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Abstract

Synthesizing the extensive and ever-growing climate change literature is
becoming increasingly challenging using conventional review processes, yet is
crucial to understand key trends, including knowledge and policy related gaps,
managing widespread impacts, and prioritizing future efforts. Here, we employ
a systematic approach to interrogate ~130,000 international peer-reviewed cli-
mate change articles published between 1990 and 2021. We examine the time-
space evolution of research topics and international collaborations, providing
insights into broad scale climate change research themes, how they are devel-
oped and/or are interconnected. Our analyses indicate that significant thematic
adjustments have occurred over the past three decades. Whilst all major areas
of climate research have grown in output metrics, there has been a relative
shift from understanding the physical science basis toward evaluating climate
change impacts, adaptation, and mitigation. There has also been a significant
internationalization of climate research with the ratio of international over
domestic research increasing from 0.05 in 1990 to nearly 0.60 in 2021. These
findings reveal a growing need for collective and coupled adaptation-mitigation
actions to address climate change. The repeatable method and overall results
presented herein can help to complement existing large-scale literature assess-
ments, such as future IPCC reports.
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1 | INTRODUCTION

Global climate change impacts are widespread, threatening the lives of billions of people worldwide, and disrupting
nature (Masson-Delmotte et al., 2021; Portner et al., 2022). These impacts are often concurrent and interconnected
(Lawrence et al., 2020) and cause species losses and mass mortality events (McKechnie & Wolf, 2010; Sippo
et al., 2018), deterioration in ecosystem services (Cheung et al., 2021; Xi et al., 2021), more frequent extreme events
(Arnell & Gosling, 2016; Davis et al., 2019; Laufkotter et al., 2020), food (Ortiz-Bobea et al., 2021; Wheeler &
Braun, 2013), water (Gosling & Arnell, 2016; Schewe et al., 2014), and energy (van Ruijven et al., 2019) insecurity, air
and/or water borne diseases (Funari et al., 2012; Silva et al., 2017), human physical and mental health problems
(Doherty & Clayton, 2011; Palinkas & Wong, 2020), undesired redistribution (Pecl et al., 2017), and migration (Hauer
et al., 2020), social inequalities (Carleton & Hsiang, 2016; Islam & Winkel, 2017), and undermined economic livelihoods
(Olsson et al., 2014; Smith et al., 2021). To help inform responses on these far-reaching effects, identify knowledge and
policy related gaps, promote international collaborative research, and prioritize future efforts, this study illustrates how
climate change research has evolved in the scholarly literature over the past three decades in a way that has seen a rela-
tive increase in research on both adapting to and mitigating future climate change, and a relative decline in work aimed
at understanding the physical basis of climate change.

A pivotal moment in building scientific knowledge on climate change was the establishment of the Intergovernmen-
tal Panel on Climate Change (IPCC) by the United Nations Environment Programme (UNEP) and the World Meteoro-
logical Organization (WMO) in 1988. The IPCC was commissioned to provide governments with the necessary
scientific and socio-economic knowledge required to assess climate change and its implications and to design effective
climate policies worldwide. This includes the preparation of reports assessing the state of knowledge of climate via
three working groups (WGs), each analyzing a different aspect, which since 2001 have comprised WGI “The Physical
Science Basis”; WGII “Impacts, Adaptation, and Vulnerability”’; and WGIII “Mitigation of Climate Change.” According
to the IPCC, a key part of the First Assessment Report (FAR—1990) emphasized the consequences of global warming
and the significance of international cooperation; the Second Assessment Report (SAR—1995) highlighted a discernible
human influence on the Earth's climate which set the foundation for the Kyoto Protocol; part of the Third Assessment
Report (TAR—2001) underlined complex climate change impacts and an urgency for adaptation and sustainable devel-
opment; the Fourth Assessment Report (AR4-2007), among other findings, concluded that warming of the climate sys-
tem is unequivocal encouraging limiting warming to 2°C due to the recognition of tipping points; the Fifth Assessment
Report (AR5—2013-2014) evidenced an unprecedented acceleration of climate change impacts requiring substantial
reduction in emissions together with effective adaptation measures and laid the groundwork for the Paris Agreement;
and part of the Sixth Assessment Report (AR6—2021) outlined that climate changes are increasing in all regions of the
globe bringing about increasingly irreversible losses in ecosystems with a need to limit global warming to 1.5°C.

