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Measurement is essential for effective adaptation management and operation, and indicators and
metrics (I&M) have a pivotal role. Surprisingly, systematic efforts to assess advances in the provision of
adaptation I&M are scarce, and those that do exist often lack in-depth analysis of the types,
characteristics, and applicability of the collected information. Here, we analyse 137 publications and
901 1&M sourced in the scientific literature (2007-2022) to measure adaptation to climate change in
urban areas where governments are increasingly placing efforts to prepare populations and
infrastructures. A lack of common terminology, standardisation, and guidelines has resulted in a field
that is complex to track and understand. This complexity has led to a fragmented methodological
landscape, marked by diverse, context-dependent, and occasionally conflicting approaches to the
development of I&M. We argue that conventional approaches to I1&M are largely inadequate and must
better emphasise quantifiability, long-term assessment, and alignment with policy objectives.

While tracking emission pledges currently dominates international
conversations', the evaluation of progress on climate change adaptation has
also become a hot topic across scientific and policy arenas, and at multiple
levels of governance’. Measuring adaptation progress is essential for
understanding adaptation needs, accounting for actions, and assessing their
effectiveness and efficiency’. Measurement is also important to evaluate
positive and negative impacts and the equity of adaptation actions'. Mea-
surement helps learning and improves future adaptation processes, allowing
for comparisons and benchmarking. Finally, it helps attract political
momentum and funding, as well as to understand the relationship of
adaptation with other societal, climate or biodiversity challenges™”. The
conceptual and empirical adaptation literature is vast, scattered and difficult
to track for many reasons. First, there is an ambiguous use of language - e.g.
interchangeably using “climate resilience,” “climate adaptation,” “climate
vulnerability”, or risk reduction” to refer to states of better preparedness and

unclear connections with adaptation monitoring, evaluation, reporting, and
learning (MERL) objectives and stages. Second, climate change adaptation-
related literature spans across multiple disciplines and sectors®’. Third, and
connected to the above, while attempts have been made'*", shared fra-
meworks for adaptation measurement research and practice are lacking.
Much attention is being directed to identifying ways to measure progress
towards the Global Goal on Adaptation'*™*, however, up to now, there is no
good understanding of the advances in the field of adaptation measurement
and, in particular, the means of measurement—indicators and metrics
(I&M), across the adaptation cycle, scales and sectors.

As a result of the context-specific nature of adaptation needs and the
absence of universal effects from adaptation actions, the field of adaptation
measurement has moved forward under simplified assumptions. For urban
adaptation, for instance, the accountability and quality assessment of
adaptation plans and policies have typically been used as proxies for
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Fig. 1 | Analysis of 137 publications. a Map showing the cities and countries that
have been used as application sites for adaptation indicators and metrics. The map
shows the cities mentioned in the different publications and the number of pub-

lications connected to countries (as validation sites). b Spatial scale of the studies as a
percentage of the total number of publications reviewed. ¢ Type of assessments and
types of methods (formative and summative, theoretical, empirical and review, and
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quantitative, qualitative and mixed methods). The spatial scale categories used in
this analysis (see b) were derived from the descriptions found in the reviewed studies
and are presented in this figure in order of increasing spatial extent. As an illus-
tration, the term urban agglomeration denotes several municipalities considered
jointly, while the metropolitan scale is used when such an area has an official
administrative recognition as a metropolitan area.

progress'’ ™, overlooking their symbolic dimension™* and lack of financing

or implementation”. The scant attention to I&M has largely been theoretical
or too context- or sector-specific’* . Few studies have comprehensively and
systematically analysed the state of the art of urban climate change adap-
tation I&M. Several studies have made initial steps toward this goal. Arnott
et al."" provided an analysis of 43 urban adaptation I&M documents gath-
ered from grey literature developed by governments, boundary organisa-
tions and sponsors. Salehi et al.”’ performed a systematic review and
extracted 176 adaptation I&M from 59 mainly academic sources. Goone-
sekera and Olazabal' coded 1971 I&M sourced in 11 local adaptation plans.
And, finally, as an intervention-specific example, Goodwin et al.” conducted
a review of 750 I&M indicators drawn from reports on nature-based
adaptation solutions in cities around the world.

