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Coastal cities are at the frontlines of climate change impacts, resulting in 
an urgent need for substantial adaptation. To understand whether, and 
to what extent, cities are on track to prepare for climate risks, this paper 
systematically assesses the academic literature to evaluate evidence on 
climate change adaptation in 199 coastal cities worldwide. Results show 
that adaptation in coastal cities is rather slow, of narrow scope and not 
transformative. Adaptation measures are predominantly designed based 
on past and current—rather than future—patterns in hazards, exposure and 
vulnerability. City governments, particularly in high-income countries, 
are more likely to implement institutional and infrastructural responses, 
whereas coastal cities in lower-middle-income countries often rely on 
households to implement behavioral adaptation. There is comparatively 
little published knowledge on coastal urban adaptation in low- and 
middle-income countries, and regarding particular adaptation types 
such as ecosystem-based adaptation. These insights make an important 
contribution for tracking adaptation progress globally and help to identify 
entry points for improving adaptation of coastal cities in the future.

Coastal cities are engines of economic growth and innovation, yet 
they are also hotspots of disasters and climate risk1–3. These cities 
face increasing environmental changes such as record-breaking  
sea-surface temperatures4 and in turn an increase in hazards such 
as tropical cyclones, floods, storms, erosion and heatwaves5–7. Such 
changes dynamically interact with urban vulnerabilities driven by, 
for example, inequality, poverty and inadequate infrastructure8.  
Yet, coastal urban risk is not uniform, as climate change impacts 
and risks vary across coastal cities depending on geomorphologi-
cal conditions, climatic and human drivers of coastal change, urban 

development, and other factors6,9,10. In the face of future increases 
in urbanization and climate change impacts, coastal cities are under 
pressure to adapt to, and reduce, current and future risks to ensure 
sustainable and equitable urban development11,12. As centers of  
economic activities and key players in the global political economy 
with substantial capacities, coastal cities have the potential to shape 
and advance the future of climate adaptation in meaningful and 
innovative ways13. Although the need for transformative adaptation 
in coastal cities—that is, adaptation that changes the fundamental  
attributes of a social-ecological system in anticipation of climate 
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By answering these four questions, this study extends earlier 
assessments of the state of adaptation more generally27 by systemati-
cally analyzing the empirical evidence of coastal urban responses to 
climate change, as published in the peer-reviewed academic litera-
ture. We assessed the state of adaptation in coastal cities as reported 
between 2013 and 2020, and examine major patterns in relation to 
average income levels and city size. Coastal cities here are defined as 
urban areas with central functions such as markets, medical services 
and schools; they are of relative importance to the surrounding area, 
regardless of population size; and are located entirely or partly on the 
coastline or within the low-elevation coastal zone (LECZ), or within 
the influence of coastal or tidal hydrology. Our sample covers adapta-
tion activities in 199 cities reported in 683 articles, of which 183 were 
qualitatively coded using a questionnaire composed of 30 questions 
(see Methods for details). Our analysis is hence limited to what is being 
reported in the scientific literature and might include some hard-to-
quantify biases that need to be addressed through additional datasets 
in the future, for example, by covering documents published by civil 
society actors on adaptation in coastal cities in the Global South where, 
according to our analysis, fewer studies are available than for higher-
income countries. However, we argue that our approach and analysis 
nevertheless can provide highly relevant insights not only on urban 
adaptation research but also on the patterns of actual adaptation 
activities as adaptation research has been expanding massively, now 
capturing a wide spectrum of activities on the ground. Studies such as 
these therefore provide an increasingly important knowledge base for 
tracking adaptation activities27.

Results
Evidence for coastal urban adaptation across the globe
The considered literature covers adaptation evidence from coastal 
cities in all regions and income groups, yet with some considerable 
differences (Fig. 1; see Supplementary Data 1.1 for a detailed list of 
countries covered in the sample). Most publications present evidence 

change and its impacts14—has been stressed in principle2,15, little is 
known about the actual progress of adaptation in coastal cities across 
the globe.

