry out sensitivity simulations for an 
entire city as well as individual project sites, either considering new development areas or already developed areas. Usually, for each 
study area, the current condition is simulated based on a three-dimensional microclimate model and subsequently, a climate-optimized 
situation is simulated by considering selected adaptation measures like unsealing of surfaces, increasing albedo or implementing new 
green infrastructure (mostly hypothetical measures without considering their feasibility). The effects of these measures on near-surface 
temperature or bioclimatic indicators like PET are then evaluated. 

3.2. Planning recommendations and planning recommendation maps - guidance to reduce the risk 

The multi-layered results of the urban climate analysis map and the various analyses are synthesized in planning recommendations 
and in a planning recommendation map in order to provide the technical basis for consideration in urban planning and development 
processes (See Table 5:). 

The basis of almost all the examples studied was a spatial delineation by areas with thermal load (built-up areas) and by areas with 
relevance for cooling as compensation areas (green spaces). We found that three out of four climatope-based examples, as well as one 
mixed-form example, (H), were structuring their planning recommendation maps mostly according to the VDI: three classes for green- 

Table 4 
The aspects found to characterize and define adaptation options. This table depicts the full component of adaptation options that could be derived 
from the comparative analysis. Key: x = applicable. Own table, 2024.  

3) Adaptation Options             

Identification and proposal of adaptation options              
No concrete options proposed/Recommendation to develop a catalog of options 
(toolbox)       

x x x  x x  

Individual proposed options not or partially spatially allocated x  x   x x   x    
Catalog of options (toolbox) proposed, partly spatial allocation or explicitly located 
within city  x  x x x   x    

Fields of action for adaptation options identified              
Additional greening x x x x x x x x x x x x  
Shading (reduction of radiation) x x x x x x x  x     
Albedo increase x  x x x         
Unsealing / Specifiy max. Sealing Degree x  x x x x x x x x x x  
Water surfaces for evaporative cooling x  x x x x x   x x   
Preventing redensification x  x x x   x x x x x  
Improvement of ventilation/flow-through (consideration of cold and fresh air flows) x x x x x x x x x x x x  
Emission reduction / immission control  x  x x x x x x x x x  
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and open spaces (compensation areas) and three to five classes of built-up areas with different bioclimatic loads. Additionally, main 
traffic axes are depicted in the maps as ground-level pollutant emitters (VDI). One simulation-based example, (G), was additionally 
depicting the thermal load of streetscapes as a third category by another four classes. Three other simulation-based examples were 
depicting the thermal load of streetscapes as a third category as well. However, they did not include ground-level pollutants in their 
planning recommendation maps. 

In two of these examples, we found a differentiation between day- and nighttime in two different maps instead of a combination of 
both. These simulation-based examples used the PET to differentiate between the different areas with bioclimatic load for the daytime, 
and air temperature to delineate areas for the nighttime. 

There were also two special cases: one of example (A) even though being a climatope-based example – did not depict a planning 
recommendation map according to the VDI, but made a differentiation between 29 different zones. The thermal as well as the dynamic 
components and the air pollution were implicitly included in the classification of these 29 zones. The second special case was (E), 
which did not process the results from the hazard, exposure and vulnerability analyses into a planning recommendation map. 
However, as explained in the materials section, we integrated their urban climate (heat) concept maps for our analysis. 

4. Discussion 

Our comparison of existing urban climate analyses and planning recommendation maps from the DACH region confirms, that urban 
climate analyses that result in planning recommendation maps, have different components that can be linked to the three components 

Table 5 
The aspects found to characterize and define the component of planning recommendations and planning recommendation maps. This table depicts 
the full component. Key: x = applicable, (x) = implicitly applicable. Own table, 2024.  

