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Abstract: The literature on urban resilience assessment has grown rapidly over the past two decades.
This paper aims to provide a better understanding of the state of knowledge on urban resilience
assessment through mapping the knowledge domain and highlighting emerging trends during
different periods. The objects of study were 420 papers published in the Web of Science from 1998
to 2020. Science mapping was done using VOSviewer and CiteSpace, two widely known software
tools for bibliometrics analysis and scientometric visualization. The results show that research
published on urban resilience assessment was very limited and fragmented until 2009, and the
focus has mainly been on risk mitigation and vulnerability assessment. The intellectual base grew
between 2010 and 2014, when a paradigm shift from approaches based on robustness and reliability
toward more adaptation-oriented approaches occurred. Finally, the annual publication trends
have grown rapidly over the past five years and there has been more emphasis on climate change
adaptation and flood resilience. Overall, in terms of dimensional focus, more attention has been paid
to infrastructural, institutional, and environmental aspects at the expense of social and economic
dimensions. In addition to information on thematic focus and evolution, this paper also provides
other bibliometrics information on the influential authors, institutions, journals, and publications
that lay the foundation of the field and can be used by various interested groups as points of
reference to gain better knowledge about the structure and thematic evolution of urban resilience
assessment. The paper concludes by highlighting gaps and making some recommendations for future
improvement of the field. Major gaps are related to assessing resilience against socio-economic and
health risks (e.g., economic recession and pandemics such as COVID-19).

Keywords: urban resilience assessment; science mapping; bibliometrics analysis; flooding; earthquake;
critical infrastructure

1. Introduction

As global urbanization trends continue, urban resilience has become a major area of interest to
researchers and policy makers alike [1]. While cities have traditionally faced various natural and
human-made risks, the compounding effects of climate change and urbanization are expected to
increase the intensity and frequency of such risks, making it imperative to build on urban resilience [2].
Understanding this need, many cities around the world have taken actions to enhance their resilience.
In the meantime, over the past two decades, there has been a surge of interest in developing and
implementing indicator sets, methods, and tools for assessing urban resilience [3,4]. This can be
explained by the multiple benefits of resilience assessment for different stakeholders, including local
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authorities, funding agencies and donor organization, citizens, and academic researchers. Among
other things, local authorities can utilize assessment processes and results to track achievement of
resilience-building initiatives, identify priority intervention areas, engage different stakeholders in
the resilience-building efforts, and enhance transparency of the decision-making processes. Funding
agencies and donor organizations can use assessment results for evidence-based evaluation of funded
projects and allocation of future investments. Citizens can also benefit from resilience assessment
processes and findings by gaining a better understanding of the major risks and vulnerabilities,
and resilience-building activities that can be pursued to address them. Finally, through continued
engagement in resilience assessment activities, researchers can develop better approaches for untangling
the complexities inherent in the resilience concept and better strategies for enhancing urban resilience [3].

Despite over two decades of research on urban resilience assessment, there is still no study
mapping the knowledge structure and research development trends. There are some review papers
that provide information related to either single sectors such as energy [5], transportation [6], street
networks [7], and water [8], or single types of stressors such flooding [9]. However, there is still a lack
of comprehensive reviews that cover different sectors and stressors. Two major approaches can be
taken to fill this gap. One is based on the traditional systematic review of the literature that would be
a challenging task, considering that a vast body of research should be examined manually to distill
the required information. A more recent approach is to rely on the data analytics and text mining
features provided by software tools. Such features make it possible to map the knowledge structure
of a field, identify its dominant areas of focus, and highlight emerging/underexplored areas [10,11].
They also provide information on various performance metrics related to authors, references, journals,
institutions, and countries that have contributed to the development of the research field [10,11].

VOSviewer and CiteSpace are two software tools widely used for the purpose of science mapping
and bibliometrics analysis. For instance, they have been used to detect and map intellectual base,
thematic focus, emerging trends, and new developments in various fields such as emergency
evacuation [12] and regenerative medicine [13]. Utilizing these tools, the main purpose of this
paper is to provide a better understanding of the knowledge structure and trends in urban resilience
assessment. Other objectives are to identify major thematic clusters of the existing research, to highlight
performance and interconnections between different items related to the field (i.e., authors, publications,
journals, intuitions, and countries), to explore intellectual transitions that have occurred over time,
and to highlight underexplored areas that warrant further research. This approach to bibliometrics
analysis and science mapping has multiple utilities. Researchers new to the field can refer to the
findings to gain an overall understanding of the intellectual base of urban resilience assessment and its
development trends. Additionally, they can gain more in-depth understanding of the field by referring
to the influential studies highlighted by bibliometrics analysis [14]. This can provide them with a more
rapid and effective way to develop ideas for their future research. Similarly, since this is a fast-growing
field, regular overall mapping of the intellectual base is needed to keep up with new developments,
gain knowledge about dominant and emergent areas, and identify gaps and understudied areas that
need further attention [10].