Given the unique challenges and opportunities in coastal cities 
as hotspots of risk and centers of economic activity, we argue that 
assessing their current state of adaptation is important, not least as 
a knowledge base for tracking countries’ progress in climate action 
within the Global Stocktake under the Paris Agreement16. Understand-
ing how coastal cities are responding to climate impacts is crucial for 
identifying successes and gaps, and for advancing adaptation efforts 
at large. Studies have assessed different types of urban adaptation, 
for example, institutional17 or ecosystem-based18, certain actor types 
involved in urban adaptation (for example, ref. 20), urban adaptation 
in particular regions (for example, refs. 19, 21–23) or coastal adaptation 
planning24,25. However, a systematic global assessment of the literature 
on empirical evidence for implemented coastal urban adaptation—
including its response types, actors and level of transformation—does 
not yet exist. Such an assessment is particularly relevant in the face of 
the latest Intergovernmental Panel on Climate Change’s (IPCC) report’s 
finding that coastal cities tend to implement adaptation interven-
tions reactively in response to high-impact events such as floods and 
storms26, and that many gaps remain in urban adaptation to climate 
change induced hazards across regions13.

This study therefore aims to provide a global analysis of empirical 
evidence of adaptation in coastal cities, including gaps and shortcom-
ings. It also aims to inform policy and practice to advance effective 
adaptation strategies in response to current and projected climate 
impacts. To address these objectives, the study is guided by four ques-
tions that also serve to structure the results section: (1) How is evi-
dence for coastal urban adaptation spread across the globe? (2) Which 
hazards and trends of exposure and vulnerability are reported? (3) 
Which actors are reported to be involved in which types of responses? 
And (4) what is the speed, scope and depth of reported coastal urban 
adaptation?
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Fig. 1 | Geographical and economic distribution of coastal cities in 
the assessed literature. Green shading represents the country’s income 
classification according to the World Bank82; the size and color of the dots 

visualizes the location of the covered coastal cities and their population size 
(Supplementary Data 3); the most covered coastal cities are listed according to 
frequency at the bottom right. Map source: Natural Earth85.
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for adaptation from coastal cities in Asia (30%), followed by North 
America (23%), Europe (16%) and Africa (13%). Compared with the 
global share of inhabitants living in the LECZ between 0 m and 10 m 
above sea level28,29, some regions are overrepresented. This is most 
evident for North America, Australasia and small island states, which 
are home to 5%, 0.6% and 0.5% of the global population in the LECZ, 
respectively, yet, in our sample of coastal urban adaptation evidence, 
they represent 23%, 11% and 3% of assessed coastal cities. Other regions 
are underrepresented, which is most evident for Asia given its high 
number of inhabitants in the LECZ. Although inhabiting 75% of the 
global population in the LECZ, only 31% of our assessed urban coastal 
adaptation evidence stems from this region.

The majority of adaptation in coastal cities is reported in high-
income economies (56%), which is in stark contrast to the fact that 
only 16% of the population located in the LECZ live in such economies. 
Of the reported coastal cities, 19% and 24% of the population are in 
upper- and lower-middle-income economies, respectively. Given that 
upper- and lower-middle-income countries account for 34% and 43% 
of the global population in the LECZ28,29, respectively, the coastal cit-
ies in these income groups are substantially underrepresented in our 
sample, meaning in the academic literature. Only 1% of the reported 

activities represent coastal cities in low-income economies (for exam-
ple, Maputo, Beira and Inhambane in Mozambique). Given that the 
global population share of people who live in the low-income LECZ is 
about 8%, they are also underrepresented in our sample.