These IPCC activities (e.g., review assessments, special reports), together with increasing research on climate change
since 1990s, have created a large body of academic scholarship. In this context, the existing research could be synthe-
sized via nontraditional machine learning techniques (Cheng et al., 2018), or bibliometric/scientometric approaches
(Fang et al., 2018; Z. Wang et al., 2018), as they allow a rapid, reliable assessment and classification of thousands of
publications that is impractical using conventional methods (Berrang-Ford et al., 2021; Haunschild et al., 2016). The
resultant synthesis can provide an integrated and comprehensive understanding of diverse disciplines and how they
respond to progressing climatic issues, enhancing climate knowledge to better inform relevant policies and practices
(Lesnikowski et al., 2015; Tai & Robinson, 2018).
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To date, most efforts to map the climatic scientific literature have focused on a specific aspect of climate change.
For instance, large-scale analyses of adaptation and mitigation research have indicated that documented adaptation is
scarce though growing rapidly, and studies do not tend to be interdisciplinary and do not lead to a coherent solution
(Berrang-Ford et al., 2021; Einecker & Kirby, 2020; Nalau & Verrall, 2021; Z. Wang et al., 2018). Research on climate
change vulnerability was observed to grow exponentially, with the relevant research topics predominantly focusing on
health issues, food/water security, and socioeconomic processes (Di Matteo et al., 2018; Wang et al., 2014). Using a
bibliometric approach, climate change induced food insecurity was identified as an emerging global challenge, encour-
aging innovative and mitigative solutions at a global scale (Sweileh, 2020). Systematic studies on extreme heat events
suggested that heat adaptation solutions largely depend on geographic region and national income, with further inter-
national collaborative solutions required moving forward (Hintz et al., 2018; Turek-Hankins et al., 2021). A bibliometric
examination of sea-level rise science underlined that new research is geared toward more solution-focused topics associ-
ated with risks of rising sea levels and should be more responsive to ongoing research topics related to societal and pol-
icy challenges (Khojasteh, Haghani, et al., 2023).

In broader assessments of climate change topics, often the climate solutions, common threads and terms, and key
contributing journals or countries were analyzed (Fu & Waltman, 2022; Haunschild et al., 2016). Although comparative
research on climate change vulnerability, adaptation, and mitigation formed a small portion of the existing climate lit-
erature, it possesses the largest proportion of influential publications with highest citation impacts (Haunschild
et al., 2016). A high-level analysis of climate science revealed a recent move toward new technologies and policies with
national demands/strategies identified as key drivers influencing research priorities in different geographic regions
(Fu & Waltman, 2022). A recent study presented a topical map of climate change science highlighting that, in recent
IPCC assessments, social sciences are overrepresented whereas technical and engineering knowledge is underrepre-
sented, recommending future large-scale review assessments to identify interdisciplinarity features (e.g., collaboration
networks) (Callaghan et al., 2020).

In this study, we develop a new sophisticated search strategy (using term-based and journal-based schemes) and
adopt a big data bibliometric approach to expand upon previous studies and explore the full set of climate change arti-
cles (~130,000) published between 1990 and 2021, spanning the period from the first to the most recent IPCC reports.
This article, for the first time, scrutinizes research divisions of climate science at a detailed level of aggregation and how
they have been fashioned from broader themes or evolved over time or through national and international research ini-
tiatives as well as across the IPCC WGs. This enables an in-depth and objective overview derived from scholarly
sources, while generating multiple lines of evidence and highlighting trends in research disciplines. In summary, the
present study addresses the following three overarching questions:

1. What are the broad themes of climate change research and how are they comparable against the typical structure of
the IPCC WGs?

