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Abstract

Cities can be severely affected by climate change. Hence, many of them have started to
develop climate adaptation strategies or implement measures to help prepare for the chal-
lenges it will present. This study aims to provide an overview of climate adaptation in 104
German cities. While existing studies on adaptation tracking rely heavily on self-reported
data or the mere existence of adaptation plans, we applied the broader concept of adapta-
tion readiness, considering five factors and a total of twelve different indicators, when mak-
ing our assessments. We clustered the cities depending on the contribution of these factors
to the overall adaptation readiness index and grouped them according to their total score
and cluster affiliations. This resulted in us identifying four groups of cities. First, a pioneer-
ing group comprises twelve (mainly big) cities with more than 500,000 inhabitants, which
showed high scores for all five factors of adaptation readiness. Second, a set of 36 active
cities, which follow different strategies on how to deal with climate adaptation. Third, a
group of 28 cities showed considerably less activity toward climate adaptation, while a
fourth set of 28 mostly small cities (with between 50,000 and 99,999 inhabitants) scored
the lowest. We consider this final group to be pursuing a ‘wait-and-see’ approach. Since
the city size correlates with the adaptation readiness index, we recommend policymakers
introduce funding schemes that focus on supporting small cities, to help them prepare for
the impact of a changing climate.
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climate policy - Germany
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1 Introduction

Despite its global relevance, cities are often seen as key actors in governing climate change
(Bausch and Koziol 2020; de Coninck et al. 2018; Fuhr et al. 2018; Romero-Lankao 2012;
UN-Habitat 2011). Approximately 55% of the world’s population currently lives in urban
areas, a percentage which is expected to increase further (United Nations 2018). Although
studies initially focused on cities’ mitigation activities (Castan Broto and Bulkeley 2013;
Schiile et al. 2016), there is a growing scientific and practical interest in climate change
adaptation in municipalities (Alber and Kern 2008; Davoudi et al., 2009; Knieling and
RofBnagel 2014; Wamsler et al. 2013). Among other things, the high concentration of
people and assets in urban areas implies they are more exposed to the impacts of climate
change, including sea-level rise for coastal cities, and extreme weather events such as heavy
rainfall or heatwaves. Such events are expected to increase in frequency, intensity and/or
persistence in many parts of the world (IPCC et al. 2014). Furthermore, their impacts are
exacerbated by urban development, urban sealing and the urban heat island effect (Ellena
et al. 2020; IPCC et al. 2014; Kareem et al. 2020; Ye et al. 2021). Thus, climate change
adaptation, including the planning, implementation and evaluation of adaptation measures
such as ‘grey’ infrastructures or nature based solutions, has emerged as a task for many
municipalities around the globe (Biagini et al. 2014; Dhar and Khirfan 2017; Geneletti and
Zardo 2016; Hintz et al. 2018; Meng et al. 2020; Voskamp and Van de Ven 2015; Wamsler
et al. 2020). Adaptation also involves non-structural measures, such as risk communication
and educating the public about how to act during extreme weather events (e.g. Kox and
Thieken 2017; Kuhlicke et al. 2020; Brink and Wamsler 2019).

These developments have thrown up questions around how and by whom climate adap-
tation is governed, which factors hinder or support active and successful climate adapta-
tion and if urban adaptation is sufficiently implemented (Biesbroek et al. 2013; Gopfert
et al. 2020; Van der Heijden 2019). Concerning the latter question, Aguiar et al. (2018, 39)
reason that the ‘understanding of the scale and depth of current adaptation activities and
the preparedness of governance systems’ in cities is still limited. In a literature review on
urban adaptation governance, Van der Heijden (2019, p. 2) points out that cities are partly
perceived ‘as saviours of the planet in the face of climate change’ and concludes among
other things that ‘the gap that was observed a decade ago between the high levels of policy
rhetoric about urban climate governance and the reality of limited activity’ (p. 3) remains
an essential research area. He argues that despite some rise in municipal climate action,
traditional tasks (such as housing and waste disposal) are more urgent for many cities, and
pronounced climate actions are limited to a few frontrunner cities. In line with this, Castan
Broto and Westman (2020, p. 11) call for a better understanding of the degree and suffi-
ciency of adaptation in cities.

This paper deals with these research limitations drawing on adaptation tracking
literature.

Adaptation tracking aims to ‘systematically identify, characterize and compare adapta-
tion’ (Ford et al. 2015, 967) by assessing progress across, €.g. cities over time. Amongst
other things, this can help to assign funding and resources and to decide on adjustments in
adaptation (Olazabal et al. 2019a; Biesbroek et al. 2018). On the city level, many studies
tracking adaptation analyse the existence and, in part, the content of climate adaptation
plans (also termed strategies or concepts) and use these as general indicators for progress
(Reckien et al. 2014; 2018; Heidrich et al. 2013; Olazabal et al. 2014). However, Reck-
ien et al. (2015) point out that examining these plans can only provide us with a limited
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picture of progress, because we also need to examine how they are being implemented. We
therefore apply the ‘adaptation readiness’ approach (Ford and King 2015; Ford et al. 2017;
Tilleard and Ford 2016), which ‘[...] is concerned with examining actual experiences with
planning for adaptation and seeks to characterize whether human systems are prepared
and ready to “do adaptation” (Ford and King 2015, 505). So far, to our knowledge, this
approach has not been applied to a larger number of cities. Ford and King (2015) also call
for studies to evaluate the approach’s challenges and contributions to adaptation science,
which we address here by applying it to more than 100 German cities.