In terms of the coverage of different sizes of coastal cities  
(Supplementary Data 1.2), the assessed literature mostly presents evi-
dence for adaptation in coastal cities with fewer than 250,000 inhabit-
ants (48% of the reported cases). This pattern can partly be explained 
by our definition of coastal cities on the basis of their central func-
tions, rather than population thresholds. Evidence for adaptation 
from mid-sized coastal cities with 250,000–1,000,000 inhabitants 
is less well-covered in our sample (the examples are mainly in North 
America and Europe). Thirty-five percent of the reported adaptation 
happens in coastal cities with >1,000,000 inhabitants, with a majority 
of cases in Africa and Asia. Some megacities (that is, cities with more 
than ten million inhabitants) such as New York, Jakarta, Manila and 
Lagos are covered by multiple studies (see Fig. 1). Most empirical 
evidence for adaptation in coastal megacities stems from Asia (57%), 
which aligns with the fact that 15 out of 20 coastal megacities are 
located in Asia30, and also with Asia's high overall population share 
in the LECZ (75%)28,29.
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Fig. 2 | Risk factors considered in adaptation in the assessed coastal cities. 
Risk emerges from the interplay of hazards, exposure and vulnerability14. The 
figure displays the number of cities considering past and current patterns 

(orange bars), and future trends (blue and green bars) for different hazards (top), 
as well as the exposure and vulnerability of people and businesses, buildings and 
infrastructure, and environmental assets (bottom).
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Hazards and trends of exposure and vulnerability
In terms of hazards, the adaptation activities reported in the sample 
predominantly address sea-level rise, different types of flooding and, to 
a lesser extent, storm surges, cyclones and erosion (see Fig. 2). A major-
ity of the assessed cases (65%) considers more than one hazard. Such 
consideration of multiple hazards is most evident for the combination 
of sea-level rise with storm surges, coastal and pluvial flooding, as well 
as coastal erosion. This finding suggests that multi-hazard considera-
tions nowadays play a strong role in urban climate risk assessments, in 
line with what the conceptual literature would be calling for6,10.

Studies predominantly consider past and current events with 
regards to hazard timescales and scenarios (Fig. 2). Studies often con-
sider future hazard trends in principle but not in a quantified manner. 
Although modeled trends and scenarios are quite frequently used as 
a basis for adaptation to sea-level rise, flooding and storm surges, they 
are much less common for other hazards.

The picture is even more striking regarding how other risk fac-
tors—notably the exposure and vulnerability of people and assets in 
coastal cities—are considered. In the vast majority of coastal cities, 
reported adaptation considers only past and current patterns, with 
the population being the most important element considered, fol-
lowed by particularly vulnerable groups, residential buildings and the 
coastline (Fig. 2). In scenarios in which future trends in exposed and 
vulnerable assets are considered, they are accounted for in a general 
or conceptual way, but not in terms of quantified scenarios. Across our 
sample, the consideration of the presented elements at risk correlates 
weakly with a country’s income level. The higher the income group, 
the more likely that exposure and vulnerability aspects are considered 
(Supplementary Data 1.3).

Responses and actors
Most of the reported adaptation in coastal cities can be categorized 
as technological/infrastructural and behavioral/cultural adaptation  
(Fig. 3). But combinations of these two, as well as of technological and 
institutional responses, were also frequently reported. Ecosystem-
based responses are the least reported across all world regions, par-
ticularly in low-, lower-middle and upper-middle-income countries.

The prominence of different response and actor types varies 
across country and income groups (Fig. 3), as well as city size. Most 

cases reporting technological or infrastructural responses are from 
coastal cities in high-income countries. The coverage of institutional 
responses shows a similar pattern. A correlation analysis confirms 
that the higher the gross national income (GNI) per capita, the more 
likely that institutional adaptation (Spearman’s ρ = 0.23, P < 0.01) and 
less likely that behavioral adaptation (Spearman’s ρ = −0.35, P < 0.01) 
is mentioned (Supplementary Data 1.4). Institutional responses are 
mostly reported to be implemented by state actors, especially city 
governments (Supplementary Data 1.5), which are the most commonly 
mentioned actor type across our sample. Correlation analysis reveals 
that the higher the GNI per capita, the more likely that the city gov-
ernment is assessed as an actor in adaptation (Spearman’s ρ = 0.30, 
P < 0.01), and the less likely that individuals/households are mentioned 
(Spearman’s ρ = −0.23, P < 0.01) (Supplementary Data 1.6). Our analyses 
also reveal that the bigger a city, the less likely that individual/house-
hold adaptation is mentioned (Spearman’s ρ = −0.30, P < 0.01) and the 
more likely that a city government is assessed as an actor involved in 
adaptation (Spearman’s ρ = 0.20, P < 0.01) (Supplementary Data 1.6).