2. What are the growing, declining, and emerging (relative to total work produced) research topics and how have
research activities and interdependencies changed over time and across different subjects assessed by the
IPCC WGs?

3. How internationally collaborative is the current global climate change research effort?

The answers to these questions are presented and discussed in Sections 3, 4, and 5, respectively. The findings from
this article can assist in understanding the recent history of climate change research and identifying future priorities
while discussing the opportunities offered by such a large-scale and integrative literature assessment.

2 | MATERIALS AND METHODS
2.1 | Data acquisition

The dataset of climate change articles from January 1st 1990 to December 31st 2021 was sourced from the Web of Sci-
ence (WoS) Core Collection using the extensive search query presented in Table S1. Bibliometric data extracted from
WoS has be shown to provide an acceptable coverage of scholarly literature (Callaghan et al.,, 2020; Haghani
et al., 2022). As the climate change literature is extensive and unique, a mix of term-based and journal-based schemes
were adopted to capture the bibliographic details of articles with adequate coverage and specificity.
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Three main layers are embedded in the search query (see Table S1). The first layer is a pure term-based query,
retrieving climate change articles from anywhere in the WoS based on the mention of distinct climate change terminol-
ogies in the title of articles indexed by the WoS. The second layer captures the full content of all specialty climate
journals indiscriminately and irrespective of the language/terminologies that they have used in their titles. The third
layer is a combination of term-based and journal-based queries. This limits the search to a subset of semi-specialty cli-
mate journals (i.e., those that often publish research on climate change but not exclusively), while also searching their
titles for a less restrictive set of terms than that of the first layer. All three layers are combined using the Boolean Opera-
tor “OR” and work as a conjoint query string. Therefore, duplicates are automatically avoided if an article is captured
by more than one layer of the query string. This yielded n = 129,494 unique articles (n = 33,186 during 1990-2009,
n = 38,957 during 2010-2015, n = 57,351 during 2016-2021), where the data of titles, authors, affiliations, publication
year, journals, conferences, citations, document type, abstract, keywords, fundings, and cited references of each article
were retrieved and analyzed (for details, see Khojasteh, Haghani, et al., 2023). The adopted search query is presented in
Table S1.

2.2 | Title and abstract analysis

The broad academic structure of climate change research was determined using the occurrence and co-occurrence of
terms in the titles and abstracts of extracted articles. The visualization of similarities (VOS) between terms was identi-
fied and presented via VOSviewer software (Van Eck & Waltman, 2007; Van Eck & Waltman, 2010). In this method, a
pair of terms are positioned such that the distance between them exhibits their similarities and frequency of co-
mention. When this approach was applied to climate change research, four distinct clusters were identified (Figure 1a).
In this analysis, a node represents an item of interest (term) and its size is proportional to the frequency of the term
occurrence. For details, see Van Eck and Waltman (2007) and Van Eck and Waltman (2010).

2.3 | Bibliographical coupling analysis at the level of individual articles

This analysis is similar to title and abstract analysis, although it maintains the individuality of articles. As such, it pre-
sents a more detailed level of research streams in climate change science. Four major clusters of bibliographically
coupled articles (i.e., articles with a high degree of similarity between their list of references) were identified and illus-
trated in Figure S1. In this figure, the colors of clusters are associated with those used in title and abstract analysis
(Figure 1a). For details of this analysis, see Kessler (1963) and Weinberg (1974).

24 | Keyword analysis

All keywords of documents published in three different periods of 1990-2009, 2010-2015, and 2016-2021 were extracted
and analyzed. The top 30 keywords with most occurrences in each period were presented (Figure 1b) to highlight the
shifts in the direction of climate change research topics from 1990 to 2021.