The research materials and methods are presented in the following section. The results related to
different bibliometrics analyses are reported and discussed in Section 3. These include results related
to different citation, co-citation, bibliographic coupling, and term co-occurrence analyses conducted
using VOSviewer and CiteSpace. Finally, Section 4 concludes the study by summarizing the results
and providing recommendations for future research.

2. Materials and Methods

The data for analysis was retrieved from the Web of Science Core Collection database, using a
search string that includes various terms related to urban resilience assessment (see the Supplementary
Materials). The search string was designed in a way to, as much as possible, include all types of studies
focused on assessing urban resilience. The literature search was conducted on 8 June 2020 for an
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unlimited time span and returned 641 documents. Titles and abstracts of all the retrieved documents
were examined to exclude those that were not focused on urban resilience. Two major groups of
studies were excluded during this screening process. One group was mainly related to psychology
and included studies related to adolescent resilience in urban contexts, and the other included studies
that have referred to “resilience measures” in the abstract but are not focused on assessing/measuring
resilience. At the end of the screening process, 420 documents remained in the database. These are
mainly research papers (~93%), review papers (~5%), and proceeding papers and book chapters (~2%).
The “Full Record and Cited References” of these articles were downloaded and used as input data for
bibliometrics analysis and science mapping using VOSviewer and CiteSpace.

VOSviewer and CiteSpace are Java applications for analyzing and visualizing bibliometric
networks. In addition to providing information on major thematic focus areas, these tools can be used
to untangle complex interrelationships between different underlying components of a research field.
This is done through different methods for understanding term co-occurrence, citation, co-citation,
and bibliographic coupling relations. Both applications are freely available to download (VOSviewer
at: https://www.vosviewer.com/; and CiteSpace at: http://cluster.cis.drexel.edu/~{}cchen/citespace/).
The application websites also offer free access to user manuals that provide detailed information on
various bibliometrics analysis techniques and various steps that should be taken for data pruning
and analysis.

In this study, VOSviewer was mainly used to conduct four types of analyses: term co-occurrence,
citation, co-citation, and bibliographic coupling [11]. Term co-occurrence analysis is used to identify
frequently co-occurred terms and major thematic clusters that form the intellectual base of the field.
To account for different variants of some terms (e.g., “earthquakes” and “earthquake”), before doing the
co-occurrence analysis, a thesaurus file was added to the VOSviewer database. This way synonymous
terms were merged. Citation and co-citation analyses were conducted to identify and categorize most
influential journals, publications, and authors. Citation analysis is used to identify the most influential
authors and references based only on the citation data of the documents retrieved from literature
search. In contrast, co-citation analysis also includes references cited by the retrieved documents in
the analysis. Co-citation refers to the link between two documents that are simultaneously cited by a
third document [15]. Finally, bibliographic coupling is a measure of similarity between documents
that was used to identify the countries and institutions that have played a more significant role in the
development of a research field. “A bibliographic coupling link is a link between two items that both
cite the same document” [15]. In addition to detailed numerical information on performance analysis,
the main outputs of these analyses are network graphs composed of nodes and links. The size of each
node is proportional to the frequency of the object that is used as the unit of analysis (e.g., citation,
document count, etc.), and the link thickness indicates the strength of connections between two nodes.
Furthermore, node proximity is an indication of closer relationships. More details about these analyses
and their scientific meanings can be found in the work of Van Eck and Waltman [15].

CiteSpace was used to complement the VOSviewer outputs and explore intellectual transitions
over time. The application allows detecting major thematic focus areas during different time spans.
In addition, it provides timeline visualization for different thematic clusters that includes information
on various temporal patterns related to major publications that have shaped the knowledge structure,
and the shifting thematic focus over time [13,16].

3. Results

Before reporting the results, it is worth noting that resilience is a multi-faceted concept and there
is still no universal definition for it. There are, however, three commonly used approaches toward
defining resilience: engineering, ecological, and adaptive. Engineering resilience is more focused
on physical characteristics such as robustness that enable preventing shocks. Ecological resilience
emphasizes characteristics such as flexibility and the capacity of the system to absorb shocks and
return to an equilibrium state (or states) in a timely manner. Finally, adaptive resilience underscores


https://www.vosviewer.com/
http://cluster.cis.drexel.edu/~{}cchen/citespace/

Sustainability 2020, 12, 5918 4 0f 18

the capacity to live with risk and learn from the adverse event to not only bounce back, but also bounce
forward to a more advanced state that facilitates better absorption, response, and recovery capacities [5].
Overall, urban resilience literature often adopts one or a combination of these approaches to enhance
the ability to plan and prepare for, absorb, recover from, and adapt to adverse events [5,17,18].
Here, to avoid confusion, relationship between resilience and sustainability should also be briefly
mentioned. These are indeed distinct concepts. Resilience is a characteristic of the system that entails
the ability to deal with shocks. It can, however, contribute to alignment with sustainability pathways
by, among other things, enabling maintenance of equilibrium states.