4) Guidance to reduce the Risk: Plannig Recommendations and Planning 
Recommendation Maps (PRM)             

Structure of Planning Recommendation Map (PRM)              
One map with with destinction of heat load areas (built-up space) and compensation areas 
(green space)  
þ information on air exchange and linear designations for roads as ground-level emitters        

x  x x x  

One map with destinction between heat-load areas (built-up and street space) and 
compensation areas,  
(without planning designations for traffic-related air pollution) x  x x x x x       
Two maps: Additional differentiation in daytime and nighttime situation x x x           
Special case (One map divided in 29 zones by building density, land use, slope and 
ventilation and fresh air function; some of the zones have emmission control restrictions)         

x    

Presentation of heat load in the built-up areas in PRM              
Categories based on PET (day) x x x x x         
Categories based on air temperature (night) x x x x x         
Categories combining day- and nighttime load (thermal-bioclimatic load and/or 
immission-climatic load)      x x x  x x x  
Special case (heat load or cold air production implicit in or excplictly mentioned for 29 
zones)         

x    

Presentation of green/open spaces in PRM              
Regarding functionality/bioclimatic significance x x x  x x x x   x x  
Regarding need of protection    x      x    
Regarding quality of stay (day) x x x           
Special case (some of the 29 zones are green and open space zones)         x    

Aspects of assessing the climate function of green/open space              
Part of ventilation path x  x x x x x x  x x x  
High cold air volume flow or cold air discharge x  x x x x x x  x x x  
Proximity to built-up areas with high heat-load x x x x x x x x  x x x  
Proximity to green space underserved blocks  x  x x         
Size of the green open space  x    x x x  x x x  
Microclimate diversity  x  x       x   
high share of adjacent sensitive population     x         
close to sensitive Infrastructure     x         
Type ¼ forest x x x x  x x x  x x x 

Presentation of ventilation and cold air flow in PRM              
Cold air paths x x x x x x x   x  x  
Ventilation paths  x  x x x x   x x x  
Cold air productivity (high)     x (x) (x)  x   x  
Cold air impact area x x x  x       x  
Cold air volume flow x  x           
Average wind direction and wind speed x  x  x         
Special case (implicit or explicitly described for 29 zones)         x    

Designation of traffic-related air pollution of Main roads              
No designation of air pollution x  x   x x       
Implicit integration of air pollution  x   x    x     
Explicit presentation of air pollution    x    x  x x x  
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of the IPCC AR5 risk concept: i) hazard, ii) exposure and iii) vulnerability (including the sub-components sensitivity and capacity to 
cope and adapt) (IPCC, 2014). 

4.1. Components of urban climate analyses 

One of the guiding questions was: How are the individual components - hazard, exposure and vulnerability - analyzed practically 
for planning? This will be answered for each component in the following sub-chapters. 

4.1.1. Hazards 
The analysis confirms previous research by Ren et al. (2011) and Baumüller (2015) regarding two approaches in urban climatic 

analysis for planning recommendation maps: climatopes and urban climate models. Our analysis showed that this basic approach in 
the analysis of hazards also affects the further possible processing steps. It was also shown based on the comparison that there are also 
mixed forms that combine the possibilities of both variants and that the delineation and definition of the climatopes strongly differ. 
Especially for the determination of cold air paths, simulation tools (cold air drainage models) are frequently used in climatope-based 
approaches. Furthermore, numerical simulations can serve as a basis to delineate the climatopes (similar to the use of measurement 
data for defining the climatopes). Apart from the models used in the analyzed examples (mentioned in chapter 3.1.1.), there are as well 
other models to analyze the local climate An advanced development of urban climate models that enable turbulence-resolving urban 
climate analyses at high resolution at city-wide level has recently gained significant importance also in terms of their practicability 
within the scope of urban planning. State-of-the art urban climate models are designed to take into account relevant components with 
respect to environmental and meteorological issues. They should be able to carry out building resolving simulations and include 
aspects with regard to air pollution or cold air flows (e.g. Maronga et al., 2020). In addition, there are now various approaches that use 
statistical regression and machine learning techniques to model urban temperatures (e.g. Alonso and Renard, 2020). The analysis of 
thermal components require the use of different meteorological or climatological indicators to analyze urban heat load (near-surface 
temperature, physiological equivalent temperature, surface temperature, number of summer days, hot days, tropical nights or PET 
exceedance days). In our analyzed examples, PET was mainly used to depict thermal comfort during the day. However, a set of 
bioclimatic indicators exists to assess the thermal perception of a human being (e.g. Jendritzky et al., 1979, Höppe, 1999, Jendritzky 
et al., 2011). Paranunzio et al. (2021), for example, used the UTCI to generate a hazard index and subsequently to determine heat- 
related risks in the city of Dublin. A comparison between PET and UTCI showed that both parameters are useful for a general anal
ysis and that for extreme conditions is recommended to use more than one index (Matzarakis et al., 2014). 