To advance this effort, we systematically review adaptation I&M in the
scientific literature—a vast and scattered body of work that necessitates
tailored documentation protocols. Beyond cataloguing types of 1&M, we
conduct an in-depth analysis of the theoretical frameworks, characteristics,
and applicability of I&M, thereby extending current documenting approa-
ches. We focus on I&M specifically targeted to measure climate change
adaptation in urban areas, where governments around the globe are
increasingly making efforts to prepare populations and infrastructures for
the impacts of climate change through plans and policies. This is a pio-
neering effort that has been designed to understand four key aspects: (i) the
nature and geography of existing empirical research work, (ii) the typology of
climate impacts and adaptations covered, (iii) the landscape of I&M cur-
rently proposed, and (iv) their intended users and uses. We systematically
identify 838 publications from the openly accessible and multi-sourced
LENS database. Across a set of 137 publications capturing indicators that
measure climate change adaptation in urban areas (see Tables S1 and S2), we

collect and examine 901 I&M (including indices). The publications reviewed
are dated from 2007 to 2022, with 70% published after 2016, reflecting the
increased attention to I&M after the Paris Agreement in 2015. The evidence
gathered aligns with the cut-off date of the IPCC’s Sixth Assessment Report,
offering a timely assessment foundation for the next cycle.

Results

Geography of the studies

The vast majority of studies are empirical (95% of 137). Few studies are
conceptual/theoretical (4%) or review works (1%). The empirical body of
work focuses on specific geographic regions and cities and discusses the
applicability of proposed indicators. Most I&M are applied in Asian (42%)
and European (31%) cities, followed by North American (16%), Latin
American (12%), African (11%) and Oceanian (5%) (see Fig. 1a). In a few
cases (9%), cities from different world regions are looked at in combination,
but the application of I&M is addressed generally with regional exclusivity.
Studies encompass a diversity of spatial scales, from the supralocal to the
household level. Many I&M are not confined to a single scale, but are
relevant across multiple spatial levels. These multi-scale I&M were coded at
all relevant levels. A substantial majority (72%) mention addressing the city
as a whole. Twenty-five per cent of studies mention addressing scales
beyond the city level while still assessing urban adaptation interventions
(peri-urban, urban agglomerations, metropolitan and supralocal), and 29%
of studies focused on scales often below the city level, including district,
neighbourhood, and household or community level (Fig. 1b).

Type of assessments and methods
Generally, I&M are used in formative assessments (ie., to understand
baseline conditions and vulnerabilities) or in summative assessments (i.e., to
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(% of 137 studies)
(a) Discipline of main author

- Environmental Sciences, Climate and Meteorology 26% I
- Engineering and Technology 23% [
- Urban Planning, Design and Management, Architecture 20%
- Water Resources and Water Management 15% I

- Geography 15% I

- Political science, law and sociology 11%

- Ecology and Forest Management 7%

- Disaster risk management 7% M

- Not found 7%

- GIS, Data management, Remote sensing 5% M

- Economics 5% M

(b) Theoretical frameworks and models

- Not found 44%

- Disaster Risk Management (DRM) 12% [
- Socio-Ecological Resilience Theory 9% I
- Adaptive Capacity Assessment 7% I

- Climate Modelling And Simulation Approach 7% I

- Climate Risk-Based Approach 7% I

- Sustainable Development Framework 5% I

- Water Resources And Infrastructure Management 4% -

- Urban Resilience Theory 4% I

- Social Vulnerability-Based Approach 4% N

- Adaptation Options Assessment 4% I

- Planning Process Approach 3% M

- Logical Framework Approach 2% M

- DPSIR (Driver— Pressure — State — Impact — Response) 1%l

- Health Impact Assessment 1%l

- Plan Quality Evaluation 1%l

- Adaptation Effectiveness Approach 1% 1

- Adaptation Pathways Approach 1% 1

- Comparative Policy Analysis 1%

- Engineering Resilience Approach 1%

- Land-Use Planning Approach 1%

- Economic Valuation 1%l

- Integrated Flood Management 1%l

Fig. 2 | Analysis of 137 publications. a Discipline of main author (frequency)
collected from institutional profiles and social media accounts; b Theoretical fra-
meworks and models (frequency) inferred from publication records; ¢ Target users
inferred from publication records; d Climate hazards (frequency) explicitly

- Cultural heritage and institutions

% of 137 studies
(c) Target users

- Local authorities 71%
- Urban planners and designers 59% [
- Scientific community 43% [
- Regional or national governmental bodies 24%
- Citizens 12% Ml
- Not specified 6%

- Non-governmental organizations (NGO) or advocacy groups 5%l

- Financial actors 4%l

- Private companies 4%

- International city networks (reporting systems) 3%l

(d) Climate hazards

- Adaptation to rain/river flooding 43, I
- Adaptation to heatwaves 31% [

- Adaptation to storm/coastal flooding 23%

- Adaptation to water security 20% I

- Not specified 11% Il

- Adaptation to food security 7% M

(e) Sectors for adaptation action

- Land-use planning 329 [
- Flood management 30% [
- Water and sanitation 29%
- Livelihoods and social protection 28% [N
- Water provisioning and management 23% [

- Health 22%

- Stormwater and sanitation 21%

- Temperature regulation 20%

- Built form 20% [

- Housing and building design 20% .