Germany has a long and stable history of national support for climate mitigation and
activities in the field of climate adaptation (in contrast to, e.g. the USA or Australia). At
the national level, the German Adaptation Strategy was published in 2008 and substanti-
ated in the Action Plan for Adaptation in 2011 (Klostermann et al. 2018). Despite different
funding sources and various research projects targeting the local level, however, it never
became compulsory for cities to develop local climate adaptation plans, as is the case in
Denmark and France (Heidrich et al. 2016). Thus, engaging in both climate mitigation and
adaptation—using this specific jargon—at the municipal level ‘is considered as a voluntary
task and municipalities have the freedom to choose whether to become active or not and
“how” such measures should be implemented’ (Bulkeley and Kern 2006, 2240). A few
studies have already analysed the adaptation plans of German cities as a way of trying to
assess progress (Reckien et al. 2014; 2018; Kind and Sartison 2017; Hasse and Willen
2019). Their findings differ depending on the city sample, the timing of the analysis and
the definition of what counts as an adaptation plan. Nonetheless, several studies emphasize
that bigger cities tend to draft an adaptation plan earlier than smaller cities, which might
not have a plan at all (Kind and Sartison 2017; Heidrich et al. 2013). Thus, this paper
examines 104 cities of different sizes but similar governance structures and explores the
effect of city size on adaptation readiness.

This paper contributes to the following research questions: How well prepared are 104
German cities for climate adaptation? Which similarities and differences can be detected
between the adaptation readiness of these cities and (how) can they be grouped according
to their adaptation engagements? We address these questions with a focus on heat and plu-
vial rain and follow two underlying research aims. First, by applying adaptation readiness
for the first time to a large number of cities, we aim to contribute to the international lit-
erature on adaptation tracking. Second, by extending the analysis beyond adaptation plans
and, thus providing a broader picture of how active cities are in this area, we seek to add to
the urban adaptation literature concerning the ‘implementation gap’ (e.g. van der Heijden
2019).

2 Concept: adaptation tracking and the adaptation readiness
approach

Adaptation tracking has developed—in the shadow of mitigation tracking—*‘as a means of
evaluating the effectiveness of adaptation support, informing governance at various lev-
els on adaptation needs, justifying funding allocation and communicating to the public
on adaptation’ (Ford et al. 2013). There are two main challenges in tracking adaptation:
First, it is very difficult to define what successful climate adaptation encompasses: it dif-
fers between places, might only become evident in the far future, is intertwined with other
policies and might be debated among different stakeholders (Berrang-Ford et al. 2019;
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Ford et al. 2013, 2015). Hence, adaptation tracking studies focus instead on investigat-
ing preparedness, processes and policies instead of outcomes (Ford et al. 2013; Olazabal
et al. 2019a). Second, easily measurable metrics are missing and data are rarely consist-
ent, coherent, comparable or comprehensive, as Ford and Berrang-Ford (2016) underline.
Thus, studies often rely either on self-reported data or on counting the existence of adapta-
tion plans. However, self-reported data might overemphasize positive progress (Ford et al.
2015) and depend in their extent not just on adaptation activities but also on resources and
reporting accuracy (Ford et al. 2013). Counting the existence of plans—as important as
plans might be for strategic goal and priority setting—is no guarantee that adaptation activ-
ity is occurring (Olazabal et al. 2019a) and adaptation activities are possible without an
overarching adaptation strategy (Reckien et al. 2015). Furthermore, as adaptation becomes
more common, many cities will already have plans and proceed from the stages of assess-
ment and planning to the stages of action and monitoring (Wamsler 2015). Therefore, the
differences among very active cities might shift to the implementation, monitoring and
revising of plans and not just focus on their existence. However there have been few studies
into implementation and data are difficult to find and analyse (Olazabal et al. 2019b).

Despite these challenges, a fast-growing literature compares the adaptation progress
between (mostly big) cities on various levels (Aguiar et al. 2018; Araos et al. 2016; Dulal
2019; Le 2020; Reckien et al. 2018; 2014; Heidrich et al. 2013; Olazabal et al. 2014,
2019b; Olazabal and Ruiz De Gopegui 2021; Shi et al. 2015; Singh et al. 2021).! Apart
from a small number of leaders, this literature often shows that urban adaptation is still at
an early stage: many cities are not at all engaged in the area, and the active ones are often
in phases of scoping and planning instead of implementing and monitoring. Araos et al.’s
(2016) study of 401 metropolises with more than 1 million inhabitants across the world
found that just 15% were taking adaptation actions and 18% are planning towards adapta-
tion. In Europe, Reckien et al. (2018) found that only 26% of 885 cities had developed an
adaptation plan and 17% have a joint plan covering both adaptation and mitigation. Gener-
ally speaking, active cities are big (Araos et al. 2016; Reckien et al. 2018), located in high-
income countries (Olazabal et al., 2019b) and/or countries in which the central govern-
ment supports adaptation (Dulal 2019), and—within Europe—tend to be in the central and
northern states (Reckien et al. 2014; 2018).

A few studies have analysed progress in German cities by looking at the existence of
adaptation plans. Kind and Sartison (2017) state that 64% (49 out of 76) of cities with
more than 100,000 inhabitants had published a plan (38) or were currently working on a
plan (11), while Reckien et al. (2018) find that 28% (35 out of 125) of cities included in the
Urban Audit sample offered by Eurostat® possessed an adaptation plan. Hasse and Willen
(2019) conclude that a municipal adaptation plan exists in 18% of the 249 German cities
that responded to their survey. Still, data show that bigger cities tend to draft an adaptation
plan earlier than smaller cities (Kind and Sartison 2017).

Approaches that examine adaptive capacity, adaptation readiness and adaptation policy
credibility can provide a broader assessment of progress. They each aim to identify the
extent to which specific municipalities or countries can push adaptation, but their focus

1 Alongside this, there are diverse resilience indices (Cai et al. 2018) and various assessment tools for
municipalities to estimate their level of risks, vulnerability, adaptation and/or resilience and use this to
inform future adaptation actions (e.g. the city resilience index, the urban adaptation support tool or the
UKCIP Adaptation Wizard).