Besides the advanced methods described above, the concept of local climate zones (LCZ), which was developed by (Stewart and 
Oke, 2012), has also been used worldwide to evaluate the thermal load (Guerra et al., 2023, Zhang et al., 2024, Lehnert et al., 2021). It 
could be used as a first screening of the thermal load for cities that have no climate analysis so far. A global dataset is also available 
(Demuzere et al., 2022), with all the limitations that come with it (Bechtel et al., 2019). While the use of LCZs can help to assess the 
thermal load and to place adaptation measures that in the short term reduce the burden, it is not sufficient to advice local planning that 
tries to counteract the increasing thermal load due to climate change at an urban scale, where, among other aspects, the regional 
influences e.g. caused by topography and dynamic components (wind) need to be considered as well (Ren et al., 2012). 

In our examples, for the analysis of the dynamical component, the near-surface wind field and cold air flows based on models or 
data from meteorological measurements are used in the climatope-based and model-based approaches. 

As a result, one or more thematic analysis maps (sometimes distinguished between day and night time) are generated that provide 
the basis for in-depth analyses. This approach also enables different loads to be represented during the day and at night. Other than the 
information about the current climatic situation, only a few examples include future urban heat load in combination with planned 
urban developments. 

The spatial resolution of analyses plays an important role within the scope of urban planning purposes. Even though from a 
climatological point of view, the consideration of overlapping or transition zones might be beneficial or at least a more realistic 
depiction of the natural gradation of the thermal load, the demarcation of “hard boundaries” as with the climatope (and the LCZ) 
approach is more useful for subsequent urban planning processes. 

4.1.2. Exposure and vulnerability analyses help to identify appropriate adaptation options 
Our findings revealed that many urban climate analyses lack in-depth analyses of socio-spatial exposure and vulnerability which 

are two main and equally important components of the IPCC risk concept (IPCC, 2014; IPCC, 2023). This lack is a deficiency that can – 
and, according to Ulpiani et al. (2024), does – lead to a further gap in the consideration of these aspects in deriving adaptation options 
and defining appropriate planning responses in practice. Since the AR6, the IPCC (2023) places emphasis on these “responses to 
climate change”, stressing the need to avoid maladaptation, since this affects the marginalized and most vulnerable populations 
adversely (Amorim-Maia et al., 2022; IPCC, 2023). This, in turn, means that a thorough analysis of the exposure and vulnerability 
components, which creates knowledge about highly exposed and vulnerable infrastructure and populations, is needed to avoid 
reproducing and exacerbating urban vulnerabilities and social marginalization in the process of developing adaptation options (based 
on the respective urban climate analysis) (Amorim-Maia et al., 2022,). 

Vulnerability and exposure are difficult to determine in practice since they are dependent on capacities to cope and adapt (IPCC, 
2014; IPCC, 2023; Laranjeira et al., 2021). The identification and effectiveness of adaptation options in the spatial domain were, if at 
all, only considered in simulation-based approaches that simulated the effect of spatial adaptation measures either for the city as a 
whole or for particular areas of the city. Neither capacities to cope and adapt of different social groups nor more general future 
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population developments were considered in the determination of vulnerability in the examples studied, even though research points 
to the need of including these (Birkmann et al., 2021; IPCC, 2023). Unfortunately, this is a common shortcoming in the context of 
working towards urban resilience where social justice is key (Calderón-Argelich et al., 2023; Ziervogel et al., 2017; Amorim-Maia et al., 
2022). 