3.1. Publication Trends

The first paper on this topic was published in 1998. As Figure 1 shows, the study period (1998-2020)
can be divided into three sub-periods in terms of the growth speed of publication trends. Until 2010
(the Genesis period), only nine papers were published. However, an initial growth can be observed
during the second sub-period (the growth period), when the number of publications increased by a
factor of about 5.1. Finally, the number of papers published over the past five years (the rapid growth
period) has increased drastically, by a factor of about eight compared to the previous sub-period.
This rapid rate of growth could be explained by the increasing recognition of the significance of urban
resilience in international and local policy frameworks released since 2015. In fact, frequent references
to the need for fostering resilience have been made in related UN agreements and policy frameworks
such as the Paris Agreement [19], the United Nations Sustainable Development Goals (particularly,
SDG 11 and SDG 13), the Sendai Framework for Disaster Risk Reduction [20], and the New Urban
Agenda [21].

Rapid growth
100
80
60
Growth
Genesis
40
20
0
1995 2000 2005 2010 2015 2020

Figure 1. Publication trends for 1998-2020. Note that the smaller number of articles in 2020 compared
with 2019 is because the literature search was done in early June 2020. Overall, the upward trend is
expected to continue in 2020.

3.2. Major Contributing Countries and Institutions

According to the WoS database, authors from 70 countries have contributed to the 420 papers in
the review database. The results of the bibliographic coupling analysis conducted in VOSviewer, for a
minimum number of four documents per country, shows that, in terms of the number of publications,
US (~27%), China (~15%), and England (~12%) are the primary contributors (see Table 1). Note that the
minimum number in this case and other VOSviewer analyses should be determined in a trial-and-error
manner so that reasonable results can be achieved. In this case, smaller numbers will return a larger
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number of countries that is not desirable for presentation purpose and does not add important
information on major countries. More information about the influential countries and their cooperative
networks can be obtained from Figure 2. Here, node size is proportional to the number of publications
and link thickness indicates the strength of connections between the countries. The node size and
central position of countries such as the US, China, England, Italy, Germany, and Canada indicate
that they have made relatively more contribution to the field and are more involved in collaborative
research. The closest research collaboration is among the US, China, and Canada. A noteworthy
finding is that urban resilience assessment literature mainly comes from countries in the Global North.
Given their lower adaptive capacity, cities in the Global South are expected to be disproportionately
impacted by disasters [22]. Accordingly, more research in Global South cities is needed.

Table 1. The top 10 countries publishing research on urban resilience assessment.

Rank Country Documents Citations Total Link Strength

1 USA 115 2058 26,023

2 China 65 326 19,026

3 England 53 636 12,353

4 Italy 34 263 12,537

5 Germany 28 355 9683

6 Australia 23 273 4493

7 Canada 22 156 6019

8 Netherlands 22 182 4823

9 Iran 19 57 6367
10 France 17 215 5318
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Figure 2. Most influential countries and their inter-relationships. Node size is proportional to the
number of publications and link thickness indicates the strength of connections between the countries.
In addition, different colors refer to clusters of closely linked countries.

Regarding the contributing institutions, the results show that existing research has been generated
by 635 institutions, with American and Chinese institutes being dominant. In terms of the number of
publications, University of Exeter (England), Politecnico di Torino (Italy), and University of Maryland
(US) have contributed the most, with 13, 11, and 8 documents, respectively (see Table S1). Figure 3
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shows that Politecnico di Torino, Arizona State University, and University of Tehran have central
positions, indicating that they are more involved in collaborative research.
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Figure 3. Most influential institutions. Node size is proportional to the number of publications and
link thickness indicates the strength of connections between the institutes. In addition, different colors
refer to clusters of closely linked institutes.

3.3. Thematic Focus Areas and Their Transition

3.3.1. Thematic Clusters

The term co-occurrence analysis of the VOSviewer application was used to identify major thematic
clusters. Setting the minimum number of keyword occurrence to 6, the result presented in Figure 4
was obtained. Here node size is proportional to the term frequency and link thickness indicates
link strength. Detailed quantitative information of the top-30 highly occurred terms is available in
Table S2. The terms most frequently used are resilience, climate change, vulnerability, cities, framework,
adaptation, risk, management, sustainability, and community resilience. This is a clear indication of
the dominance of research on urban climate change resilience assessment. In fact, many papers have
been published on assessing resilience to climatic impacts over the past decade (e.g., [23-25]).