2 See https://ec.europa.eu/eurostat/web/regions-and-cities
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differs. Adaptive capacity deals with the area’s potential and ability to adapt and therefore
examines various socio-economic and bio-physical resources, such as financial and tech-
nological resources (Carter et al. 2015; Engle 2011; Tilleard and Ford 2016). However, as
Ford (2017) pointed out, high levels of capacity might not transform directly into adapta-
tion progress, because other barriers may get in the way. The adaptation readiness approach
aims to overcome this blind spot by considering the existence of supportive measures and
adaptive actions already taken or planned, such as publishing adaptation plans or taking
part in adaptation networks. The approach seeks to identify the preparedness of an entity
like a city to adapt and hence estimates whether it is ‘ready’ to deal with the consequences
of climate change. The results can be used as a proxy to track adaptation (Ford and King
2015; Ford et al. 2017; Tilleard and Ford 2016).

So far, adaptation readiness has been applied to analyse the adaptation preparedness of
single cases, such as a territory in the Canadian Arctic (Ford et al. 2017), the urban area
of Dhaka (Aaros et al. 2017) and the Seychelles (Khan and Amelie 2015). It has also been
used to compare transboundary river basins (Tilleard and Ford 2016) and South East Asian
countries (Salamanca and Nguyen 2016). These studies assessed the status of adaptation
in detail, highlighted the respective strengths and challenges of current adaptation activity,
provided lessons for other areas and identified a baseline against which future studies can
monitor progress. So far, to our knowledge, the approach has not been applied to a larger
number of cities. Indeed, Ford and King (2015) call for pilot applications to evaluate the
approach’s challenges and contributions to adaptation science, which we want to address
here.

In order to capture the adaptation readiness of human systems, Ford and King (2015)
consider six factors which previous studies have commonly identified as influencing adap-
tation activity: (1) political leadership for adaptation; (2) institutional organization for
adaptation; (3) adaptation decision making and stakeholder engagement; (4) availability
of usable science to inform decision-making; (5) funding for adaptation planning, imple-
mentation and evaluation; and (6) public support for adaptation (for a detailed description
and the reasoning behind these factors, as well as for examples of indicators, see Ford and
King (2015) and Tilleard and Ford (2016)). Although these factors overlap, by assessing
each one individually, we can undertake a systematic analysis of adaptation readiness. In
cases where an entity such as a country or city does score high in adaptation readiness,
we can expect that adaptation is likely to be implemented; vice versa, low scores hint at
few upcoming adaptive actions. In addition to drawing comparisons within the sample, this
systematic approach also provides information on both well-established and lagging fac-
tors within a single entity. These findings can support prioritization processes for further
adaptation efforts.

To our knowledge, the adaptation readiness approach has not been used to compare a
larger number of cities. Thus, we tailored it to the specific circumstances of our study.

3 Methods
3.1 Empirical operationalization of the adaptation readiness of 104 cities

For this study, which compares adaptation readiness for the first time among a large number
of cities, our sample includes three official types of German cities classified by their size
(BBSR 2017). These are big cities (with more than 500,000 inhabitants), medium-sized
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Fig. 1 Overview of factors and indicators included in the adaptation readiness index. (1) City networks
included climate alliance, covenant of mayors, ICLEI (2) City competitions included climate active munic-
ipality (‘Klimaaktive Kommune’ organized by the Federal Ministry for the Environment and the German
Institute of Urban Affairs) and Blue Compass (‘blauer Kompass’ organized by the Federal Environment
Agency). (3) European Climate Action Award. (4) Pilot project cluster included ‘Klimazwei and ‘Klimzug’
(both funded by the Federal Ministry of Education and Research) as well as ‘MORO’ and ‘ExWost’ (both
funded by the Federal Ministry of the Interior)

cities 100,000-500,000 inhabitants) and small cities (50,000-99,999 inhabitants, see
Table 1). To ensure comparability, we restricted the small cities to those that are independ-
ent of a county (kreisfrei in German). These small cities perform all municipal functions
within their areas; because responsibilities are not allocated to another tier of local govern-
ment (such as a county or district), they have the same administrative scope as big cities in
Germany. In total, we examined 104 cities, which contain 34% of Germany’s population
(as of 31 Dec 2017; for a list of all cities, see Supplementary 1).

We used the six factors in the adaptation readiness approach (Ford and King 2015) as
a framework and started by collecting possible indicators based on information from the
literature and discussions with experts. We defined three criteria that indicators needed to
meet in order to be included in our estimations. (A) The indicator must be relevant for
estimating the state of climate adaptation. (B) It must be possible to obtain data, ideally for
all 104 cities but certainly for most of them, within a reasonable timeframe. (C) The data
must be openly accessible so that the study could be replicated later on and results could
be compared. We therefore looked for indicators or data that were publicly available and
decided against a survey or expert interviews.

We discussed the relevance of various indicators in a cooperative project setting, which
involved scientists working in the field and climate adaptation practitioners from city
administrations. These discussions resulted in us specifying some indicators, rejecting oth-
ers and developing some new indicators. We also established a new factor (see Fig. 1) that
takes into account the fact that many cities already implement climate adaptation projects
and measures. So far, such actions are underrepresented within the adaptation readiness
framework but are highly important if one of the aims is to compare entities that are not
just planning but already implementing adaptation initiatives.

It was much more difficult to find data relating to some indicators than to others. Despite
investing a significant amount of effort in the exercise, we discarded some potential indica-
tors due to data unavailability (such as on funding and on public support for adaptation, see
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Supplementary 2 for details). Tilleard and Ford (2016) also report encountering challenges
finding information on exactly these two factors using publically accessible datasets for
transnational river basins.