All of the examples studied that did perform in-depth analyses of the exposure and vulnerability component, have been using 
population densities as well as certain indicator groups (children and elderly with different age group cut-offs) to determine “social” 
exposure and vulnerability which is in line with the ongoing urbanization coupled with an ageing trend of the population in Europe 
(Baccini et al., 2008; Hajat et al., 2014) and is therefore the minimum of what should be considered in social exposure and vulner
ability analyses. Recently, urban climatic map studies, as highlighted by Ng (2015) and Parsaee et al. (2019), have repeatedly urged for 
an increased emphasis on the “human-dimension” within the socio-physical urban environment in urban climate analyses. Our sample 
shows that five out of seven urban climate analyses carried out in 2015 or later contained some form of (social) vulnerability analysis, 
including assessment of particular sensitive infrastructure and vulnerable age groups. However, the state of the art of vulnerability 
research points to the need of a more context-dependent and intersectional approach to which aspects of social vulnerabilities need to 
be incorporated (Thomas et al., 2018, Ergas et al., 2021, Laranjeira et al., 2021, Amorim-Maia et al., 2022, Ulpiani et al., 2024). 
Therefore, we can conclude that a shortcoming in all examples in our sample is the limited consideration of the (social) vulnerability 
component. 

Another important aspect for both, exposure and vulnerability assessments, is to distinguish between daytime and nighttime 
thermal loads in order to demonstrate the combined exposure and to identify areas with significant exposure at both times for further 
assessments. The possibility to differentiate between daytime and nighttime exposure enables differentiated analyses of, for example, 
the working population or the residential population (Chen et al., 2022). This increases the informational value for planning, since the 
different load can be delineated and adaptation options (e.g., promotion of nighttime ventilation) can have bigger positive impacts. 
This differentiation could facilitate crucial comprehensive analyses of social and socio-spatial vulnerability arising from the temporal 
variations of where different groups or people stay – for example considering the place of residency and the place of work (Chen et al., 
2022). Some Swiss cities, were taking the density of work places into account in their further heat mitigation and adaptation strategies, 
but not for the analyses leading to the planning recommendation map (Bau- und Verkehrsdepartement des Kantons Basel-Stadt (ed.), 
2021; Stadt Zürich (Hrsg.), 2020). 

The “spatial” exposure analyses focusing on the assessment of diverse sensitive infrastructure is in line with the necessity of 
safeguarding all forms of critical infrastructure as fundamental elements of a functioning society by adaptation and mitigation 
measures (McEvoy et al., 2012; Huddleston et al., 2022). 

In addition to considering spatial adaptation options for the vulnerability assessment, the temporal component is also important, 
since (average) temperatures will, after all, change in the future. The projection of future (socio-spatial) developments and the use of 
these in simulation tools enables the analysis of an additional component in order to be able to take future vulnerabilities into account 
(Sheridan and Dixon, 2017; Ho et al., 2018). The simultaneous consideration of future socio-spatial and climatic developments in 
simulations did not take place in the examples examined. This is an area where further development and research is needed. 

The adaptation options identified in our sample are also comparable with the international case studies: (1) promoting ventilation 
through appropriate building design and adapting the urban fabric in combination with the local urban morphology and the devel
opment of climate-resilient urban structures, (2) maintaining and establishing urban green and blue infrastructure as well as measures 
in the area of albedo and surfaces to reduce the heat load (Acero et al., 2013, Ren et al., 2013). The variation in location accounts for 
the differences among the measures, as they hinge upon the particular city and its structures. According to Acero et al. (2013), the 
integration of the measures into the planning processes also varies according to the relevant planning instruments or level. The 
measures, moreover, are contingent not only on the spatial and climatic conditions of a city, but also on its goals and possibilities. 