- Emergency management and security 16% N

- Riverine flood impact reduction 16% I

- Coastal flood protection 15% N

- Coastal management 11%

- Education and Communication 9% Il

- Transport 8% Il

- Air quality regulation 7% M

- Energy infrastructures 7% Ml

- Food production and security 4% M

- Not applicable 3%0

- Information and Communication technologies (ICT) 2%

- Other 1%

0%

mentioned in the publication records, and e Types of adaptation measures (fre-
quencies) inferred in publication records. Categories for climate hazards and types of
adaptation measures in urban areas correspond to those used in the 6th Assessment
Report (AR6) of the Intergovernmental Panel on Climate Change (IPCC)"*.

understand effectiveness, efficiency, and performance)”. A significant share
of our sample (72%) (Fig. 1c) adopts a formative approach, where I&M are
used to identify specific sectors, populations, or spatial areas where adapta-
tion capacities need to be built or increased. The literature, however, often
remains ambiguous about whether and how assessments of adaptation needs
(typically conducted by mapping changes in vulnerabilities, risks, or adaptive
capacities) are linked to MERL processes. For example, although indicators
for tracking evolving vulnerabilities are commonly proposed, there is a lack
of corresponding guidance on how these results will be evaluated, inter-
preted, and used to refine, adjust, or act upon existing adaptation interven-
tions. Alternatively, summative studies (28%) look into the assessment of
implemented adaptations and propose I&M to monitor, evaluate, report, and
learn from specific urban adaptation processes and actions on the ground.
To build I&M, quantitative (46%) and mixed methods (44%), such as
survey data analysis, statistical analysis, and data modelling, are pre-
dominant across empirical studies, both for formative and summative
assessments (Fig. 1c). The use of qualitative approaches, like in-depth
interviews, focus group discussions, case studies, thematic analysis, obser-
vations, and content analysis to build I&M is less common (10%).

Disciplines and theoretical frameworks behind I&M
Technical areas such as environmental sciences, climate and meteorology
(26%), engineering and technology (23%) and urban planning, design,

management and architecture (20%) (Fig. 2a) address urban adaptation
1&M more frequently. By contrast, we found less prevalence of social science
and interdisciplinary areas such as geography (15%), economics (5%),
political science, law and sociology (11%) and disaster risk manage-
ment (7%).

Around 44% of the studies do not mention any theoretical background
or model used to guide or frame the proposal of urban adaptation I&M. The
studies that identify a theoretical framework show a massive degree of
dispersion (Fig. 2b). The most common approach used across studies is
disaster risk management (12%), adaptive capacity assessments (7%), cli-
mate modelling and simulation approaches (7%), socio-ecological resilience
theory (9%) and climate risk-based approaches (7%) follow closely. None of
the studies referred to specific MERL frameworks'*' ">,

Target users

The primary audience or target users of the study are rarely explicitly
mentioned or justified. Despite this ambiguity, the data indicate that local
authorities (71% of the studies), urban planners and designers (59%) and the
scientific community (43%) were most often implicitly identified as the
intended recipients of the studies (Fig. 2c). Regional or national govern-
mental bodies follow closely (24%). Other local actors, such as citizens
(12%), non-governmental organisations (NGO) or advocacy groups
(5%), financial actors (4%), private companies (4%), or international
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Fig. 3 | Sankey diagram showing the analysis of
901 urban adaptation Indicators and Metrics
(I&M). The diagram visualises connections between
the level of detail, type, and dimension of I&M (from
left to right). The level of detail indicates the number
of indicators and metrics at each level, relative to the
total of 901 I&M. The type of I&M includes input,
output, outcome, and impact, with values ordered

Indicator
according to their respective frequencies. Dimen- 655
sion refers to thematic areas (e.g., environmental,
social, economic), ordered by frequency. As I&M
can be multidimensional, totals may exceed 901.
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city networks (3%), are only occasionally considered as users for
urban adaptation I&M.

Types of hazards and adaptations

In line with global urban adaptation responses’, our review reveals that the
most frequently considered hazard is rain/river flooding (43%), followed by
storm/coast flooding (32%) and heatwaves (23%), with less attention paid to
water security (20%) and food security (7%) (Fig. 2d). The I&M studies in
our sample look at a wide range of adaptation measures. The most popular
are land-use planning (32%), flood management (30%), water and sanita-
tion (29%), and livelihoods and social protection (28%) (Fig. 2e). The least
focused on are education and communication (9%), air quality regulation
(7%), food production and security (4%), information, communication and
technology (ICT) (2%), energy infrastructures (7%) and transport (8%).
Among the IPCC categories"”, cultural heritage and institutions gather zero
attention.