In the end, out of the 22 indicators we initially considered, 10 were excluded and 12
were used to trace adaptation readiness across five factors (Fig. 1): local political leader-
ship, institutional organization, adaptation decision-making, availability of usable science
and implemented measures. Within the factor of ‘institutional organization’ we considered,
inter alia, when the city became active, while the factor ‘adaptation decision making’ takes
into account how broad the activities are, on the basis that cities should score better if they
consider various fields of action (for details, see Supplementary 2).

We obtained the data for the indicators from various sources, such as the cities’ web
pages and web pages of city networks (for details, see Supplementary 2), with a cut-off
date of 31 December 2018. In the case of the indicator ‘existence of climate committees’,
we refer to and extend data from Gopfert et al. (2019). We tried to avoid data gaps and
intended to include only those indicators for which we could gather data for all cities. How-
ever, there are 19 cities for which there is no data regarding the indicator ‘integration of
climate adaptation in landscape plans’. This is, however, the only data gap. To account for
it, this indicator received a smaller weight instead of an equal weight. At the level of the
five factors, there were no data gaps.

Ford and King (2015, 517) point out that ‘our knowledge of the relationship between
and among the readiness factors and adaptation actions remains in its infancy’ and there-
fore equal weighting is reasonable. Thus, all five factors are assigned 20 points each, which
adds up to a potential maximum of 100 points. In two factors, indicators are given differ-
ent weights due to relevance and data robustness. Details on the included indicators, their
sources and their weighting are given in Supplementary 2.

3.2 Data analysis: cluster analysis and spatial coefficients

We undertook a cluster analysis to detect cities with similar levels of adaptation readi-
ness. Milman et al. (2013) and Tilleard and Ford (2016) demonstrated that hierarchical
clustering is suitable for grouping administrative units (in their case, international river
catchments) that were assessed by different adaptation readiness factors. Since we aimed
to identify cities with similar levels of adaptation readiness, we chose two algorithms that
are particularly known for revealing homogeneous clusters: the Ward method and the Com-
plete Linkage algorithm. We used the scores of the five factors of adaptation readiness
(Fig. 1), i.e. (1) political leadership, (2) institutional organization, (3) adaptation decision-
making, (4) availability of usable science and (5) implemented measures, as input variables
and calculated the squared Euclidian distance to measure the distance between cities and
clusters.
To choose a meaningful number of clusters we considered the following criteria:

— There were considerable changes in the overall similarity/distance measures when add-
ing a new cluster.

— Similar clusters were detected with both of the methods applied (robustness).

— Kruskal-Wallis tests confirmed significantly different means per factor across the clus-
ters.

— There were no or only small overlaps between the clusters with regard to the scores of
the adaptation readiness index.
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On this basis, we chose the 2-cluster and 5-cluster solutions. Clusters were character-
ized by their cluster centres, i.e. the average score per factor considering all cities within a
cluster, as well as the average adaptation readiness index and the average number of inhab-
itants of all cities within that cluster.

To further characterize the clusters and explore patterns of adaptation readiness, we
adapted three spatial coefficients originating from economic geography (de Lange and Nip-
per 2018) to this study, i.e. the location quotient (LQ), the geographic concentration (GC)
and the diversification index (DIV;). Calculation details are provided in Supplementary 3.

The LQ highlights local peculiarities of adaptation readiness (AR), i.e. how much each
factor contributes to the AR index for a particular city in comparison to its contribution in
the total data set. Values <1 indicate that the contribution of that factor is below average;
values > 1 indicate a contribution above average. In the results section, the average LQ per
factor is also provided per cluster.

The GC determines how much one factor is concentrated in certain cities. In this paper,
we used the coefficient to evaluate whether certain factors are so specific for certain cities
that they could be neglected in the assessment of adaptation readiness.

The DIV measures how much each factor contributes to the adaptation readiness index
for each city, assuming an equal contribution of each of the five factors as a reference. If
the coefficient is closer to zero, this implies that the five factors are evaluated more or less
equally in a city, while higher values of DIV indicate that a city tends to focus on one or
two factors of adaptation readiness. Hence, the DIV coefficient is used to characterize cit-
ies’ adaptation strategies.

4 Results
4.1 Existence of climate adaptation plans

As mentioned in the introduction, the literature comparing a large number of cities often
uses the existence of climate adaptation plans as a single indicator to evaluate the state of
adaptation (e.g. Reckien et al. 2014; 2018). Our results show that by the end of 2018, 61
out of 104 (59%) cities had published an adaptation plan, and plans for a further 14 cit-
ies (13%) were either in progress or in preparation (see Fig. 2). Based on our analysis, 29
(28%) cities did not have an adaptation plan, nor were they preparing to develop one.

The first urban adaptation plan was published in 2007, and there was a marked increase
in 2012. The year in which a city first published an adaptation plan and the content of the
most current plan were considered as two of the 12 indicators within our adaptation readi-
ness approach (see Fig. 1).