4.1.3. Planning recommendation maps 
The process from the analysis of the individual components to the planning recommendation map is the methodologically weakest 

and most ambiguously documented in the examples studied. This is also evident when analyzing international studies and literature. 
The step from analysis to planning is usually only described on the basis of a specific city or a specific case study and with individually 
developed methods and approaches (e.g. Alcoforado et al. 2009; Acero et al., 2013). This is unfortunate given that the literature states 
that the “translation” of the climate analyses to a language that planners understand is crucial for successful implementation in 
subsequent planning procedures for urban climate adaptation planning (VDI – Verein Deutscher Ingenieure, 2015; Ren, 2015; Bur
ghardt et al., 2010; He et al., 2015). 

The analyzed examples demonstrate that planning recommendation maps are a result of the synthesis of climate analysis maps. 
These maps always encompass subjective assessments, for example the precise demarcation of climatopes. Schau-Noppel et al. (2020) 
and others (e.g. Fallmann and Emeis, 2020) have already described that the co-creation of planning recommendation maps through the 
cooperation of climate experts, planning experts and municipal agencies is a challenging but crucial step. This is also discussed and 
confirmed in many local case studies - mainly from the Asian region with its rapidly growing cities but also cities from Southern 
Europe. Authors such as Ren et al., 2013 using the example of Kaohsiung (Taiwan), Alcoforado et al. (2009) on the example of Lisbon 
(Portugal) or Acero et al. (2013) on the example of Basque County (Spain) describe similar approaches as found in our examples. In 
addition, authors such as Parsaee et al. (2019) point out that local communities and stakeholders must also be involved in this step. 

Numerous international case studies support the approach of synthesizing the analyses and combining them with concrete plans 
and measures to create planning recommendation maps (Ren et al., 2013; He et al., 2015). Our investigation aligns with specific 
international studies in terms of the recommendations developed: reducing thermal load and improving urban ventilation hold 
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significant importance. 

4.2. The implementation of the IPCC risk concept in urban climate analyses 

Our analysis indicates that it is possible to implement the IPCC risk concept in the development of planning recommendation maps, 
as demonstrated by some of the analyzed examples where the necessary processing steps are already in use. The incorporation of all 
three components - hazard, exposure, and vulnerability - that determine the risk can be achieved through the use of existing ap
proaches and methods during the mapping process. Nevertheless, it should be noted that not all urban climate analyses take into 
account all three components. In many cases, the analysis relies heavily on hazard analysis, which has been criticized as a shortcoming 
in other studies (Ahmed et al., 2023; Parsaee, 2019). 

In the discussion of the implementation of the IPCC risk concept, however, it has also become apparent that there are allocation 
difficulties or overlaps of the components – hazard, exposure, vulnerability as well as adaptation options – in practice. This could be 
attributed to the reconceptualization and changes in terminology over time within the climate research community, as exemplified by 
revisions to the concept and assessment of vulnerability (IPCC, 2014; IPCC, 2023; Estoque et al., 2023). 

The studies were evaluated with a focus on the individual components of the risk assessment according to IPCC AR5. Further 
analysis and weighting of the various components is required to assess the actual risk (as the combination of hazard, exposure and 
vulnerability). Paranunzio et al. (2021) emphasize the importance of risk assessments also with regard to urban planning projects. In 
their study, the authors employed the AR5 risk concept to analyze urban heat risk, based on a heat risk index, in Dublin for past and 
future climate periods. They utilized the UTCI index to characterize heat hazards and applied a principal component analysis to assess 
vulnerability. Räsänen et al. (2019) highlight the influence of weighting and zoning, as well as indicator selection and visualization, on 
the outcome of map production. They also stress the necessity of addressing uncertainties when providing maps for adaptation 
planning. 

A differentiation between exposure and vulnerability turned out to be particularly difficult. Exposure means “the presence of people, 
livelihoods, species or ecosystems, environmental functions, services and resources, infrastructure […] in places and settings that could be 
adversely affected” (IPCC, 2014). According to this definition, the whole system “city”, and/or the population of the city and/or solely 
particular population groups could be included in the component exposure (by definition of their “presence in places and settings that 
could be adversely affected”). 