2.5 | Document co-citation analysis

This analysis presents the sub-clusters of references that have been co-cited by articles from the climate change litera-
ture. The underlying concept is that references of climate change articles that are frequently co-cited by climate change
documents are likely representative of the knowledge foundation of thematically similar climate change articles
(Chen, 2004; Haghani et al., 2021). As such, their citing articles represent a particular sub-cluster (i.e., sub-theme/
stream) of climate change research, with the sub-cluster of co-cited references forming the knowledge foundation of
their respective research stream. In other words, the produced network of thematically identical sub-clusters can char-
acterize distinct streams of research activities in climate change science (Figures 2 and 3). CiteSpace (Chen, 2006) has
been employed to sub-cluster climate change references, classify spatial and temporal trends during various stages of its
development, and determine influential references/articles within each research stream. The analysis timestep was set
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FIGURE 1 (a) Four major research clusters (divisions) of climate change research including climate variability, ocean/air/land
temperature, and climatic and hydrological cycles and models (blue division), paleoclimatology, geology, habitat distribution, and
biodiversity (red division), greenhouse gases, environmental impacts, and supply/demand of food, water, and energy (dark gray division),
and climate policy, adaptation, mitigation, public perception/engagement, and sustainability (light gray division). (b) Top 30 keywords in
climate change articles during 1990-2009 (bottom left panel), 2010-2015 (bottom canter panel), and 2016-2021 (bottom right panel). In (b),
Green, blue, and red arrows and numbers in brackets indicate positive, zero, and negative displacement of keywords between two
consecutive time periods highlighting potential shifts in climate change research topics.

to 1 year, and the look-back parameter was specified as 50 years (i.e., for an article, references up to 50 years older than
publication time of that article were considered).

In visualizing the results of this analysis, each node represents a unique reference and its size depicts the local cita-
tion counts (i.e., the frequency of being referenced by climate change articles exclusively) (Khojasteh, Shamsipour,
et al., 2023; Tavakoli et al., 2023). Sub-clusters were ranked based on the number of cited references and influential cit-
ing articles embodied within them with larger sub-clusters presented with smaller numbers (Khojasteh, Haghani,
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et al., 2023). The extent of activities within sub-clusters and during each year was determined by analyzing the counts
of local citations to the set of cited references of that cluster as well as the number of such citing articles (Haghani
et al., 2021). Note that sub-clusters were labeled to best represent their contents (i.e., contents of citing articles within
them), and were only given indicative labels based on the main themes of the citing articles. Additionally, sub-clusters
with less than 100 cited references within them were not labeled nor presented in Figures 2 and 3. Table S2 presents
further information regarding all 21 sub-clusters illustrated in Figures 2 and 3.

2.6 | Growth rate and doubling time

In this study, the average annual growth rate was assessed, which is a useful metric in assessing long-term trends in sci-
ence (Ma et al., 2016). To evaluate the average growth rate (g), the yearly growth rate was first calculated as follows:

g=((VF —VP)/VP) x 100% (1)

where VF and VP are the future value (here articles) and the present value, respectively. To calculate the growth rate
for a certain period, g was evaluated between two consecutive years. Values of g for different periods were then aver-
aged, providing the average growth rate of the entire period (1990-2021). The doubling time d (the period of time over
which the number of articles doubled) can be then obtained (Bornmann et al., 2021):

In(2)

= hire .

3 | BROAD THEMATIC FOCUS IN CLIMATE CHANGE RESEARCH

Four key clusters (divisions) for climate change research were identified using an analysis on frequency of co-occurred
terms (Figure 1a and Section 2). These major clusters include (i) the blue division dominated by climate variability,
ocean/air/land temperature, and climatic/hydrological cycles and models; (ii) the red division comprising paleoclima-
tology, geology, habitat distribution, biodiversity, and ecosystems; (iii) the dark gray division encompassing emissions,
environmental impacts, and food-water-energy nexus; and (iv) the light gray division including climate policy, public
perception, adaptation, mitigation, and sustainability (Figure 1a). This is an interesting observation as these divisions
do not map seamlessly onto the typical structure of the IPCC WGs, but rather are fashioned from a combination of sub-
jects. Generally, scientific topics of (i) blue division focused on physical science (WGI); (ii) red and (iii) dark gray divi-
sions covered physical basis and impacts (WGI and WGII); and (iv) light gray division examined adaptation and
mitigation strategies (WGII and WGIII). This finding reflects a relative domination of research aligned with WGI
and WGII over the last 30+ years. However, the average publication year of the papers within the dataset reveals a
trend that progresses from division (i) toward division (iv) (Figure S2). This highlights a recent shift, primarily from
2016 onward, where scholars/researchers have applied the lessons from observations, models, and past/present/future