4.2 City clusters of adaptation readiness

Using the scores of the five factors that constitute the adaptation readiness index (Fig. 1) as
inputs for the cluster analyses, both algorithms clearly resulted in a basic separation of the
104 cities into two groups of similar size. Figure 3 depicts the main characteristics of these
clusters, i.e. their mean score per factor, together with the average adaptation readiness
index and the mean number of inhabitants within the cities that belong to the same cluster.
It reveals that we have one group of ‘active cities’: Cluster I, for which the Ward method
identifies 50 cities with an average AR-index of 46.2 (minimum: 26.8, maximum: 66.7),
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and for which the complete linkage algorithm identifies 47 cities showing an average AR-
index of 46.4 (minimum: 26.8, maximum: 66.7). Our second group adopt a more ‘wait-
and-see’ approach: Cluster II comprises 54 cities according to the Ward method, which
show a mean AR-index of 16.4 (minimum: 0, maximum: 40.2), whereas the complete link-
age algorithm places 57 cities into this cluster, which have an average AR-index of 17.7
(minimum: 0, maximum: 43), see Fig. 3). Only five cities were classified differently by the
two clustering algorithms, all of them having a score of around 40 points for the adaptation
readiness index, which is at the upper range of the AR-index values in cluster II. Active cit-
ies (Cluster I) score—on average—higher on all five factors than cities of the wait-and-see
group (Cluster II), but particularly highly with regard to the availability of adaptation plans
as a basis for decision-making and the implementation of adaptation measures (Fig. 3). For
these two factors, their average score exceeds 10 points, which is half of the potential maxi-
mum per factor (see Fig. 1).

When further dividing these initial two clusters, different adaptation strategies or path-
ways appear. Figure 4 shows that the two cluster approaches reveal similar patterns with
five clusters. This classification differs clearly from the 4-cluster solution, while a sixth
cluster does not add much new information (data not shown). The initial group of active
cities (Cluster I in Fig. 3) is divided into three subgroups: While the first group (Clus-
ter Ia), which achieves the highest average total score on the adaptation readiness index, is
characterized by particularly high scores for political leadership, decision-making, usable
science and implemented adaptation measures, the other two groups of active cities score
high either with regard to decision-making and usable science (Cluster Ib) or with regard
to the institutional organization of climate adaptation and implemented adaptation meas-
ures (Cluster Ic).

Within the initial wait-and-see group, a considerable number of cities (in Cluster Ila)
are becoming increasingly active. This is reflected by higher mean scores for decision-
making and institutional organization of climate adaptation (Fig. 4). In contrast, cities in
Cluster IIb clearly underperform.

In Figs. 3 and 4, the average number of inhabitants as of December 2017 per cluster is
depicted on the second y-axis. Clearly, the decreasing mean AR-index per cluster corre-
sponds to a decreasing average number of inhabitants, revealing that more active cities are
in general larger. This implies that bigger cities tend to be more ready for adaptation than
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Fig.3 Characterization of the 2-cluster solution according to the Ward-algorithm (W, top) and the Com-
plete Linkage method (CL, bottom) using the five factors of adaptation readiness (AR) as input

smaller cities. Figure 4 also reveals that smaller cities might implement different strategies
with regard to climate change adaptation, since the average numbers of inhabitants in Clus-
ters Ib, Ic and Ila are rather similar (Fig. 4).

Spatial coefficients, particularly the location quotient LQ and the diversification index
DIV, are used to further characterize the clusters. With regard to the 2-cluster solution,
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Table 2 reveals that the LQ of most of the five factors is around 1. However, implemented
adaptation measures contribute at an above-average level to the adaptation readiness of cit-
ies in Cluster I (LQ=1.08, see Table 2) and at a below-average level for cities in Cluster II
(LQ=0.9, see Table 2). In cities of Cluster II, political leadership tends to play an impor-
tant role. The DIV further reveals that the five factors of adaptation readiness are far more
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Table2 Location quotients per factor of adaptation readiness and the diversification index in the clusters
derived by the Ward method (see Fig. 4)

Cluster solution  Location quotient (LQ) Diversi-
fication
2 Clusters (Ward) Political  Institutional Decision-making Usable science Imple- (DIV)
leader- organization mented
ship measures
Cluster I 0.98 0.97 0.94 1.03 1.08 0.19
Cluster IT 1.20 0.92 1.05 0.95 0.90 0.42
5 Clusters (Ward)
Cluster Ia 1.27 0.74 0.95 0.93 1.11 0.15
Cluster Ib 0.68 0.96 1.38 1.05 0.78 0.24
Cluster Ic 0.88 1.21 0.66 1.11 1.23 0.21
Cluster IIa 0.89 1.26 1.03 1.10 0.75 0.28
Cluster IIb 1.57 0.51 1.07 0.76 1.08 0.59

balanced in cities of Cluster I than in cities of Cluster II (DIV=0.19 versus DIV =0.42 see
Table 2), underlining that cities of Cluster I are more advanced with respect to adaptation
readiness as a whole.

The DIV also helps to rank the clusters of the 5-cluster solution. Cities in Cluster Ia can
be regarded as very active/pioneering cities, since they are advanced with respect to all five
factors of adaptation readiness (DIV=0.15, Table 2). On the other hand, cities of Clus-
ter IIb produce the highest diversification index (DIV =0.59, Table 2) illustrating that these
cities show single activities with regard to just a few factors of adaptation readiness, while
others are neglected. Cities in Clusters Ib, Ic and Ila are in the middle. It should be noted
that cities of Clusters Ib are strong in institutional organization and strategic decision-mak-
ing, whereas those in Ic perform well in institutional organization and the implementation
of adaptive measures (Fig. 4, Table 2). Hence, they should be regarded as actively adapting
cities.

The cluster analyses and spatial coefficients illustrate that adaptation is a complex and
heterogeneous field. Therefore, different dimensions or factors should be considered when
evaluating and monitoring adaptation. This is supported by the index of geographic con-
centration GC: all five factors result in index values that differ markedly from zero (they
range between 0.15 and 0.21; data not shown). Therefore, to track adaptation readiness in
the future, studies should seek to measure all of these different factors.

4.3 Typology of adaptation readiness

Based on the adaptation readiness index and the results of the cluster analyses, we ranked
the 104 cities and further divided them into four groups characterizing their level of cli-
mate adaptation: (1) pioneering cities, (2) active cities, (3) less active cities and (4) waiting
cities (Table 3). This classification is not based on an equal distance between the index
scores (e.g. a new group starts every 10 points) but aims to combine cities with similar
scores and separate groups at irregularities and cluster boundaries (Fig. 5).