Considering the density of term co-occurrence, three major clusters can be identified that are
shown using different colors in Figure 4. Terms that have co-occurred more frequently are closer
to each other, resulting in higher density. The density visualization map (Figure S1) shows that the
red cluster has the highest density, followed by the green cluster. The red cluster includes 27 terms
mainly related to urban resilience to climate change impacts. Given the presence of terms such as
floods, rainfall, and water, it is clear that many studies have been published on water-related risks and
vulnerabilities [26-28]. Other important climate-related risks such as heat stress [29] and energy-related
shocks are under-studied [5].

The cluster in green includes 22 terms and has two major thematic focus areas. One is
focused on resilience of communities and critical infrastructure systems to natural disasters such as
earthquakes/tsunamis [30] and hurricanes [31]. In fact, many papers related to resilience of infrastructure
systems have been published over the past two decades [32,33]. The other is concentrated on indicators,
metrics, and assessment frameworks that can be used to inform decision making toward community
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disaster resilience [34,35]. The term “recovery” appears in this cluster, indicating that more attention has
been paid to assessing the recovery process [36,37]. While the literature argues that resilience capacities
should also be evaluated during other stages such as planning and absorption [18], these terms have
not occurred frequently. This may indicate that they have received comparatively limited attention.

design

policy

ecosystegp services

inf d
green inf@@structure o

. -
built envisonment

rugeff

hagith
sacial-ecological systems urban ganning
gus[avuiry multicritafia anatysis
comABXY | jogons
moality itigtion
robustness
man*r ent
sea felel rise
i indig@tors
dies @ ciimatgghange s L
resilienice ggsessment
perfogmance 2
re e +
= challgnges decisiomfmaking Elrics
regional esilience resilienge index
Wwater r@8sufces relighilicy bilityss=scssmen ‘
accessibility systems o .
vuln'xifity critical irfffBstructure .~ ge
economi@resilience Hagards
disaster risk reduction 2
togas g e
urbanigation communififfesilience
dynamics dis‘&rs social vilperability
mgdel A
pr. 4% frar.nrk ean‘:ake
raiafall
social rgsilience i
ecologicaliresiiience 3
naturalifiazards
simuggtion
nengierks buildings
com@unity
recdiiery

envirapment

(;‘g VOSviewer

hurricarie katrina
restofiation
caplicity
Figure 4. Term co-occurrence map. Node size is proportional to the term frequency and link thickness
indicates link strength. In addition, different colors refer to clusters of terms that co-occur frequently.

Finally, the third cluster includes 21 terms that are weakly connected, as shown in the density map
(Figure S1). This indicates that terms in this cluster are comparatively less popular in the literature
and also the cluster is fragmented. Despite this, two major themes can be detected. One is focused on
institutional and management aspects of urban resilience [38], and the other is related to planning
and design-related measures such as land use planning and green infrastructure development [39].
These are important themes that need more attention and should be better connected through more
integrated approaches.

In addition to these cluster classifications, some important overarching issues related to the
methodological approaches and the coverage of different resilience dimensions can be observed from
this analysis. Commonly used methods are modeling [40], spatial analysis [41], and multi-criteria
analysis [42,43] that have mainly been used in the context of the first two dominant clusters (i.e., red
and green). As for dimensional coverage, society and well-being, economy, environment/ecology;,
infrastructure, and governance/institutions are major dimensions mentioned in the literature [44].
This term co-occurrence analysis shows that current focus is mainly on the latter three dimensions,
and social and economic dimensions of resilience have received relatively less attention.

3.3.2. Thematic Focus Transition over Time

One way to examine how the thematic focus of a field of research has changed over time is to
identify frequently occurred keywords during different periods. In other words, research hotspots in
each period can be determined based on keyword frequency [12]. In CiteSpace, it is possible to explore
frequency and co-occurrence of keywords during different time slices. For the three time periods
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introduced in Figure 1, the results presented in Figure 5 and Figure S2 were obtained. Supporting
quantitative details for these three periods are presented in Tables S3-5S5. The results show that from
1998 to 2009 few keywords existed that were loosely connected and not frequently used. Resilience,
water supply, reliability, social ecological system, and vulnerability are the main terms that have not
occurred more than three times. In identifying major research hotspots using keyword co-occurrence
networks, Chen, Dubin, and Kim [13] suggested that other measures such as betweenness centrality
and citation burst can also be considered. A node with higher betweenness centrality has a more
important position in the network as it belongs to and connects different terms/clusters. In addition,
citation burst indicates a surge of citation of a certain document that includes certain keywords,
during a specific time period. Citation burst can, therefore, be indicative of research hotspots during
specific periods. During the first period, the centrality value of all keywords (except “reliability”)
is zero, indicating that the intellectual base of “urban resilience assessment”, as an emerging field,
was still fragmented. In addition, no citation bursts were found, indicating the lack of research hotspots
between 1998 and 2009.
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Figure 5. Keyword occurrence map during: (a) the genesis period 1998-2009; (b) the growth period
(2010-2014); and (c) the rapid growth period (2015-2020).