Reported behavioral or cultural responses are most likely to be 
assessed together with individuals or households as implementing 
actors (Supplementary Data 1.7). This response type dominates the 
reported adaptation evidence in coastal cities in lower-middle-income 
countries. Accordingly, individuals/households are mostly reported 
as adaptation actors here, whereas state actors such as city and sub-
city governments are less frequently assessed as implementers. In 
contrast to this, we find a low involvement of individuals in low-income 
economies; however, the very small number of cases in the low-income 
category needs to be considered here.

Although the assessed literature mostly presents adaptation evi-
dence implemented by one type of actor (in our sample, mostly city gov-
ernments followed by individuals/households), there is also reported 
evidence for multiple actors involved in urban adaptation. In many 
cases, individuals/households and city governments are mentioned 
together. Furthermore, combinations of city and national govern-
ments, or a combination of the two with the sub-city local government, 
are reported more frequently than other combinations (Supplemen-
tary Data 1.8).

Looking at adaptation types across regions (Fig. 3 and Supplemen-
tary Data 1.7), behavioral adaptation is less likely to be reported in North 
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American coastal cities (ϕ coefficient = −0.21, P < 0.01) and coastal 
cities in Central and South America, but more likely to be reported in 
coastal cities in Africa and Asia. For the last two, we find less evidence 
for institutional and ecosystem-based adaptation; these adaptation 
categories are more likely to be assessed in European and North Ameri-
can coastal cities. Evidence for technological adaptation is most likely 
to be assessed in European coastal cities; research on institutional 
adaptation evidence features most highly in North and South America.

Speed, scope and depth of adaptation
Transformative adaptation can be assessed along the dimensions of 
depth (how deep institutional, and other changes, are), speed (how 
fast adaptation is planned and implemented) and scope (with which 
geographical and sectoral breadth adaptation happens)27,31. Overall, we 
find that reported adaptation remains at rather low depth, scope and 
speed in coastal cities, across all income groups and regions, with little 
evidence of reduced risks due to adaptation (Fig. 4). Neither income 
level nor population size predicts more or less transformative adapta-
tion (Supplementary Data 1.9).

Few examples of urban adaptation with deeper changes (that is, 
entirely new practices that involve deep structural reform, a funda-
mental change in mindset, major shifts in perceptions or values, and/
or changing institutional or behavioral norms) stem from cities in 
high-income economies or small island states. Given the small number 
of cases featuring such fundamental forms of adaptation, we provide 
an aggregated overview of specific studies below.

Some cases reported self- or state-led resettlement32,33 to adapt 
to climate change impacts in coastal cities. In cities such as Singapore 
and Hong Kong34, and several Swedish cities35, existing infrastructural 
measures are complemented by preparedness and recovery measures, 
as well as ecosystem-based approaches. Progress in the institution-
alization and mainstreaming of basin-wide planning, the integration 
of adaptation into mitigation and development planning, and the 
establishment of legislation to reinforce adaptation in sectors such 
as construction, are considered as evidence of more transformative 
adaptation in coastal cities. We also identified evidence for medium 
adaptation depth across countries with different income levels, where 
the assessed responses reflect a shift away from existing practices, 
norms or structures to some extent. In coastal cities located in high-
income countries in Europe, such as Rotterdam, Dordrecht and Hel-
sinki, medium-depth adaptation is linked to the testing of innovative, 
design-oriented adaptation approaches, the development of collabo-
rative governance approaches, and public–private partnerships for 
improving funding and innovation36–40. In smaller US coastal cities such 
as Dunedin and Fernandina Beach, changes towards cross-sectoral, 
comprehensive and more integrative risk management plans41,42 were 
described. Bigger US cities such as New York and Miami Beach are 

implementing both large-scale infrastructure investments for flood 
protection43–45 and planning, and/or complementary adaptation meas-
ures such as ecosystem-based and soft adaptation approaches43,46.