Types of indicators and metrics (1&M)

We gathered 901 I&M from 137 studies and distinguished between single
I&M and composite I&M (typically, indices composed of more than one
indicator or metric). Only 15% of the I&M are classified as indices (e.g.
“Adaptive Capacity Index,” “Integrated Urban Resilience Index” or “Heat
Vulnerability Index”). The remaining are classified as single I&M, for
example, “Per cent Green Open Space,” “Diversity of Renewable Energy,”
and “Increased Flood Insurance Coverage”. We analyse the indices in their
composite form. We also distinguish two categories of I&kM depending on
their tangibility: indicators and metrics''. While indicators can be general
and unspecific (e.g. population vulnerability), metrics represent more
detailed, tangible measurements (e.g. number of trees). Concurring with
previous studies'’, a significant majority of I&M (73%) are identified as
“indicators”, encompassing both single and composite forms. The
remaining 27% are expressed as “metrics”, encompassing only single forms
(Fig. 3).

We categorise I&M into four types: input, output, outcome, and
impact'*'>*". The distribution reveals important insights into current
measurement priorities in urban climate adaptation. A high proportion of
input metrics (41%) indicates a strong focus on tracking resources and
efforts invested in adaptation processes. In contrast, outputs (22%) and
outcomes (28%) receive comparatively less attention, despite their role in
capturing tangible results and immediate effects of adaptation strategies.
Most notably, impact I&M account for only 9%, highlighting a significant
gap in the measurement of long-term, systemic consequences of adaptation
interventions. This imbalance becomes even more pronounced when

considering metrics alone, where inputs rise to 57%, further underscoring a
dominant focus on what is being invested, rather than on what is being
achieved (Fig. 3).

I&M vary between the dimensions they look at'*”". Our study finds the
environmental/natural dimension (27%) to be most prevalent (Fig. 3). This
dimension encompasses a wide range of critical environmental variables,
including, for example, those related to green or blue space, temperature
change, sequestration capabilities, flooding, and biodiversity-related vari-
ables. The social/human/society dimension (23%) includes aspects such as
knowledge, perception, community preparedness, or educational activities.
Built infrastructure (22%) looks at resilient urban structures, materials,
properties, and other characteristics in urban climate adaptation planning
and design. The governance/institutional/policy dimension (14%) and the
economic/finance dimension (13%) are less explored. Our data further
shows that for single I&M, 80% encompass one dimension and 20% have
two dimensions. The composite I&M are more multidimensional in nature
(23% two dimensions, 11% three, 11% four, and 10% five). I&M are
represented across all dimensions, but progress indicators (outcomes
and impacts) are more prevalent in the governance/institutional/political
and social/human/society dimensions relative to process indicators (input
and outputs) (Fig. 3).

Applicability and feasibility of urban adaptation I&M

In 75% of the cases, I&M are not linked to specific adaptation measures
regardless of the composite nature or its level of detail. Of the remaining
25%, more than half reference measures related to environmental/natural or
built/infrastructure dimensions. Our analyses show that the applicability of
the I&M continues to be most prevalent at the city level (52%) (Fig. 4a). The
supralocal, household, and community levels receive less attention (1% or
less, respectively), with none at the metropolitan or urban agglomeration
scales. The remaining efforts focus on the neighbourhood (21%) and district
(16%) levels. In 10% of cases, the scale to which the I&M is applicable is not
clearly defined.

A large majority of I&M are based on historical and statistical data
(29%), followed by spatial data and field observations (21%), interviews and
focus groups (16%), surveys (15%) and expert and literature data (8%)
(Fig. 4b). The source is not specified in only 12% of cases. Our data also
shows that, in around 48% of the cases, the I&M lack a specified unit of
measurement. The units of measurement include percentages of some cri-
teria (26%); length, area, or volume (18%); or binary data (i.e., yes or no)
(13%). Higher levels of detail imply higher feasibility in application. While
97% of the metrics have an associated unit of measurement, only 35% of the
indicators do. Types of I&M have varying levels of associated units of
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(% of 901 1&M)
(a) Spatial scale of the I&M
- City
- Neighbourhood
- District 16%
- Not specified 10%
- Supralocal 1%
- Household, community or individual 1%
- Street or building 0%