With more research being published during the growth period (2010-2014), the intellectual base
also expanded and terms with high centrality values emerged. As Figure 5b shows, the keywords
were no longer isolated and term co-occurrence clusters emerged. Frequent and highly central
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keywords during this period are resilience, vulnerability, adaptation, framework, disaster, system,
risk, and community resilience. Compared to the previous period, there is more emphasis on
adaptation, indicating a paradigm shift from approaches based on robustness and reliability toward
more adaptation-oriented approaches [45]. While earlier focus was mainly on characteristics such as
robustness and stability, this paradigm shift reflects the better recognition of other characteristics such
as diversity, modularity, self-organization, connectivity, and adaptive capacity [5,45]. Additionally,
high frequency and centrality of keywords related to assessment (e.g., indicators and framework)
in this period show that research on indicator-based frameworks has become more mature. In fact,
several major studies providing information on development and implementation of such frameworks
were published during this period [35,36]. Again, no citation bursts were observed, meaning that no
specific topics have dominated the field.

Analyzing results of the last period (rapid growth: 2015-2020) shows that the intellectual base of
the field further expanded and consolidated around the major keywords mentioned for the previous
period (Figure 5c). A major change is the emergence of keywords related to climate change and
governance, as new highly central themes. In addition, for the first time, keywords with citation
bursts were observed (Figure 6). Some of these are directly related to climate change (for example,
“climate change adaptation” and “flood resilience”), confirming that urban resilience assessment has
paid significant attention to this issue over the past five years [26,46,47]. Keywords related to flood
resilience have the strongest burst, confirming the findings of the term co-occurrence analysis regarding
the relatively high attention to resilience against water related risks [26,46,47]. Other keywords with
high citation burst values are related to climate change adaptation and resilience of infrastructure
systems [48,49]. Considering the projections about further increases in the frequency and intensity
of climate-induced disasters, these keywords are likely to maintain their frontier position during the
coming years. Another interesting output of the CiteSpace application is the “timeline view” that
allows gaining information about the emergence date of different keywords and their interconnections
(Figure S2). In the timeline view, node size is proportional to the term frequency and lines indicate the
term co-occurrence. This output shows how, over time, the intellectual base of the field has expanded
by linking terms such as resilience and vulnerability with a wide range of terms associated with
different climatic and non-climatic stressors.

Keywords Year Strength Begin End 2015 - 2020
flood resilience 2015  2.7588 2019 2020 —

infrastructure system 2015 2.61752016 2017 __

—
building 2015 2.33112018 2018 e
climate change adaptation 2015 2.3311 2018 2018 ______ o
adaptation 2015  2.15962016 2016 __ 0

social ecological system 2015  2.0638 2015 2016

flood 2015 2.01752015 2015

Figure 6. Top nine keywords with the strongest citation bursts.

3.4. Influential Sources

Co-citation analysis was used to understand which journals have made more contribution to the
development of the field. In VOSviewer, co-citation analysis was conducted by setting the minimum
number of citations per document to 50. The resulting co-citation density map is shown in Figure 7.
Supporting quantitative data can be found in Table Sé.
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Figure 7. The most influential sources.

The top five most influential journals are: “Global Environmental Change”, “Natural Hazards”,
“Ecology and Society”, “International Journal of Disaster Risk Reduction”, and “Landscape and Urban
Planning”. In the density map shown in Figure 7, warmer colors (red) indicate higher citation count
and journals with stronger co-citation links are clustered together. The clusters are, to a large extent,
in line with the thematic focus clusters introduced in Section 3.3.1. The central cluster includes the
above-mentioned most influential journals and is focused on resilience to various climate change
impacts. In terms of dimensional focus, ecology, and governance are major aspects addressed by this
group of journals.

As expected, based on the thematic clusters mentioned earlier, there is a high-density cluster
at the bottom-left corner of the figure that is consisted of journals focused on hydrology and water
management. These are journals such as “Journal of Hydrology”, “Water Resources Research”,
“Water Resource Management”, and “Water Science & Technology” that mainly address issues related
to flood resilience and stormwater management.

The thematic clustering in Section 3.3.1 shows that assessing earthquake resilience has received
considerable attention in the literature. The clusters at the top-left corner show that this line of research
has mainly been published in journals such as “Earthquake Spectra” and “Reliability Engineering and
System Safety”. Closely related to this is a group of journals that are mainly focused on resilience

/a7

of critical infrastructure systems. These are journals such as “Engineering Structures”, “Journal of
Infrastructure Systems”, “Transportation Research Record”, and “Transportation Research Part A”.
The latter two are clearly focused on transportation infrastructure systems.