FIGURE 2 (a) A network-view of the 21 sub-clusters of thematically connected research streams in climate change literature identified
through patterns of document co-citation (i.e., documents that are frequently co-cited). In (a), larger sub-clusters contain higher numbers of
cited references and influential articles and are presented with smaller cluster IDs. The extent of activities across diverse climate science
disciplines in (b) 1990, (c) 2000, (d) 2010, and (e) 2020 highlights research sub-clusters that were most active during each cross-section of
time. In (a-e), each node depicts an individual reference, node size is proportional to the number of local citations (i.e., exclusive citations
within the field of climate science) to the cited references, and links (i.e., connecting lines) indicate instances of co-citation. In (a), each sub-
cluster is represented with a unique color theme whereas in (b-e), sub-clusters are only visualized as a background map to better highlight
when and how each sub-cluster was active/inactive and/or had interactions with neighboring sub-clusters over time. In (a-e), nodes which
are overlaid by a red ring (circle) mark those cited references that their local citation burst (i.e., duration and strength) is recorded. In (a-e),
additional sub-clusters with less than 100 cited references within them were eliminated from visualizations (see Section 2).
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FIGURE 3 Legend on next page.
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climate variability (WGI) to produce new work focused on understanding impacts, vulnerability, and adaptation
(of both human and natural systems), including mitigation. This new research includes food/water/energy security
(WGII), and stabilizing greenhouse gas levels and achieving high-level mitigation targets (WGIII).

Further, as highlighted in Figure 1a, terms that cross two or more different divisions are often multidisciplinary or
transboundary in nature. For instance, the term “ecosystem services” is positioned along the boundary of divisions (ii),
(iii), and (iv). This indicates its usage across different disciplines as climate change affects ecosystems (e.g., via changing
temperature, precipitation, and carbon dioxide concentration) and threatens biodiversity and food security (Malhi
et al., 2020; Mooney et al., 2009). Moreover, ecosystem services can also mitigate climate change effects by removing
carbon from the atmosphere, regulate floods, and naturally purify water (Locatelli, 2016; Munang et al., 2013;
Nedkov & Burkhard, 2012). A few other noticeable terms that border multiple research divisions (clusters) include
“hydrological modeling”, “resource management”, “restoration”, and “agriculture” (Figure 1a). Hydrological models,
for instance, are frequently used to estimate climate change impacts to food/water resources by simulating the dynamic
transformation of precipitation into runoff via complex processes (e.g., infiltration, transpiration, and evaporation;
Ghonchepour et al., 2021; Haddeland et al., 2014; Hagemann et al., 2013). As a potential response to these impacts, eco-
logical restoration (e.g., rehabilitating lands, forests, and coastal vegetated communities) provides promising opportuni-
ties to reduce emissions, and contribute to diverse policy objectives related to food and water security, improved
resilience, sustainable development, biodiversity conservation, and environmental justice (Bustamante et al., 2019;
Constenla-Villoslada et al., 2022; Erbaugh et al., 2020; Glamore et al., 2021; Harris et al., 2006; Koch & Kaplan, 2022;
Sadat-Noori et al., 2021; Serrano et al., 2019; Su et al., 2021; Woolf et al., 2018). This is reflected in observations from a
detailed bibliographically coupled analysis of individual articles during 2010-2015 and 2016-2021 (Section 2 and
Figure S1), where in the latter period, climate change impacts on food/water/energy sector are blended with climate
policy and management themes within an integrative, interdisciplinary topic that crosses the boundary of divisions
(iii) and (iv) (Figure 1a).