52%
21%

(b) 1&M data sources

- Historical and Statistical data

- Spatial data and Field observations
- Interviews and Focus groups

- Survey

- Not specified

- Expert and Literature data 8%

(c) Usability of the I&M

- Assess adaptation needs and its dynamics/evolution (including
changing vulnerabilities or risks)

- Assess results (outcomes and impacts) of adaptation actions

- Improve future adaptation activities or interventions

- Assess efficiency and effectiveness of adaptation efforts and

27%

19%
15%
13%

processes
- Provide accountability of adaptation actions (direct outputs) 8%
- Understand equity and justice of adaptation processes 7%
- Increase understanding of adaptation and its relationship with 5%
urban development, sustainability and other societal challenges
- Unclear 3%
- Compare with other similar adaptation activities or interventions 2%
- Attract funding and distribute resources 1%
- Gather political momentum 0%

Fig. 4 | Analysis of 901 I&M. a Spatial scale (frequency); b Data sources (frequency);
¢ Usability of each I&M (frequency) inferred from the publication records (based on
Turner et al.”).

measurement: outputs (62%), outcomes (48%), inputs (53%), and impacts
(37%). For I&M looking at governance/institutional/political aspects, only
33% specify units of measurement, in contrast to I&M looking at economic/
finance aspects (59%). From the I&M that have associated units of mea-
surement, only 3% specified the required frequency of measurement (80% of
which are measured annually).

Finally, we also collect information regarding the purposes behind
measuring adaptation for each I&M (Fig. 4c). This information is often
ambiguous and requires an interpretation by the analyst. For sets of I&M,
this information is normally very similar but not always the same. In most
cases (27%), the collected data can potentially be used to assess adaptation
needs and their dynamics/evolution. Other purposes include evaluating the
results of adaptation actions (outcomes and impacts) (19%), improving
future adaptation activities or interventions (15%), and assessing the effi-
ciency and effectiveness of adaptation efforts and processes (13%). Less
attention is paid to other important reasons to measure the progress of
adaptation, such as comparing with other similar adaptation activities or
interventions (2%), attracting funding and distributing resources (1%),
gathering political momentum (0.4%), or increasing understanding of
adaptation and its relationship with other societal challenges (5%).

Discussion

In our work, we have adopted a flexible and comprehensive coding
approach that, as far as possible, reflects the complexity and cross-scale
nature of adaptation and its associated literature. The exercise shows,
however, that extracting detailed data on adaptation I&M is a complex task.
First, the language used in this scholarly field is often ambiguous and used
lightly. For example, the terms indicator and metric are often used in the
absence of a concrete form of measurement, i.e. units of measurement,
aligning with previous reviews”'"". In our coding process, we found that the
same applies to references to adaptation “evaluation,” “measurement,” and
“assessment” that often do not refer to an analytical process to determine the
results of an adaptation action. Secondly, we have observed a lack of clarity
when it comes to explaining the theoretical framework and application of

I&M. The definition of adaptation I&M, both in science and policy, requires
a conceptual framework that not only provides guidance and a theory of
change but also a shared language”. Our results, however, show a lack of
conceptual basis for I&M as a result of weak engagement with the theoretical
foundations of social vulnerability, resilience, and adaptation research®.
Arguably, this might be the reason why we find such a complex body of
literature that is difficult to track, understand, and apply.

One key consequence of the fragmentation in the adaptation I&M field
is a weak potential to standardise MERL frameworks, indicators, and targets
for assessing climate adaptation. International initiatives such as ISO 37123
(Indicators for Resilient Cities) and ISO 14090 (Adaptation to Climate
Change—Principles, Requirements and Guidelines) illustrate these efforts,
but remain generic and only partially applicable to urban adaptation
I&M™*". However, despite the widespread advocacy for universal 1&M,
scholars also warn about the negative consequences of overlooking the
political context of standardisation®**. Our review shows that there is an
immense diversity of I&M used to measure adaptation efforts at the urban
level alone. This diversity reflects the attention to the local nature of adap-
tation, but it also creates difficulties for comparability, benchmarking,
reporting and ultimately, effective adaptation planning, implementation
and management, as found elsewhere®. Moreover, it may overwhelm the
limited resources of local authorities who have to deal with a large number of
indicators in their broader sustainability assessment efforts”.

This review finds that most empirical work focuses on the city scaleand
on case studies from European and Asian countries, highlighting a need for
more research at sub-city scales and in underrepresented regions. It also
shows greater attention to floods and heatwaves, likely due to a strong
emphasis on land use, housing, urban planning, and water management
sectors across the publications. Despite this, we found a widespread lack of
clear links between I&M and specific adaptation measures, limiting their use
in MERL practice. The review also shows a sectoral bias, with areas like
cultural heritage and institutions largely overlooked (Fig. 2e), suggesting
challenges in interdisciplinary collaboration.