In addition to these major clusters, there are also two less dense but noteworthy clusters. One at the
bottom of the figure includes journals such as “Energy and Buildings”, “Building and Environment”,
“Applied Energy”, and “Sustainable Cities and Society”. These journals are mainly focused on urban

energy resilience and resilience at the building scale. Another cluster includes journals such as
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“Cambridge Journal of Regions Economy and Society” and “The Journal of Economic Geography”.
However, this cluster is small and not well connected with the others, confirming the above statement
about the limited research on the economic dimensions.

At the end of this section, it is worth noting that this co-citation analysis includes not only the
420 articles retrieved from the WoS, but also all references that have been cited by them. Focusing
on the retrieved papers only (by doing citation analysis instead of co-citation analysis) would yield
different results, as shown in Table S7. The results show that the following journals have published
more on this topic: “Sustainability”, “International Journal of Disaster Risk Reduction”, “Natural
Hazards”, “Water Resources”, and “Sustainable Cities and Society”. As co-citation is better capable
of clustering influential journals based on their thematic focus, in this study it was used as the main
method for analysis.

3.5. Influential Documents

Co-citation analysis was also used to identify articles that have played relatively more important
roles in the development of the field. Setting the minimum number of citations per reference to 19,
the density map presented in Figure 8 was obtained. In addition, the CiteSpace application was used
to detect references with strongest citation bursts and the timeline view of the influential references
(Figure 9 and Figure S3).
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Figure 8. The most influential documents.

Warmer colors in the density map indicate higher citation frequency density and stronger
co-citation links. Four major clusters can be identified that are related to: conceptual frameworks and
definitions, resilience assessment tools and indicator frameworks, resilience of infrastructure systems,
and vulnerability-resilience linkages. Not surprisingly, the most cited documents with the largest
link strengths are those that explore the conceptual underpinning of resilience (first major cluster).
Well-known examples are the classic works of Holling [50] on the resilience and stability of ecological
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systems and the study on the resilience of social-ecological systems by Folke [51]. Other noteworthy
works are the review article by Meerow, Newell, and Stults [17] on the definitions of urban resilience
and other conceptual works by Ahern [45], Walker and Salt [52], and Godschalk [53].

As expected, papers focused on resilience indicators and assessment tools also form a high-density
cluster (the second major cluster at the bottom right of the figure). Clearly, articles by Susan Cutter and
her colleagues on vulnerability index and resilience indicators, and their applications for benchmarking
community performance, have proved very influential in the development of the field (e.g., Cutter
et al. [54], Cutter, Burton, and Emrich [35], and Cutter et al. [55]). Other works contributing significantly
to the development of resilience indicators are focused on composite resilience indices [56], and multiple
tools and frameworks are available for assessing urban and community resilience [3].

The third major cluster (top right corner of the figure) is focused on resilience of infrastructure
systems, with a major emphasis on earthquake resilience. The most prominent article of this cluster
elaborates on the conceptual underpinnings of seismic resilience and introduces quantitative measures
for assessing resilience [57]. Similarly, Cimellaro et al. [58] developed a framework for quantitative
evaluation of seismic resilience of healthcare infrastructure and Chang and Shinozuka [59] designed
quantitative seismic resilience measures and applied them to the case of water distribution network of
Memphis, Tennessee. Another noteworthy work is by Ouyang et al. [60], who developed a framework
for analyzing resilience of critical infrastructure systems to a multiple array of hazards and applied it
to the power transmission grid in Texas, USA.

The fourth major cluster consists of papers that discuss linkages between resilience and other
concepts such as vulnerability. As Figure S2 indicates, these concepts have a longer history and papers
belonging to this cluster have made significant contributions to clarifying similarities and differences
between resilience and vulnerability. Representative articles are those by Gallopin [61] and Adger [62].

While Section 3 discusses that there is a thematic focus on resilience to water-related risks,
no cluster of frequently cited documents related to these risks exists. Only one paper that explores
analytical approaches for investigating resilience of urban drainage systems appears in the density
map [63]. This is, however, not surprising considering that literature focused on floods and other
water-related risk has mainly been published over the past few years (as evident from the citation
bursts on Figure 6). Several years need to pass for these papers to accumulate citations. It is expected
that flood-related papers will constitute a major cluster in the coming years.