It was difficult to decide whether individual population groups (for example particular age groups) and individual infrastructures 
(such as particular social infrastructure) should also be included in the ‘exposure’ component or not. However, as vulnerability “en
compasses a variety of concepts and elements including sensitivity or susceptibility to harm and lack of capacity to cope and adapt” (IPCC, 
2014), we tended to treat these distinctive groups as well as the mentioned infrastructure as part of the vulnerability component, but 
due to uncertainty we still decided to keep these aspects in one chapter combining exposure and vulnerability for the discussion. 

The terminology used in our sample mostly referred to “vulnerable groups” or “vulnerable infrastructure”, sometimes to “sensitive” 
groups or infrastructure which was another indicator for them to belong to the component of vulnerability. However, there are 
numerous other terms used for in-depth analyses in our sample (e.g. vulnerability, sensitivity, affectedness). This evidence points to 
difficulty to differentiate between these terms in practice. Additionally, variations in the usage of these terms depending on the country 
context (Switzerland vs. Germany vs. Austria) may also have an impact. 

We faced a comparable challenge in determining whether to assign the adaptation options to the vulnerability component or not. 
Adaptation options target particular microclimatic variables (e.g. albedo, vegetation) to mitigate hazards (e.g. decreasing air tem
perature, PET). These principles can also be applied to adjust the exposure of elements at risk or modify the vulnerability function of an 
element at risk, such as enhancing the thermal efficiency of buildings. 

However, these findings reveal a general difficulty to apply the IPCC risk concept and its components for urban climatic analyses to 
inform climate responsive planning. In addition, there is a need for greater clarification and distinction of the terms exposure and 
vulnerability especially for (applied) planning sciences. The IPCC AR6 (2023) with its updated risk-concept including a fourth 
component called “responses”, offers a novel perspective to allocating adaptation options as well as planning recommendations within 
the risk concept. Still, the difficulties of differentiating between exposure and vulnerability components prevail. 

4.3. Types of urban climatic analysis 

Our analysis has revealed both similarities and differences among the examples examined, and thus among the methodologies used. 
The differentiation of types is based on a selection of attributes, including an attempt to provide an interpretation of these various 
attributes through an attributive classification. As with any classification system, these attributes may be subject to interpretation and 
modification based on new information or perspectives (Flett and Vernau, 2011). All the urban climatic analyses considered have dealt 
with (at least parts of) the risk approach. Urban climatic analyses must therefore basically fulfill these four components: (1) urban 
climatic analysis related to the hazard component, (2) in depth social and spatial analysis related to exposure and vulnerability 
components, (3) adaptation options and thus (4) planning recommendations and planning recommendation maps as “guidance to 
reduce the risk”. 

Within the individual components, however, there were (sometimes large) differences: Three formations can be distinguished 
according to our first typology: those that rely on numerical simulations, those that depend on the climatope approach, and mixed 
forms that incorporate simulations as a supplementary information layer for identifying climatopes in hazard analysis. This mixed form 
has not yet been delineated as a third approach in the previous (few) papers on this topic (e.g. Ren et al., 2011; Baumüller, 2015). 
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Within the formation of model-based approaches, a much higher number of different forms of analysis is visible. The formations of 
mixed forms or climatope-based approaches are much more homogeneous - because there is a corresponding methodological speci
fication. It is surprising that in the area of exposure and vulnerability analysis, no vulnerability analyses are carried out in the for
mation of mixed forms or climatope-based approaches. In principle, these would be possible, since the climatopes are also 
differentiated according to the stress level of urban overheating. The same applies to the area of adaptive capacities: here, too, a 
sensitivity analysis would be possible for the mixed forms as for the model-based ones. 

However, current developments in the field of these analyses are evident. In one of our analyzed examples, a risk map has recently 
been generated that includes results of urban climate analyses and planning recommendation maps, combined with sociodemographic 
data and vulnerable groups. The map indicates areas with elevated heat risks and identifies regions where enhanced action is required 
to implement adaptation measures. 