The cities achieved a broad range of adaptation readiness index scores: three did not
receive any points, whereas the city with the highest score (Bremen) acquired 67 out of 100
points. Cities with a high score are assumed to be better prepared for adapting to climate
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Fig.5 Distribution of all 104 German cities concerning their adaptation readiness (Some cities mentioned
in the text are shown in the figure. A detailed list of all cities can be found in Supplementary 1)

change or ‘readier’ to cope with climate change impacts, e.g. extreme weather events. As
Fig. 5 shows, cities space out evenly within the range of 0—-67. There are only three places
at which cities are separated by more than three points; these are located either at the upper
or lower scoring end. Next to this, three further cities achieved at least two points more
than the following city. Together with the 5-cluster solutions, these breakpoints were used
to separate the activity groups (see Fig. 5).

The twelve pioneer cities are listed with their scores and further characteristics in
Table 4, and a detailed list of all cities can be found in Supplementary 1. These lists show
that ten out of the twelve pioneers are big cities with more than 500,000 inhabitants. This
is remarkable, since there are only 14 big cities in Germany in total. Hence, around 70%
of big cities were grouped as pioneers, and the remaining four (Nuremberg, Diisseldorf,
Munich and Dortmund) are all classified as ‘active’. Just two medium-sized cities (i.e. 3%
of 66), i.e. Potsdam and Karlsruhe, can be found in the pioneering group (Table 4). How-
ever, 30 of these cities (i.e. 45%) are active, while a third (22) were considered less active
and 12 (i.e. 18%) as waiting. So, around half of the medium-sized cities are (very) active.
This distribution changes considerably when the 24 small independent cities are analysed.
There is no small city in the pioneering group and just two (8%) in the group of active cit-
ies, namely, Worms and Speyer. A quarter of the small cities (i.e. 6) were found to be less
active, while two thirds (16 cities) were classified as waiting cities.

To further analyse the role of city size on adaptation readiness, we performed a correla-
tion analysis that revealed a medium, though significant, correlation between the number of
inhabitants and the adaptation readiness index (r=0.463; p=0.01). Figure 6 illustrates this
relation with a non-linear regression that explains 46% of the data variance. If we exclude
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Table 4 Overview of cities pioneering in adaptation readiness in Germany

City name Ranking Inhabitants (as  Type of city size Score of adapta-  Cluster in the
number  of 31 Dec. 2017) tion readiness 5-cluster solu-
index tion
(Ward // Com-
plete Linkage)
Bremen 1 568,006 Big city 66.67 la//1a
Cologne 2 1,080,394 Big city 62.67 Ta//1Ia
Frankfurt (Main) 3 746,878 Big city 61.33 TIa//1a
Hamburg 4 1,830,584 Big city 61.00 Ia//Ia
Berlin 5 3,613,495 Big city 59.67 la//1a
Dresden 6 551,072 Big city 56.50 la//1a
Potsdam 6 175,710 Medium-sized city  56.50 Ib// Ib
Karlsruhe 7 311,919 Medium-sized city ~ 55.67 Ia//1a
Stuttgart 8 632,743 Big city 55.00 la//1a
Hanover 9 535,061 Big city 54.00 la//1a
Essen 10 583,393 Big city 53.67 Ta//1a
Leipzig 10 581,980 Big city 53.67 Ib//1a

Berlin from the city sample, as it is by far the biggest city in Germany,’ the correlation
coefficient increases (r=0.544; p=0.01).

5 Discussion

The results show that 61 out of 104 cities have an adaptation plan; with a few exceptions,
most of these were published in 2012 or later (Fig. 2). This coincides with the publication
of the German (National) Action Plan for Adaptation and the initiation of a federal fund-
ing scheme to develop local adaptation plans. Compared internationally, this seems rather
early as Olazabal and Ruiz De Gopegui (2021) found that most of the adaptation plans of
59 big coastal cities were published after 2015. Taking a closer look at Germany, studies
have come to quite different results: findings on the existence of adaptation plans in cities
range from 18% (Hasse and Willen 2019) to 25% (Reckien et al. 2018) to 64% (Kind and
Sartison 2017). Our results even exceed these numbers: by the end of 2018, 59% of cities
had already published plans and 13% were in the process of establishing one or had taken
initial steps toward preparing one. One major reason for this variation is the differing city
sample, as city size is a major influencing factor in the existence of adaptation plans (Araos
et al. 2016; Reckien et al. 2018; see also Fig. 6). Another aspect is that climate adaptation
is becoming an increasingly popular policy field (Fig. 2), so that analyses conducted just a
few years ago might yield different results and conclusions than more recent studies.

3 Berlin has about 3.6 million inhabitants, which is twice as much as Hamburg—the second biggest city in
Germany  (https://www.destatis.de/DE/ZahlenFakten/LaenderRegionen/Regionales/Gemeindeverzeichnis/
Administrativ/Aktuell/05Staedte.html).
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This paper provides a more complex picture of adaptation processes than the literature
so far, including how it is progressing in different-sized cities and examining various fac-
tors and indicators on adaptation preparedness. Our results show, for example, that three
cities without any published plan are nonetheless still ‘active’, whereas a further 14 that
have not published a plan are grouped as ‘less active.” Nine out of these 17 cities are plan-
ning to establish a concept or are already developing one. These cities are mostly found in
Cluster Ic, which shows comparably high scores on implementation but less in terms of
adaptation decision-making (Figs. 3 and 4). This implies that a sole focus on the existence
of adaptation plans runs the risk of overlooking implemented adaptation activities.