References Year Strength Begin End 1998 - 2020
Bruneau M, 2003, EARTHQ SPECTRA, V19, P733, DOI 2003 8.3732012 2018
Meerow S, 2016, LANDSCAPE URBAN PLAN, V147, P38, DOI 2016 6.1532 2019 2020 —
Carpenter S, 2001, ECOSYSTEMS, V4, P765, DOI 2001 4.86352012 2016
Sharifi A, 2016, ECOL INDIC, V69, P629, DOIL 2016 4.7458 2019 2020 R r—
Francis R, 2014, RELIAB ENG SYST SAFE, VI21, P90, DOIL 2014 42016 2017 2018 — i ——
Adger WN, 2000, PROG HUM GEOG, V24, P347, DOI 2000 4.12712012 2014
Ouyang M, 2012, STRUCT SAF, V36-37, P23, DOI 2012 3.8786 2017 2018 P —
Godschalk DR, 2003, NAT [IAZARDS RLV, V4, P136, DOIL 2003 3.59352012 2018
Chang SE, 2004, EARTHQ SPECTRA, V20, P739, DOI 2004  3.4758 2015 2016
Cutter SL, 2003, SOC SCI QUART, V84, P242, DOI 2003 3.45262012 2018
Desouza KC, 2013, CITIES, V35, P89, DOL 2013 3.4493 2018 2020 PR—

Norris FH, 2008, AM J COMMUN PSYCHOT., V41, P127, DOT 2008  3.4034 2014 2015

Figure 9. Top 12 references with the strongest citation bursts.

As discussed above, the “citation bursts” analysis of the CiteSpace application can be used to
gain information about specific time periods during which influential documents have accumulated
more citations. Citation bursts also offer additional insights on time periods during which specific
areas of research have received more attention. The red bars in Figure 9 are indicative of bursts and
the beginning and end of the period is also shown on the left side of the bars. Overall, 12 documents
have experienced citation bursts that have all occurred since 2012. This indicates that the field has
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grown rapidly since then. Documents related to infrastructure resilience, particularly to seismic
risks [57,59,60,64], different conceptual underpinnings of resilience [17,53,65-67], and resilience
indicators and assessment tools [3,55], have experienced citation bursts. This is in line with what is
discussed above about influential research hotspots.

3.6. Influential Authors

The final analysis was to identify authors who have been more influential in the development of
the field. This can be done using either co-citation or citation analysis. Co-citation analysis ranks the
authors based on their frequency of being cited together in the retrieved articles. In contrast, citation
analysis ranks the authors based on only the citation data of the retrieved articles.

For the co-citation analysis, setting the minimum number citations per author to 20, the density
map presented in Figure 10 was obtained. The supporting quantitative data related to this figure are
available in Table S10 of the Appendix. These are the top 10 authors who have been co-cited frequently:
Susan Cutter, Crawford Holling, Carl Folke, Neil Adger, Michel Bruneau, Gian Paolo Cimellaro,
Brian Walker, Ayyoob Sharifi, Sara Meerow, and Min Ouyang. Additionally, Figure 10 shows that there
are some clusters of authors who work on similar topics. For instance, Michel Bruneau, Gian Paolo
Cimellaro, and Min Ouyang are prominent scholars working on resilience of critical infrastructure
systems, particularly in the context of seismic risks. Susan Cutter, Kathleen Sherrieb, and Fran Norris
are major researchers working on community resilience and indicators. Other authors highlighted in
Figure 10 either work specifically on various issues related to urban resilience (e.g., Sara Meerow and
Ayyoob Sharifi) or are prominent experts dealing with vulnerability and resilience of socio-ecological
systems (e.g., Crawford Holling, Carl Folke, and Brian Walker).
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Figure 10. The most influential authors based on the co-citation analysis.
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Using citation analysis as the basis for ranking leads to different results that are presented in
Table 2. This analysis shows that highly-cited scholars mainly work on topics such as community
resilience indicators, infrastructure resilience, seismic resilience, and flood resilience that, as discussed
above, are major thematic focus areas of the field.

Table 2. Influential authors based on citation analysis.

Rank Author Citations Thematic Focus Most Cited

Document
1 Cutter, Susan 499 Community disaster resilience indicators [54]
2 Emrich, Christopher 499 Community disaster resilience indicators [35]
3 Burton, Christopher 468 Community disaster resilience indicators [54]
4 Sharifi, Ayyoob 217 Resilience assessment tools [3]
5 Butler, David 149 Water/flood risk assessment [63]
6 Yamagata, Yoshiki 123 Energy resilience [5]
7 Miller-hooks, Elise 121 Infrastructure resilience [6]
8 Duenas-osorio, Leonardo 104 Infrastructure resilience [68]
9 Ainuddin, Syed 100 Seismic resilience assessment [69]
10 Routray, Jayant Kumar 100 Seismic resilience assessment [69]

4. Summary and Conclusions

The ever-growing concentration of humans and economic activities in urban areas requires taking
actions to reduce vulnerabilities to a multitude of climatic and non-climatic risks that threaten proper
functioning of cities. This need is well-recognized in science and policy circles and there are now
numerous publications and policy frameworks aimed at providing solutions on how to enhance urban
resilience. There have also been many efforts to guide resilience planning through development
and implementations of indicators and assessment tools. The main objective of this study was to
provide a better understanding of the knowledge structure and trends in “urban resilience assessment”
studies and to identify journals, documents, and authors that have played more influential roles in
the development of the field. Two bibliometrics analysis and science mapping applications, namely
VOSviewer and CiteSpace, were used for this purpose. These applications allow performance analysis,
as well as knowledge domain visualization.