The “picture” is most heterogeneous for the planning recommendation maps. This is also an indication of the central methodo
logical challenge in this processing step: linking climatic information with spatial information (and planning intentions) (Baumüller, 
2015). This is where the examples differ the most, as (qualitative) information is also considered in this step by involving local experts 
and thus city-tailored maps are developed. At the level of planning recommendation maps, one of the key advantages of the climatope 
(and also the LCZ) approach becomes apparent: since the analysis is already divided into clearly spatially delimited areas, the planning 
recommendation map can make use of these areas. In contrast, simulation-based approaches require the climatopes to be “re-engi
neered” in this step in order to achieve the hard delineation necessary for planning and the subsequent anchoring of measures by sub- 
areas. Simulation-based approaches may not use clear spatial delimitations, which can hinder the link with downstream planning 
instruments and the implementation of measures. 

Other European examples of urban climate analyses outside the analyzed DACH region that contain planning recommendation 
maps, such as Acero et al. (2013) for Bilbao (Spain), show that a climatope-based approach was also used in the analysis here - they also 
refer to the VDI. In the UC-ReMap, the grid-based climatopes are presented together with the ventilation pathways and planning 
information is provided. Comparable approaches can also be found worldwide: The urban climate analysis map for Beijing (He et al., 
2015) combines the analysis of fresh air ventilation paths and specific wind situations with the thermal load in order to obtain a 
delineation of sub-areas - referred to here as “a set of hierarchical urban climatic classifications”. In the planning recommendation 
map, “planning zones” are specified and planning information is provided for these. Liu et al. (2017) describe another comparable 
approach using the example of the City of Xiamen (China): here, too, an urban climatic analysis map is created from the combination of 
heat load, wind systems (and here also air pollution). However, in contrast to the two other examples described above, the climatopes 
are not shown in grid form but on the basis of the delimitation of land uses. The planning recommendation map then distinguishes 
between nine zones and provides planning information for each. The planning recommendation map for Xi’an, China, described by Xu 
et al. (2020) is also based on a climate analysis map in which a block-based demarcation of climatopes - here called urban climate 
classification - is carried out and this is shown in combination with the wind system. The planning recommendation map based on this 
then differentiates five sub-areas called “Urban Planning Action”, which are linked to measures. 

Fig. 2. Framework for urban climate analyses aiming for planning recommendation maps while considering the IPCC risk concepts (own repre
sentation; visualization based on World Bank, 2020). 
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These examples show that there are also internationally comparable approaches for deriving planning recommendation maps from 
climate analyses, which also supports the derivation and international transferability of the proposed “Framework for urban climate 
analyses aiming for planning recommendation maps” (see Fig. 2). At the same time, it is clear that there is a need for further research at 
the interface or the transfer of the analysis into planning recommendation maps because there are these different approaches with their 
individual advantages and disadvantages for planning. 

4.4. Recommendations and research gaps derived from the comparison 

As the comparison of the examples has shown, standards and specifications naturally have an impact on the content and statements 
of the analyses and the planning recommendation maps. Standardisation has the potential to support both planners and political 
decision-makers as they can fall back on “standardised” specifications and there is also greater certainty with regard to the methods 
(and their validity). Analyses could also be implemented more quickly, as no methodology needs to be developed (which can also 
potentially reduce costs). However, these specifications must manage a “balancing act” between standardised specifications and the 
ability to respond to local challenges. Due to the different local climates but also the different local building traditions, flexibility must 
be ensured. The few studies that exist on the need for standardisation of analyses from the perspective of the cities also show that this is 
necessary, as it offers the advantages described above (e. g. de Jong et al., 2018). However, the comparison has also shown that it is not 
necessary to favour individual methods or individual indicators. 

In the examples considered, the future climatic development is analyzed in some cases on the basis of the IPCC scenarios. What is 
usually missing, however, is the simulation of the effects of land use changes due to urban development and redensification but also the 
future development of the population. This is crucial for planning as a forward-looking science. Particularly due to the urban heat 
island effect, which is increased by urban growth (in the absence of adaptation measures), future climatic and structural-spatial de
velopments must be considered and included in the analyses at the same time. 