In general, the findings of the cluster analysis revealed that there is not just one way
of adapting to climate change, but instead cities show different degrees of focus on the
five factors of adaptation readiness, which are themselves partly interrelated with different
phases within the adaptation progress (Fig. 5). Very active cities (12 cities, Table 4) tend to
show considerable contributions to all five factors are largely in Cluster Ia in Fig. 4, while
active cities (36) are particularly diverse in their focus on specific factors (mostly Clusters
Ib, Ic and IIa). A closer look reveals that cities in cluster Ib score very high on decision-
making (Fig. 4), as their adaptation plans contain a huge range of measures. Indeed, adap-
tation in these cities might be characterized as ‘strategic management’. Cities in cluster Ic,
in contrast, score comparatively highly on implementation and institutional organisation
of adaptation and could be summarized as ‘cities of (institutionalized) adaptation action’,
even though their adaptation plans are either not very detailed or still in preparation. The
distribution of the mean factor scores of cities in cluster Ila is similar to those in cluster Ib
(Fig. 4), but scores are at a lower level. This suggests that these cities are lagging behind
but benefit from good practice examples. Finally, less active cities (28) as well as waiting
cities (28) score (very) low on all factors (mostly Cluster Ila and particularly IIb).
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Concerning the question of how active cities are and whether they are able to meet high
expectations regarding their climate actions (Castan Broto and Westman 2020; Van der
Heijden 2019), our results provide additional insights. We show that a small group of cit-
ies (12) are already taking broad actions to adapt to climate change and about a third of the
investigated cities are taking some actions. Despite this activity, however, even the highest-
scoring cities reached just two thirds of all potential points and thus there may be room
for improvement in some aspects of preparedness, especially institutional organisation and
usable science. More pilot projects with participatory research approaches could also foster
adaptation on the local level. Additionally, around half of the 104 cities are grouped less
active or not active at all, with 41% of the cities not having an adaptation plan by the end
of 2018 (although some were in the pipeline) and, according to our data, 22% of cities
implementing nothing. Thus our study underlines, that city preparedness for adaptation is
very diverse (see Fig. 5). We suggest that—despite a few leading cities and various actions
already taken—many German cities still have some way to go before they are well pre-
pared for climate change and more action is needed, especially for adaptation in mid-sized
and smaller cities (Fig. 6).

Indeed, our results also add further insights to the knowledge (e.g. Reckien et al. 2015;
Hackenbruch et al. 2017; Salvia et al. 2021) that the size of a city is an important factor in
the climate policy actions taken (in our data see Fig. 6). Big cities are all either pioneers
(Table 4) or very active and small cities are mostly waiting or less active (Table 3). Scaling
effects of city size have frequently been detected in urban studies, e.g. with regard to the
urbanized area, employment, the number of patents or the gross domestic product (Betten-
court and Lobo 2016). The fact that average incomes tend to be higher in big cities and
that they have better access to (inter-)national services, trickles down to other policy fields,
such as sustainable development (Brelsford et al. 2017). Our results suggest that similar
factors are in play with climate adaptation. Even with the same per-capita tax income and
the same share dedicated to adaptation, a bigger city could employ more personnel in this
policy field than a smaller city. Consequently, a bigger city is able to hire more specialized
and probably better trained staff.

However, results are less conclusive regarding the group of medium-sized cities: they
can be found in every activity group and various clusters. Based on the ranking approach,
we can also detect medium-sized and small cities which are more active than most of the
other cities in their peer group. The mid-sized cities Potsdam and Karlsruhe are the only
ones ranked as pioneers, and the small cities Speyer and Worms are the only ones grouped
as active cities within their respective city size group. The cities of Karlsruhe, Speyer and
Worms might all already feel a sense of urgency as they are highly exposed to heat due to
their location in the warmest region in Germany (the Upper Rhine Drift). Potsdam ben-
efits from a range of locally based scientific institutions, such as the Potsdam Institute for
Climate Impact Research (Kern et al. 2018). Furthermore, strong local political engage-
ment for adaptation can be found in all four of these cities (see e.g. Kind et al. (2014) for a
study of Speyer and Kern et al. (2018) for Potsdam) and they have successfully applied for
funding for adaptation projects. These cities can act as role models within their respective
city size group, as literature (Dulal 2019; Van der Heijden 2019) points out that emulating
big cities might be out of scope for many medium-sized and small municipalities due to
diverse conditions. Smaller and mid-sized cities seem to be in particular need of support
in order to take (initial) actions (Hasse and Willen 2019), but even some big cities may
only be able to take actions with the help of external funding. To take urban adaptation
further, we therefore recommend that policymakers provide broad funding opportunities to
help cities develop adaptation plans, hire experienced personnel, implement measures and
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strengthen knowledge exchange possibilities and that such initiatives should be tailored to
smaller cities.

Contributing to the literature on adaptation readiness, our analysis exemplifies how we
can analyse the activities of a large number of cities using online resources. Although con-
ducting the research into ‘implemented measures’ and other indicators was quite time-con-
suming, the cluster analyses and spatial coefficients indicate that each of the five factors is
important in itself; one cannot substitute the other, since cities score quite differently across
each of them. In line with the experiences of Tilleard and Ford (2016) and Ford and King
(2015), we were not able to include the factors of ‘finances’ and ‘public support’ due to a
lack of (accessible) data (see Supplementary 2 for details). Future works could examine
how these factors might be included in the analysis and, in smaller samples, investigate
their overall impact on the ranking results. Indeed, Olazabal and Ruiz De Gopegui’s (2021)
investigation of big coastal cities uses budget information contained in adaptation plans as
an indicator of ‘finance’ and survey data into public concerns regarding climate change to
measure ‘public support’. However, survey data was not available for the cities investigated
in our sample. Another limitation of our study, which is common within the literature on
adaptation tracking (Ford et al. 2013; Aguiar et al. 2018; Klostermann et al. 2018), is that
we only considered actions that were clearly framed as climate adaptation and might have
missed relevant initiatives that were implemented without the use of this specific jargon.*
Future studies could try to overcome this problem by defining measures that are crucial for
comprehensive adaptation, search directly for these measures and include them in the anal-
ysis, e.g. in the factor ‘implementation’. However, the work involved in identifying which
terms and measures might be relevant and applied consistently across different cities could
be substantial and possibly not worth undertaking on a large scale.