Temporal trends in climate change research topics are observable via the evolution of the top 30 keywords across
different time periods (Figure 1b and Section 2). Not surprisingly, “Climate change”, “Global warming”, and “Green-
house gases” are always ranked in the top four key research areas. The sum of the top 30 keywords forms 52% of the
sum of all keywords used during 1990-2021, with the total number of keywords increasing by 88% from 1990-2009 (left
panel of Figure 1b) to 2010-2015 (mid panel of Figure 1b), and by 72% from 2010-2015 to 2016-2021 (right panel of
Figure 1b). When 2010-2015 keywords are compared to 1990-2009, or when 2016-2021 keywords are compared to
2010-2015, emerging, declining, and the evolution of integrated research topics can be assessed. During 2010-2015, for
example, “Adaptation”, “Mitigation”, “Vulnerability”, “Climate models”, “Life cycle assessment”, “Sustainability”,
“Resilience”, “Food security”, and “Adaptive capacity” were on the rise, constituting the key research foci attributable
to predicted or observed wide-ranging impacts of climate change in the earlier period. These research themes were
nearly unchanged during 2016-2021, but “Agriculture”, “Resilience”, “CMIP5”, and “Atmospheric circulation”
increased in prominence because of a growing focus on better understanding the historic and future climatic changes
using coordinated experiments (Knutti & Sedlacek, 2013; B. Wang et al., 2018), enhancing food security and climate-
smart agriculture (Arora, 2019), and improving societal and environmental resilience (Nelson et al., 2007). In contrast,
since 1990, related (and often isolated) research on “Carbon dioxide”, “Methane”, and “Nitrous oxide” has been
decreasing relative to other topics or occurs in other contexts rather than being the key focus. This aligns with progress
in current understanding of the sources and sinks of greenhouse gases over the past 30 years. As an example, four key-
words of “Adaptation”, “Carbon dioxide”, “Mitigation”, and “Climate models” are further tracked in Figure S3,
highlighting potential shifts (i.e., positive or negative displacements with different degrees of strength) in the direction
of research topics during 1990-2021.

FIGURE 3 (a) A temporal map of co-cited references of the 21 research sub-clusters of climate change science indicating times and
rates at which individual references have received citations as well as the duration and age of knowledge foundation for each sub-cluster. In
(a), each reference is indicated by a node and connecting lines represent instances of co-citation. The size of each node shows the number of
local citations to a cited reference and red rings marked references that a burst in their local citations was recorded. (b) Citing articles and
their corresponding citation counts in climate change research sub-clusters highlighting their extent of temporal evolutions as well as
younger/older and most/least active topics during 1990-2021. In (b), research activity of each sub-cluster can be quantified over time
according to its number of citing articles during each year as well as the total number of citation counts recorded from citing articles to the
cited references of each sub-cluster.
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4 | TRENDSIN CLIMATE CHANGE RESEARCH

Figure 2 is generated using document co-citation analysis (see Section 2), providing fine resolution insights into evolu-
tion of climate change science sub-clusters. Figure 2a depicts the spatial distribution of thematically coupled sub-
clusters in climate science formed during 1990-2021. The key logic behind this clustering is that the references, which
are frequently co-cited by climate change related articles, are grouped together and form a thematically similar cluster
(for details, see Khojasteh, Haghani, et al. (2023)). Overall, 21 research sub-clusters emerged in the climate change sci-
ence domain. Larger sub-clusters contain higher numbers of cited references and influential articles and are presented
with smaller sub-cluster IDs (see Table S2). The sub-clusters were labeled based on the contents of citing articles within
them (e.g., see “highest coverage citing articles” column in Table S2). Note that our shorthand labelling of sub-clusters
here at times is not inclusive of all articles in any given sub-cluster and only aims to represent the contents of the
majority of articles within that sub-cluster. For instance, “#1 Water resources and regional impacts”, “#2 Climatic vari-
ability”, and “#3 Biodiversity” are the three largest sub-clusters with the greatest number of cited references and influ-
ential citing articles. Larger sub-clusters often contain general climate terms and diverse references from across
different disciplines, including topics from outside the core climate change domain (e.g., water policy and legislation),
whereas smaller sub-clusters typically use specific terms and exclusive citations (Table S2). Research areas positioned in
the center of Figure 2a (i.e., sub-clusters 1, 7, 9, 13, and 18) often have a multidisciplinary role in climate change sci-
ence, suggesting that they are explored both individually and interconnectedly with other peripheral sub-clusters.