What is also striking is that the analyses mainly refer to the urban overheating caused by rising temperatures. However, changes in 
other climate signals are given comparatively less consideration. In relation to the increase in heavy rainfall events, aspects of fluvial 
flooding are sometimes considered (as a “classic” element of natural hazard management), but pluvial flooding is hardly taken into 
account (which is an increasing challenge for cities). The same applies to the issue of drought. However, as the changes in climate 
signals have mutual interactions and measures can simultaneously contribute to different areas of adaptation (heat, drought and heavy 
rainfall), there is a need for further research here, as there may be conflicts of objectives but there are also synergies (especially in the 
area of nature-based solutions). 

What is usually missing in practice is the connection, the anchoring or integration into existing planning instruments at local level 
(Eum et al., 2013). Both the planning recommendation maps and the adaptation options must be linked to the statutory planning 
instruments (Reinwald et al., 2024; Acero et al., 2013). Only in combination with (legally binding) planning instruments broad 
implementation is possible and the necessary rapid adaptation can take place. This is an area in which there is still much need for 
research. 

5. Conclusion 

Planning recommendation maps are an essential part of urban climate adaptation. The analysis of our sample of practical examples 
commissioned by various cities to support their climate adaptation efforts has revealed a broad range of approaches, methods, and 
procedures employed in such analyses. The research shows that the Intergovernmental Panel on Climate Change (IPCC) concept of risk, 
which considers hazard, exposure and vulnerability, can be and is being used in the development of planning recommendation maps. 
All three elements for assessing the risk and creating planning recommendation maps can be analyzed by existing methods and ap
proaches and incorporated in the mapping process. Nevertheless, the practical implementation has revealed challenges in the allo
cation and overlapping of these elements. 

Individual examples show that in-depth analyses are not necessary for the preparation of the planning recommendation map. 
However, the more detailed the in-depth analyses are, the more precise and locally located measures can be developed and serve as a 
better aid for planning as well as for a more accurate assessment of the future impacts of climate hazards and the effects of adaptation 
measures. From this, we conclude that all components should be analyzed in order to create a robust and scientific-driven basis for 
spatial and urban planning. The precision of these analyses facilitates the planning process, especially if it comes to justifying planning 
decisions and providing the necessary basis for interventions in the course of many adaptation options. 

Based on the comparative analysis we recommend the following framework (see Fig. 2) for urban climatic analysis aiming for 
planning recommendation maps that take into account the IPCC risk concept as well as the allocation difficulties or overlaps of the 
three analysis components in practice. This framework can support practice and research in the further development of climate- 
sensitive urban and spatial planning. 

Potentials and recommendations for the further development of urban climate analyses aiming for planning recommendation maps 
can also be derived from the comparison. To increase reliability and efficiency a (international) standardisation is recommended. 

In future, climate scenarios as well as socio-demographic and spatial development should also be simulated and analyzed together 
in these analyses. A joint analysis of these three developments is the only way to comprehensively assess the future risk for cities. A 
further improvement could also be offered by the joint consideration of changes in climate signals (primarily heat, drought and heavy 
rainfall events) and their spatial consequences, as these are closely linked and at the same time the adaptation options (especially in the 
area of nature-based solutions) have synergies in the adaptation services they provide. Finally, effectiveness and implementation can 

F. Reinwald et al.                                                                                                                                                                                                      



Urban Climate 57 (2024) 102090

16

be promoted if the analyses are linked to the cities’ “regular” planning instruments and the statutory planning instruments. 
Although this paper thoroughly compared and analyzed different examples of urban climate analysis maps as well as planning 

recommendation maps and their diverse methods used, this paper only examined examples from German-speaking countries which 
may restrict the generalizability of the findings to other regions. However, as far as we know, this is the first attempt to develop a 
typification of urban climate analysis aiming for planning recommendation maps. Therefore, future scholars could explore further 
contributions to put this typology on a broader basis and to verify it. There is also a clear need for research regarding the step from the 
analysis to the planning recommendation map as this has not yet been methodologically very well developed or scientifically analyzed. 
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