Beyond urban planning and geography, our data shows that expertise
in social sciences is not leading work in the field. This reflects existing trends
in the broader adaptation field, where environmental-related disciplines are
dominant’. While reasons for this might be diverse and difficult to track™,
this brings into question whether the long-standing experience in MERL in
political sciences and business management research areas**” has had a
chance to influence this emergent academic field. It also questions whether
and how critical social and economic aspects of vulnerability, equity and
justice are being connected to approaches for monitoring and evaluation to
avoid, for example, maladaptive practices, and explains the lack of attention
to these issues in current evaluation practice****. While quantitative works
are more prevalent than qualitative ones, the use of mixed methods is an
extended practice, which we interpret as a positive sign of interdisciplinarity.

Quantifiable variables to measure the success of adaptation measures
are not common (indicators are preferred over metrics, and units of mea-
surement are often absent). While the greater attention to formative
approaches (inputs and outputs) positively indicates the recognition of
adaptation as a process rather than only an end goal, attention to summative
approaches is also required, to allow adaptation actors to understand the
performance, efficiency, effectiveness, equity and sustainability of adapta-
tion interventions”. A longer-term view is essential to cope with the
uncertainty related to the impacts of climate change and adaptation
ambiguities”*** and to plan for transformative adaptation and broader
change”. However, the context-adjustment requirements and the mismatch
between the timescale of an adaptation intervention and the time taken for
the intervention results to become evident are likely to be a challenge. When
designing I&Ms, this limits the focus to process and short-term
outcomes”*****, which is also observable in our study. A general lack of
measurement units highlights the need for accurate and reliable data
interpretation, particularly for impact indicators and those related to gov-
ernance and institutional aspects. In relation to the latter, while policy
document analyses reveal an abundance of governance-related I&M", their
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limited treatment in the scholarly literature reviewed, also found
elsewhere”’, may reflect a lack of engagement with, or understanding of,
local government needs and on-the-ground adaptation implementation
realities.

To guarantee a strong focus on climate adaptation, in our study, we
have excluded publications looking at general resilience or disaster risk
reduction; however, we observe that the development of adaptation I&M is
significantly influenced by their frameworks and models. This demonstrates
the need to bridge climate change, disaster, and resilience agendas™. Pre-
vious studies show how common local resilience assessment tools and
frameworks display an abundance of 1&M®, which evidences the need for
cross-examination and cross-fertilisation of resilience and adaptation
MERL fields. Holistic approaches to capture multiple risks and interactions
of different hazards are also lacking, which calls for greater attention to
cascading and compound effects of a combination of hazards on urban
systems and populations, beyond climate change™**.

The information regarding end-users and reasons for measuring is
generally vague and ambiguous, questioning how usable the proposed
urban adaptation I&M are in real-world contexts beyond academia. A lack
of attention to reasons to measure adaptation beyond accountability and
performance assessment highlights the need for further theoretical and
empirical work to explore how adaptation measurement matters for equity,
finance, politics, and broader societal, biodiversity, and climate-related
challenges.

Based on this systematic review, we conclude that many existing I&M
methods are outdated and fail to capture the complexity of today’s urban
climate adaptation challenges. Our work provides essential groundwork for
developing more robust guidance on the design, implementation, and
application of adaptation I&M. We highlight three critical areas for future
research: quantifiability, long-term assessments, and policy focus. Beyond
its scientific and technical value, this systematic effort has the potential to
drive significant progress across adaptation governance levels, as both pri-
vate and public organisations strengthen and institutionalise their adapta-
tion monitoring, evaluation, reporting, and learning processes.

Methods

Monitoring, Evaluation, Reporting and Learning (MERL)

Also referred to as M&E or MEL. With the implementation of adaptation
interventions, there is a clear need to monitor, evaluate, report, and learn
from actions to follow and assess progress, as well as identify good practices.
The terms “monitoring”, “evaluation”, “reporting”, and “learning”, collec-
tively referred to as “MERL”, make up different parts of this process.
“Monitoring” refers to ongoing data collection in a systematic manner,
typically through I&M, whereas “Evaluation” refers to assessments that
usually occur at predefined intervals". “Reporting” and “Learning” are often
implied within the monitoring and evaluation process, with “reporting”
referring to the processes in places for accountability and communication of
results, and “learning” focusing more explicitly on measures and informa-
tion used to assess “are we doing the right things” and identify areas in need
of improvement'***,

Indicators and Metrics (I&M)

Indicators and metrics are key components common to most MERL sys-
tems. However, as noted previously, the terms “indicator” and “metric” are
often used and expressed interchangeably as “I&M?”, and the lack of clarity
between these two terms'’ is widely documented and discussed. Here, an
“indicator” is taken as a quality or trait that suggests a trend or “indicates”
the effectiveness, progress, or success of what is being measured. In practice,
this may include changes in behaviour, the orientation of buildings, the
existence of a separate walking lane, or changes in living standards or
awareness. Whilst all these factors are measurable, they cannot be readily
quantified or tracked. By contrast, the term “metric” refers to a specific
variable that can unambiguously be measured (if quantifiable) or tracked (if
qualitative). Examples of metrics may include mortality rate, per capita
income, built-up area, or peak flow rate.