In Asian coastal cities in lower- and upper-middle-income coun-
tries, medium-depth adaptation includes changes in adaptive behavior 
of individuals and households (for example, changes in livelihoods or 
migration33,47–50), as well as institutional-scale adaptations (for exam-
ple, the establishment of new institutions responsible for adaptive 
planning, disaster risk reduction planning at various scales, or main-
streaming climate change policies in other sectors51–53). The only case 
with evidence of medium-depth adaptation in a low-income country 
is Maputo, Mozambique, which has mainstreamed climate change 
adaptation into its development plans, attributed clear responsibili-
ties for addressing climate change impacts, and started participatory 
urban planning processes54.

For the majority of coastal cities covered in our sample, adapta-
tion remains at low depth across income groups and regions, meaning 
that evidence for adaptation largely represents expansions of existing 
practices, with minimal change in underlying values, assumptions or 
norms. Examples are a continuous focus on traditional infrastructural 
measures to avoid flooding55,56, continued uptake of flood insurance57, 
or incremental adaptation in the form of reactive coping due to limited 
capacities58,59.

The scope of responses in our sample is mostly narrow, across 
both income groups and regions, meaning that evidence for coastal 
urban adaptation measures is largely localized and fragmented, with 
limited evidence of coordination or mainstreaming across sectors, 
jurisdictions or levels of governance.

The speed of coastal urban adaptation is mostly considered slow—
especially in high-, upper-middle- and lower-middle-income countries, 
and a majority of regions. This means that adaptations are incremental, 
consisting of small steps and slow implementation.

Given that depth, scope and speed of adaptation were evaluated 
as rather low across our sample, it is not surprising that there is little 
evidence for risk being reduced through these measures. Although we 
identified some cases that present evidence for risks being overcome 
through, for example, ecosystem-based60,61 and technological/infra-
structural adaptation45,62, some are linked to negative side-effects or 
lacking long-term perspectives63 or even represent maladaptation56,64,65.

Discussion
Based on the analysis of adaptation in coastal cities reported in the 
academic literature, we highlight five key findings and close by dis-
cussing their implications for research and policy-making in the field 
of coastal urban adaptation to climate change.

First, our assessment shows that the knowledge and coverage of 
adaptation in coastal cities is highly uneven, with some coastal cities 
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Fig. 4 | Depth, scope and speed of the reported coastal urban adaptation 
across income groups. The depth, speed and scope of adaptation are 
dimensions of transformative adaptation27,31. Displayed numbers represent the 

share of studies evaluated to report low, medium or high levels of depth, speed 
and scope of adaptation within different country groups in terms of average 
income according to the World Bank82.
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receiving a lot of scientific attention, and large gaps remaining. For 
example, small and mid-sized coastal cities in Africa, Asia and Central 
and South America are currently not part of the global scientific debate, 
despite the fact that more adaptation might be happening on the 
ground, reported in other types of documents such as white papers or 
NGO reports. In our assessment based on the peer-reviewed and mostly 
English-language academic literature, coastal cities in low-, lower-
middle and upper-middle-income countries are underrepresented. 
Given that cities in Africa, Asia, and Central and South America are 
expected to experience a highly dynamic interplay of urbanization, 
highly vulnerable informal settlements and future climate change 
impacts (see page 7 of ref. 66), this is a considerable gap in research 
that needs to be addressed urgently. Researchers and funding agen-
cies should therefore make a dedicated push towards increasing the 
evidence-base, specifically in this segment of cities. Furthermore, 
other data sources such as non-peer-reviewed reports and other grey 
literature need to be assessed in the future to complement the evidence 
provided in the peer-reviewed scientific literature.

Second, we generally found that hazards, exposure and vulner-
ability are considered on the basis of past and current events and 
conditions. The use of future climate scenarios or other quantitative 
assessments taking into account future hazard trends remains scarce, 
and the picture is even more troublesome in terms of the future trends 
of exposure and vulnerability. Most reported adaptation is not based 
on a thorough consideration—let alone quantified scenarios—of future 
developments in the exposure and vulnerability of at-risk people, 
infrastructure, ecosystems and other assets. This leads to skewed 
assumptions on future risk, jeopardizing the relevance and validity of 
knowledge for adaptation planning. Although this finding confirms 
earlier observations with respect to the low consideration of future 
exposure and vulnerability trends in National Adaptation Plans67 and 
cities24, it is nevertheless striking given the high importance of dynamic 
changes in these domains for changing future risk in coastal cities, 
for example, through further coastal urbanization or ongoing socio-
economic marginalization6,8.