A temporal analysis of the climate change literature highlights which parts of the network have been most active in
1990, 2000, 2010, and 2020 by visualizing the corresponding links between active research topics (Figure 2b-e). In 1990,
climate variability, long-term climate, ocean overturning circulation, land use/cover change, and terrestrial ecosystems
were the most active research sub-clusters. In 2000, the water resources, biodiversity, mid-to-high latitude climate, and
climate models emerged as major research sub-clusters. In 2010 and 2020, further interdisciplinary research was
observed among all sub-clusters, with particular attention to looming research topics related to the rate of warming and
sea-level, human/ecosystem health, agriculture and food security, adaptive management, public perception, tropical
cyclones, and mountains including their rapidly disappearing glaciers. This evolutionary trend matches with the identi-
fied research topics assessed by the IPCC WGI and WGII and the recent research shifts from primarily exploring the
physical science basis of climate change (WGI) to understanding impacts on humans/ecosystems and options for adap-
tations (WGII) and to reducing global emissions by integrating interdisciplinary adaptive and mitigative measures
(WGIII).

Many of the temporal variations seen in the analyses presented can be understood in terms of variations in the
demands for certain areas of climate change research. For example, there is a growing awareness that sea-level rise has
major ramifications, potentially threatening more than 600 million people worldwide as soon as 2100 (Kulp &
Strauss, 2019), and resulting in loss/degradation of biodiversity and highly valued ecosystem services (Khojasteh
et al., 2021; Schuerch et al., 2018; Spencer et al., 2016). This is exacerbated by higher extreme sea levels during tropical
and extratropical storm surges, with surges likely to alter under climate change, affecting populated coastal/deltaic cit-
ies (Walsh et al., 2016). Following an IPCC expert panel meeting in Ireland in 2015, the implications of climate change
for agriculture sector and food security received urgent attention (Hertel, 2016), with significant impacts observed and
anticipated on crop, livestock, and fisheries production (Campbell et al., 2016). Climate change also impacts glacial
melting and precipitation patterns in mountain ranges, and hence, river flows, water security, and agriculture in down-
stream areas (Immerzeel et al., 2010). Understanding public perception in a changing climate is necessary to ensure
effective risk communication, implement adaptive-mitigative management strategies, and take decisive actions at local
or global scales (Fuentes et al., 2016; Kunreuther et al., 2014; Shi et al., 2015). Further, an expanding body of literature
has emerged across multiple disciplines investigating the interactions between climate change and other global chal-
lenges (e.g., water/food crisis, pandemics) and actions required on multiple fronts to ensuring human-nature health
(Hanjra & Qureshi, 2010; Khojasteh et al., 2022).

To further highlight the temporal evolution of climate science at different timeframes, cited references of research
sub-clusters are presented along a shared timeline based on their publication year (Figure 3a), while the magnitude of
their activities, as reflected in the citation counts and number of citing articles to the cited references of each sub-
cluster, have also been quantified (Figure 3b). The former represents the age of knowledge foundation for different cli-
mate change research sub-clusters while the latter represents periods of emergence, peak, and activity (Section 2 and
Table S2). Fundamental sub-clusters, often with citation occurrences and new references/articles that continue from
early years to the present time, are becoming increasingly important in climate science (Figure 3a,b). For instance,
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research sub-clusters water resources, climatic variability, and climate models exhibit an established knowledge founda-
tion with influential references present from the 1960s to 2021 (Figure 3a), and the number of articles/citations related
to these topics grow constantly over time (Figure 3b). A few climate sub-clusters periodically plateau or fluctuate, such
as past and future change, ocean overturning circulation, and terrestrial ecosystems. Other research sub-clusters grow
in prominence, such as biodiversity, climate extremes, food security, vulnerability and adaptation, greenhouse gases,
public health/engagement, sea-level change, high mountains, and tropical cyclones. The increasing prominence of
these sub-clusters is apparent from the recent rise in the number of articles and their corresponding citation counts
from 1990 to 2021 (Figure 3b).