Inputs, outputs, outcomes and impacts

Adaptation I&M are either process-based or result-based. Process-based
ones track the enabling environment for adaptation interventions or specific
outputs resulting from the intervention itself. In this study, based on existing
approaches to adaptation I&M'*"*, we categorise process-based I&M as
either “input”, referring to the capacity or resources used for adaptation in
the enabling environment, or “output”, the direct quantitative success of
project activities or products. There are broader definitions of input indi-
cators (see Pearce-Higgins et al.”) that include enabling conditions or
existing adaptive capacities. These have also been considered. Target indi-
cators, as defined by Hale et al."” are less applicable to this scientific context.
“Inputs” indicators typically measure financing, staff availability, or the
number of workshops conducted, whereas “outputs” may include hectares
ofland restored, an increase in green area, the number of projects delivered,
or implementation of a plan or piece of legislation. Result-based I&M track
the wider effects or long-term impact of an intervention and are either
outcomes that reflect the visible short- to medium-term effects on ecolo-
gical, economic, or social systems, or “impact” that reflects the long-term
impact over decades or centuries. Typically, “outcomes” measure changes
such as a reduction in flooding or an increase in thermal comfort, whereas
“impacts” refer to the longer-term changes such as living standards, levels of
poverty, or health.

Methods

Between February 2022 and June 2023, we performed a systematic review
and analysis of publications and indicators and metrics (I&M) found in
scientific literature. We analysed scientific publications from the LENS
scholarly literature database www.lens.org, which is openly accessible and
diverse in the typologies of scientific publications. An original search pro-
vided 838 records, from which we selected and analysed 137 based on our
inclusion and exclusion criteria (Screening and Coding Stage 1). We then
collected and analysed 901 I&M (including indices) (Screening and Coding
Stage 2). Eleven analysts participated in Stage 1, and 12 analysts participated
in Stage 2.

The first step involved setting the scope of the review work. This scope
later guided the use of the keyword search in the literature database and the
identification of the publication inclusion and exclusion criteria (see Tables
S1 and S2). The whole review process is summarised in Fig. S1. We included
publications related to the urban scale or having urban implications; pub-
lications related to adaptation to climate change, but not resilience, sus-
tainability or DRR in general, without a specific focus on climate change
adaptation, and we aimed for publications including at least one indicator or
metric. We only gathered publications in the English language to enable
cross-review of collected data by the international team of analysts.

Keywords string used

Scholarly Works (838) = title:((adapt® OR resilien*) AND (indicator* OR
metric* OR index OR indic* OR eval* OR assess* OR measur* OR track™
OR monitor*)) AND (title:((climat*) AND (urban* OR municipal* OR
city OR cities OR metropolitan®)) OR abstract:((climat™) AND (urban* OR
municipal® OR city OR cities OR metropolitan*)) OR keyword:((climat™*)
AND (urban* OR municipal* OR city OR cities OR metropolitan*)) OR
field_of_study:((climat*) AND (urban* OR municipal® OR city OR cities
OR metropolitan*))) AND (title:(NOT seismic* NOT earthquake* NOT
tsunami*) OR abstract:(NOT seismic* NOT earthquake™ NOT tsunami*)
OR keyword:(NOT seismic* NOT earthquake* NOT tsunami*) OR fiel-
d_of_study:(NOT seismic* NOT earthquake* NOT tsunami*)).

LENS Static Collection used for this review showed 838 records as of 15
February 2022 https://www.lens.org/lens/search/scholar/list?collectionld=
199042. The LENS Dynamic Collection connected to the static collection
and the same keywords string, shows 1164 records as of 29 December 2023,
reflecting a 30% increase in publications in the field1164. https://link lens.
org/tGULKZKDMA,.

The next step consisted of the development of a coding protocol (or
documenting protocol) for both publications and indicators. Tables 1 and 2
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Table 1 | Summary of main areas that have been documented for each publication

Metadata category Description
a Disciplinary background of Lead Author Disciplinary background of the lead author using keywords selected by the author in Official institutional websites, Research
(Free text) Gate or Google Scholar.

b Type of study (Checkbox) Empirical, Theoretical or Review.