Third, we find that the lower the income group of the country the 
coastal cities are located in, the more likely individuals/households are 
reported as prime adaptation actors. At the same time, government 
responses and planned adaptation are more often reported in coastal 
cities in wealthier countries. This suggests that residents with limited 
resources in poorer coastal cities have to carry most of the adaptation 
burden68, which is often met with behavioral changes due to the lack of 
institutional and/or technological support. These results corroborate 
other studies regarding the inequality in the urban adaptation gap (see 
pages 34 of ref. 66 and page 941 of ref. 26), which is most pronounced 
among the poor.

Fourth, the bigger a city, the more likely that technological 
responses and protection are assessed. This relationship was also 
found in other studies69. At the same time, there is a lack of reported 
empirical evidence on ecosystem-based adaptation. Technology-based 
measures such as flood-barriers or pumping installations are essential 
protective mechanisms in the short- and mid-term, for example, for 
storm water management. However, they can lead to a lock-in and 
maladaptive path dependency in the long-term if coastal hazards con-
tinue to rise and hard protection fails or reaches limits of financial and 
technical feasibility as well as cultural acceptance70,71. More research 
on alternative and complementary adaptation measures is therefore 
needed to guide mixed approaches in the future.

Fifth, our findings suggest urgent needs for transformative adap-
tation in coastal cities. Across all regions and income groups, scientifi-
cally reported adaptation in coastal cities remains at rather low depth, 
scope and speed. Neither income level nor population size predicted 
more or less progressive adaptation behavior. Given the high exposure 
and vulnerability of many coastal cities already today, this finding is 
alarming as adaptation to future climate change will require many 

cities to go beyond business as usual risk management to effectively 
manage and reduce the accelerating risks and vulnerabilities2,15,72. This 
finding affirms other assessments of urban adaptation26 and stresses 
the persistent need for transformative adaptation in coastal cities. It 
is possible that the cumulative effects of incremental responses could, 
over time, lead to meaningful and even transformative adaptation; 
however, the speed and amount of change needed to mitigate current 
and future risks, could mean that incremental adaptation is tantamount 
to playing 'catch-up' as climate impacts accelerate.

The extreme changes in the oceans and coasts seen in the recent 
past, with, for example, new temperature records4,73,74 and low sea-
ice extent75, highlights the scale and speed of adaptation that will be 
needed. Yet, taking the scientifically reported adaptation evidence as 
a proxy for the state of adaptation in coastal cities, our findings sug-
gest that adaptation in coastal cities is rather slow, narrow, and frag-
mented (in other words, non-transformative) in an environment that is 
transforming rapidly. At the same time, our findings point towards an 
increasing range of adaptation activities in coastal cities. This evidence 
mapping can help to point researchers to blind spots in adaptation 
research in coastal cities and it provides entry points for improving 
urban adaptation planning.

Methods
We followed the ROSES protocol76 to produce a systematic map of evi-
dence for climate change adaptation in coastal cities (Supplementary 
Table 1). We base our findings on the combination of a systematic review 
of scientific literature on coastal urban adaptation to climate change 
across three reference databases (see Extended Data Fig. 1, which fol-
lows the ROSES flow diagram for systematic reviews77) with a content 
analysis based on a coding protocol, following the Global Adaptation 
Mapping Initiative (GAMI) process.

Relevant peer-reviewed, scientific, English-language literature 
on the topic of coastal urban adaptation was identified in a four-tiered 
search process.