Our analysis considers the aspect of time within the factor of ‘institutional organiza-
tion” so that early adaptors score higher on this factor; however, the study cannot retrace
dynamic processes in detail. Climate adaptation in cities presents a dynamic process that
does not have to follow a linear path from ‘no adaptation’ to ‘ideal adaptation’. Instead,
cities might act early on climate adaptation but limit their engagements later on, owing
to resource limitations or changes in political support (Eisenack et al. 2014). Conversely,
cities might become active very late but invest a lot of resources into the area and imple-
ment measures rapidly. In order to react to new findings and urban changes and to monitor
the process of implementation, updating adaptation plans in a 6-year cycle (as foreseen in
other European policies, such as the Flood Directive and the Water Framework Directive),
as part of a process that is supported by funding programmes, could help to ensure that cit-
ies keep on top of the situation.

Our study extended the factors of adaptation readiness by considering ‘implemented
measures’ as an additional factor and thus goes beyond the planning phase. Retrieving suit-
able data was possible because most city councils in Germany publish all meeting docu-
ments in online-accessible council information systems. Such a valuable source of infor-
mation might not be available or accessible in other countries. Despite the insight this
factor gives, we do not consider whether planned or implemented measures and actions
in certain cities are reasonable or might be successful, since this question can be better
answered by detailed case studies. However, an analysis of the measures mentioned in 61

4 In this study, we do not include measures on flood protection from river floods, since in Germany the
federal states and not the cities are responsible for riverine flood protection measures. This is in line with
analyses in Italy, Spain and the Netherlands (Heidrich et al. 2016).
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published adaptation plans indicates that health issues and related actions have not yet been
sufficiently considered (Thieken et al. 2018).

6 Conclusion

In this paper, we analysed the adaptation readiness of 104 German cities in terms of five
factors with twelve indicators, clustered them depending on the contribution of these fac-
tors to the overall adaptation readiness index and grouped them according to their total
score and cluster affiliations. In the end, we distinguished four groups of cities. The pio-
neering dozen showed comparatively high scores for all five factors of adaptation readi-
ness. This group mainly contains big cities with more than 500,000 inhabitants. These are
followed by a larger group of 36 cities that are actively engaged in climate adaptation, but
which follow different strategies. A further 28 cities are less active, while another 28, par-
ticularly small cities, scored the lowest and must be considered as cities that still ‘wait and
see’. Altogether, our analysis provides insights into which German cities are already (very)
active and which are lagging behind, as well as in which action fields certain cities show
quite good results and in which little has been achieved so far. We assess that, overall,
(much) more action on preparing (and implementing) urban adaptation is needed.

These insights can inform decision-making, as politicians and other engaged actors on
the ground can draw general or city-specific conclusions regarding, e.g. future support and
resource distributions. This is mainly relevant for higher tiers of government, such as the
state or even federal level, which are much better placed to provide funding and support.
Climate adaptation is just one of many challenges cities face. Therefore extended, easily
accessible and long-term funding seems necessary for many cities to become or stay active.
This seems to be particularly important for medium-sized cities and small cities, since 52%
and 92% of them, respectively, were identified as less active or waiting cities.

The study responds to shortcomings some studies encounter when they only consider
adaptation plans to track climate adaptation (e.g. Reckien et al. 2014; 2018; Heidrich et al.
2013; Olazabal et al. 2014), and it represents a novel large-N study into adaptation readi-
ness (Ford et al. 2013). Regarding the concept and method of adaptation readiness, future
studies need to figure out how to measure the factors ‘finances’ and ‘public support’ (which
we found difficult to furnish with data) and whether any common indicators could be used
in transnational comparisons for which relevant data are straightforward to collect.

Regarding the results, there are various aspects future research could address. First,
studies could investigate which aspects (e.g. exposure, socio-economic characteristics,
political situation) influence adaptation actions beyond the factor of city size and how these
results relate to findings from other studies (e.g. Reckien et al. 2015; Shi et al. 2015). Sec-
ond, our results could be validated through detailed case studies of a few of the 104 cities
or by surveying the perceptions of pioneering cities and professionals working in the field
of urban climate adaptation. This would respond to the lack of validation of adaptation
readiness analyses and their results (Ford et al. 2013). Third, in replicating the analysis
in a few years’ time, or after important changes in regulations, and by using our results as
a baseline, future studies could investigate how adaptation readiness develops over time,
search for different trends among the cities and for explanations, and assess the effects of
governance changes. Fourth, there is a lack of knowledge on how—if at all—the extent of
cities’ actions in the field of climate mitigation and climate adaptation are related to each
other, e.g. whether or not mitigation pioneers are also forerunners in climate adaptation and
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why. Since all 104 cities studied in this paper have already published mitigation plans, such
an analysis needs to focus on several other indicators. Fifth, comparing our data with the
adaptation readiness of cities in other countries that have an obligatory system of develop-
ing municipal adaptation plans could lead to insights on whether and how the legal con-
text within which adaptation plans are developed influences cities’ activities. Such a study
might examine whether mandating climate adaptation activity within municipalities affects
the way in which cities are responding to the issue.

Although there is still a lot to investigate, we nonetheless argue that the adaptation read-
iness approach is applicable to a large number of cities and that it reflects the complexity of
climate adaptation by revealing the peculiarities of different realities on the ground.
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