C] Research Purpose (Checkbox) Descriptive/Exploratory, Explanatory, Evaluative

d Research approach (Checkbox) Type of methods used for analysis: Qualitative, Quantitative or Mixed methods.

e Location of case study (Checkbox) Region of the world where the study area for the research is located, e.g. North America, Latin America, Europe, Africa, Asia,
Oceania.

f Specific location (Free text) Name of the city or cities and country where the study area for the research is located.

g Scale of study (Checkbox) Geographical extent of study in the region identified in (f) above: Supralocal, Metropolitan area, Urban agglomeration, Peri-urban,
City, District, Neighbourhood, Household or community level.

h Climate Risks (Checkbox) Climate risks addressed: Adaptation to rain/river flooding, Adaptation to storm / coastal flooding, Adaptation to heatwaves,
Adaptation to water security, Adaptation to food security.

i Adaptation measure/sector (Checkbox) Category of adaptation measure(s) addressed in the publication using IPCC categorisation. Land-use planning, Livelihoods and
social protection, Emergency management and security, Health, Education & Comms, Cultural heritage and institutions,
Temperature regulation, Air quality regulation, Stormwater and sanitation, Coastal flood protection, Riverine flood impact
reduction, Water provisioning and management, Food production and security, Built form, Housing and building design, ICT
(information, communication and technology), Energy infrastructures, Transport, Water and sanitation, Flood management,
Coastal management.

i Purpose of the evaluation (Checkbox) Formative or Summative. Studies focusing on formative assessment involve ex-ante evaluation and continuous monitoring of the
conditions from the early stages of the planning process. Studies focusing on summative assessment involve an ex-post
measure of the effectiveness of interventions.

k Theoretical Framework (Free text) Theoretical framework or evaluation theory used in the publication to develop and define indicators and metrics, or their

frameworks.

Intended user or audience (Checkbox)

Target audience of the research explicitly mentioned or inferred from the text. Scientific community, Local authorities, Urban
planners, Local actors in general, Financial actors, Private companies, Citizens, Regional or national government bodies,
International city networks (reporting systems), Non-governmental organisation (NGO) or advocacy groups.

Table 2 | Data collected for each indicator or metric identified in the literature

Datacollected

Description

a  Name (Free text) Name of the indicator/metric as indicated in the document.

b Composite nature (Checkbox) Whether the variable is an index, i.e. a composite indicator. Yes or No.

c Level of detail (Checkbox) Tangibility in two levels: Indicator/ Metric.

d  Type (Checkbox) The type of I&M identified in (c). Input, Output, Outcome or Impact.

e  Adaptation Measure (if applicable) Whether there is a specific adaptation action/measures/policy connected to the indicator.

(Checkbox)

f Dimension (Checkbox) Domains evaluated or monitored by the indicator. Social/ human/ society, Economic/finance, Environmental/natural, Built
infrastructure, Governance/institutional/political.

g Spatial scale of the indicator (Checkbox)  The scale to which data for this indicator is collected. Supralocal, City, District, Neighbourhood, Household, community or
individual, Street or building.

h  Data Source (Checkbox) Source of the data. Survey, Interviews and focus groups, Historical and statistical data, Spatial data and statistical
observations, Expert and literature data.

i Unit of measurement (Free text) Unit of measurement assigned to the indicator or metric.

i Frequency of measurement (Free text) Frequency of measurements to be carried out to monitor the indicator or metric.

k  Applicability of indicator (Checkbox) The applicability or use of the adaptation data that will be collected through the I&M. Assess adaptation needs and their

dynamics/evolution (including changing vulnerabilities or risks, Assess efficiency of adaptation efforts and processes,
Provide accountability of adaptation actions (direct outputs), Assess results (outcomes and impacts) of adaptation
actions, Understand equity of adaptation progress and justice of adaptation, Improve future adaptation activities or
interventions, Compare with other similar adaptation activities or interventions, Attract funding and distribute resources,
Gather political momentum, Increase understanding of adaptation and its relationship with urban development,
sustainability and other societal challenges.

provide a summary of the main areas documented in both instances. After
data collection, there was an intense process of data curation and analysis that
led to a re-categorisation of data for analysis purposes and interpretability.

Data availability

Data generated or analysed during this study are included in this published
article (and its Supplementary Information) and online repositories. The

information available through online repositories includes the dataset of
publications and indicators and connected metadata, which can be found
online at DOI [10.5281/zenodo.10663610] (https://doi.org/10.5281/
2en0do.10663610).
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