Literature search and data extraction
Publications of the category 'cities and settlements by the sea' were 
extracted from the GAMI database—a systematic dataset comprising 
over 1,600 articles on climate adaptation. After a preliminary overview 
of the 361 resulting publications, further searches through the refer-
ence databases Web of Science and Scopus, and discussions among 
the co-authors (most of whom are well-acquainted with the literature 
in this particular field), it was decided that the GAMI selection did not 
adequately represent the large pool of existing literature on coastal 
urban adaptation. Hence, in a second step, a search string (in English) 
based on boolean search terms was used to systematically search Web 
of Science (Core Collection) and Scopus for relevant peer-reviewed, 
scientific literature over the years 2013 to 2020. The period stretches 
from the end of the IPCC’s fifth assessment cycle to the cut-off date for 
considering scientific literature of the sixth assessment cycle. With this 
we extended the original GAMI search by one year; we did not include 
2021 and 2022 due to the coding time-frame. Although the basis of the 
search string was adopted from the GAMI process78,79, it was extended 
by tailored search terms to yield more topic-relevant publications. 
The search strings and respective hits can be found in Supplementary 
Information 1. In a final step, the results of all three searches were 
combined and duplicates were removed.

We are aware that systematic searches such as this are subject 
to limitations. Our approach neither considered grey literature such 
as reports, nor did it use non-English search strings, and thus it is 
predominately built on English-language publications, which might 
have led to biases in the results. We nonetheless decided to use this 
approach to take steps towards a global stocktake of adaptation in 
coastal cities on the basis of scientific, peer-reviewed literature, using 
it as a first indication for the state of knowledge on coastal urban 
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adaptation, and as a proxy for understanding where coastal cities 
currently stand in adapting to climate change. From the perspec-
tive of the authors, the added value in these respects outweigh the 
limitations of the study.

Screening
A total of 683 scientific publications entered the screening process, in 
which the coders assessed whether a publication should be included in 
the analysis. Overall, only peer-reviewed publications were considered, 
which excludes conference contributions (further inclusion/exclusion 
criteria are listed in Supplementary Information 1). A total of 501 publi-
cations were excluded because they did not meet the inclusion criteria. 
Six publications were not available in English language, and two were 
either not accessible or not found. Requests to the authors for access 
were unanswered. See Supplementary Table 2 for an overview of all 
included, excluded and not found or accessible publications.

Coding
The included publications were analyzed via a systematic content 
analysis. The publications were distributed among coders consider-
ing their interests and capacities, ensuring that no coder analyzed 
their own publications. Using the online survey platform SoSci Survey 
Version 3.5.01, coders completed one coding questionnaire per city 
covered in the manuscript. This means that for one publication, several 
questionnaires could have been completed in the case that it dealt with 
two or more cities. In total, 183 publications (Supplementary Table 2) 
covering 284 cases from 199 cities and/or settlements with central func-
tions such as schools, supermarkets and medical services were included 
in the coding and statistical analysis, as well as four unspecified urban 
areas. The literature database (Supplementary Table 2) and the coding 
database (Supplementary Data 2) can be found as supplements.

Data quality
We ensured coder consistency and reliability through an introduction 
to the commonly developed questionnaire; a code book/protocol 
with detailed definitions of all codes (Supplementary Information 1); 
a pre-coding period with interim meetings to discuss issues and con-
fusions; and multiple other meetings with all of the coders involved. 
The coding included, among others, the following categories: hazard 
type; exposure and vulnerability; actor type; response type; and, as 
indicators for transformational adaptation, the depth, speed and 
scope of adaptation (see Supplementary Information 1 for the full 
list of codes and variables). About 10% of the entire dataset (that is, 
72 publications) was double-coded to check inter-coder reliability. 
Conflicts regarding inclusion/exclusion arose to 12.8%. Of the 16 fully 
double-coded publications, inter-coder variability rose to a maximum 
of 22.2%, meaning a convergence in roughly 80% of provided answers, 
which was accepted as sufficient to consider the dataset as robust. 
The data, in the form of codes, were extracted from the ScoSci Survey 
platform, cleaned and statistically analyzed in IBM SPSS Statistics 
23, following the original GAMI approach78,80,81. Coders provided 
their level of confidence (low, medium, high) to evaluate the depth, 
speed and scope of adaptation; the final analysis only considered 
medium- and high-confidence judgements to increase the robust-
ness of the findings.