The results show that until 2010 the knowledge base of the field was very limited, but the number
of publications has progressively increased ever since. The growth rate has been particularly high
over the past five years, which could be explained by the increasing emphasis on the significance of
urban resilience in major policy documents such as the UN SDGs, the Sendai Framework for Disaster
Risk Reduction, and the New Urban Agenda. Dividing the analysis period into three sub-periods
(1998-2009, 2010-2014, and 2015-2020), it was found that, during the first period, the intellectual base
was limited and fragmented, and the few papers published were mainly focused on engineering-based
resilience characteristics such as robustness and stability. However, during the second period, the
knowledge base started to grow and a paradigm shift toward more adaptation-based approaches that
promote characteristics such as diversity, modularity, self-organization, connectivity, and adaptive
capacity occurred. Major progress in the development of indicators for assessing urban resilience
was achieved during this period. Finally, within the past five years, the intellectual base has further
expanded and more knowledge about indicators, tools, and methods for assessing urban resilience has
been produced. In particular, more attention has been paid to assessing resilience to climatic impacts.

In terms of thematic focus, overall, several major clusters were found. The dominant one is
focused on resilience to climate change impacts, with a clear emphasis on urban flooding. However,
assessing resilience to other important stressors such as extreme heat has, comparatively, received
limited attention. It was argued that, given the projections about the increase in frequency and intensity
of climatic impacts, further research on climatic stressors is expected to be published in the coming
years. Another major cluster is mainly focused on resilience of critical infrastructure systems to natural
hazards such as earthquakes and tsunamis. This has been a persistent focus area throughout the
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analysis period. Finally, there are, comparatively, less developed clusters on institutional aspects of
urban resilience, and planning- and design-related measures such as land use planning and green
infrastructure development. Overall, these clusters cover issues related to three major dimensions of
urban resilience: environment/ecology, infrastructure, and governance/institutions. However, economy
and society/well-being are two important dimensions that are comparatively understudied. Further
research on assessing social and economic dimension of resilience should, therefore, be conducted.
Since the recent COVID-19 pandemic has instigated new discussions on the significance of urban
resilience, more research on health-related indicators is expected to be conducted in the coming years.

In addition to identifying major thematic focus areas, this paper highlights key sources, authors,
and publications that lay the foundation of the field of urban resilience assessment. Network analyses
of these components resulted in clusters that are in line with the thematic clusters discussed above.
Furthermore, the CiteSpace application allowed progressive visualization of the knowledge domain
and influential authors/publications over the analysis period. This information can be used by
interested groups as a point of reference to gain better knowledge about the structure and thematic
evolution of urban resilience assessment. Overall, this study has gone some way toward providing a
better understanding of the current status of research on urban resilience assessment that is a rapidly
growing field of research. Further work is, however, needed to gain more detailed information about
the different thematic clusters and research hotspots identified in this study. In addition, further
manual analysis is needed to gain more details about the geographic focus of the literature and the
socioeconomic and climatic conditions that have received more attention. This can be done using
systematic review approaches. Such approaches are likely to provide more qualitative information
to better interpret the quantitative details identified by bibliometrics analysis. In addition, further
research is needed to fill the knowledge gaps related to economic and social dimensions of urban
resilience assessment and resilience to climatic stressors other than flooding. Finally, future research
should also make efforts to fill the knowledge gap related to the implementation of urban resilience
assessment tools and methods.

Supplementary Materials: The following are available online at http://www.mdpi.com/2071-1050/12/15/5918/s1,
Figure S1: Density visualization of the frequently occurred terms, Figure S2: Keyword timeline view of the urban
resilience assessment field for 1998-2020, Figure S3: Timeline view of influential references for 1998-2020, Table S1:
Most influential institutions, Table S2: Frequently used terms in the urban resilience assessment literature, Table S3:
Top keywords for 1998-2009, Table S4: Top keywords for 2010-2014, Table S5. Top keywords for 2015-2020,
Table S6: Top 20 most influential journals based on co-citation analysis, Table S7: List of top journals based on the
number of publications, Table S8: Top 20 most influential articles based on co-citation analysis, Table S9: List of
top references based on the number of citations, Table S10: Top 20 authors based on the co-citation analysis.
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