Data analysis
To obtain an overview of the dataset, descriptive statistical analyses 
were performed to assess the frequency and proportion of all vari-
ables. To identify potential patterns, frequencies were assessed across 
the World Bank income economies categories (hereafter income 
groups)82 and also across regions following the classification used in 
ref. 27. Moreover, we used different correlation tests to explore poten-
tial relationships that two variables, GNI per capita83 and city size (in 
terms of population, Supplementary Data 3), have with patterns of 

actor involvement, adaptation type and depth, and the speed and 
scope of adaptation. We are aware that income indicators and the 
urban population size are by far not the only factors influencing 
adaptation in complex socio-ecological systems84; however, they 
provide valuable, globally available and comparable starting points 
for not only describing, but also explaining, emerging patterns of 
urban coastal adaptation. Hence, our objective was to evaluate the 
existence of any relationship between these two variables (GNI per 
capita and city size) with our assessed variables. The Spearman’s 
rank correlation was employed to ascertain the relationship between 
GNI per capita and city size with actor involvement. The correlation 
coefficient ranges between −1 and 1, indicating negative and positive 
correlations, respectively. The significance of the correlation coef-
ficient is examined by the t-test, which assesses the null hypothesis 
that there is no monotonic relationship between the two variables. 
The null hypothesis is rejected if the P-value is less than 0.05. The 
relationship between adaptation actors and response categories was 
determined using the χ2 test, which is a common statistical method 
for measuring the association between binary variables. The strength 
and direction of the association are represented by the ϕ coefficient. 
This coefficient, like the Spearman correlation, ranges from −1 to 1, 
with values close to −1 indicating a strong negative association, values 
close to 1 indicating a strong positive association, and values close 
to 0 indicating a weak or no association. The significance of the ϕ 
coefficient is also examined using a P-value.

To conduct a cross-sectional comparison of population data in the 
LECZ across different regions, we utilized “The Low Elevation Coastal 
Zone (LECZ) Urban-Rural Population and Land Area Estimates, Version 
3” dataset28. Within this dataset, we specifically selected the population 
data from “Gridded Population of the World, Version 4 (GPWv4), Revi-
sion 11” and the elevation data from 'CoastalDEM90' as core datasets, 
due to their particular applicability in global-scale and coastal analyses. 
The analysis provides data about the share of residents living in the 
LECZ globally in the considered income economies and regions, which 
is used to understand the relative coverage of adaptation evidence 
reported in our sample.

The assessment of transformational adaptation in coastal cities 
builds on the coders’ qualitative evaluation of the three dimensions 
of transformation31; that is, depth, speed and scope (definitions of 
the categories can be found in Supplementary Information 1) of the 
reported adaptation evidence. In addition, the confidence in their 
respective responses was assessed and only high- and medium-confi-
dence evaluations were taken into account in the final assessment of 
speed, scope and depth.

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
All data and analyses used for this study are available in the Supple-
mentary Information, Supplementary Data, Supplementary Tables and 
Source Data. The Supplementary Information describes the searches 
(and their combinations) used to generate the literature sample, the 
inclusion and exclusion criteria for the literature, and a code book 
providing descriptions of all of the codes. Supplementary Data allows 
access to all correlation tables, the full coding database, and the list 
of sources for the city populations used in Fig. 1. The base layer85 for  
Fig. 1 is publicly available, as are the LECZ population data28, the 
country groupings according to average income levels by the World 
Bank82, and the GNI per capita83 used for the analyses. Supplementary  
Table 1 displays the full ROSES map report for the study; Supplementary 
Table 2 provides the full list of the included and excluded literature, 
including the author(s), title, journal, year and doi. Source Data are 
provided with this paper.
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Extended Data Fig. 1 | ROSES flowchart for systematic maps. RepOrting standards for Systematic Evidence Syntheses (ROSES) were used to follow a standardized 
and transparent approach to searching and screening scientific literature. For each step in the process, numbers of publications are disclosed.
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2021 - June 2022

Data exclusions 487 publiactions were excluded from the analysis because they did not meet the inclusion criteria. Details can be found in the roses 
flow diagram for systematic reviews.
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