As an example, and in order to further spotlight the recent significance of a few emerging research topics, the sub-
clusters high mountains, climate extremes, and biodiversity are briefly discussed here as they have attracted significant
attention lately (Figure 3b). High mountains (sometimes introduced as global water towers), as primary providers of
anthropogenic and natural water demand, are found to be among the most vulnerable environments. Climatic changes,
together with future socio-economic challenges, may threaten 1.9 billion people who live near mountainous areas
(Immerzeel et al., 2020). If emissions are ambitiously reduced by 2100, global populations will be exposed to one
extreme event (e.g., droughts, wildfires, sea-level rise, floods), otherwise they will face 3-6 concurrent events (Mora
et al., 2018). During 2000-2019, over 5 million cases of death globally were associated with nonoptimal temperatures
per year (Zhao et al., 2021), and nearly 700 million people will experience extreme heatwaves once every 20 years in a
1.5°C world (Dosio et al., 2018), rising to 2 billion people for a 2°C world. The warming associated with continued
business-as-usual emissions may lead to further losses in biodiversity, habitat, and primary productivity, requiring pro-
active, integrated adaptation-mitigation strategies (Bruno et al., 2018; Mori et al., 2021; Weiskopf et al., 2020).

5 | DISCUSSION

Climate change research is ongoing and expanding, with an overall growth rate of 10.3% and a doubling time of
7.1 years during 1990-2021 (Figure S4). Growth rates and doubling times vary between the IPCC reports, amounting to
15.7% and 4.7 years (FAR-SAR, 1990-1995), 6.0% and 12.0 years (SAR-TAR, 1995-2001), 7.9% and 9.1 years (TAR-AR4,
2001-2007), 15.0% and 4.9 years (AR4-ARS5, 2007-2014), and 7.3% and 9.8 years (AR5-AR6, 2014-2021) (Section 2 and
Figure S4). The observed doubling time is nearly consistent with previous climate studies reported as 11 years (1951-
1997) (Stanhill, 2001), 7 years (1997-2004) (Grieneisen & Zhang, 2011), and 5-6 years (1980-2014) (Haunschild
et al., 2016). The overall increase in the entire modern science literature (i.e., not solely climate science) demonstrates a
growth rate of 4.1% and a doubling time of 17.3 years (Bornmann et al., 2021), highlighting the exceptionally rapid
expansion in climate research. A total of 153 countries contributed to climate research during 1990-2009, which
increased to 197 countries during 2010-2015, and to 203 countries during 2016-2021 (Table S3). Among all nations,
USA, UK, China, Germany, and Australia had the largest cumulative number of publications during 1990-2021
(Figure 4a).

Of all publications produced during 1990-2021, 40% were from Europe, 28% from North America, 19% from Asia,
6% from Oceania, 4% from Africa, and 3% from South America (Figure 4b). Europe consistently remained the top conti-
nent in producing climate change research, whereas contributions from North America declined over time to the extent
that Asia, for the first time, secured the second place among all continents when measuring total publications during
2016-2021 (Figure 4b). The most joint publications were produced by scholars from USA, China, UK, Germany,
Canada, and Australia (Figure S5).

Domination of domestic research performed by more affluent nations is despite the fact that globally, all
populations are exposed to the threat of climate change, regardless of location, sex, age, and socio-economic classes
(Zhao et al., 2021). Further, climate change is unfortunately intertwined with inequality, with low-income countries
(typically with lower emissions) being more impacted than high-income countries (often with higher emissions)
(Levy & Patz, 2015). This inequality aligns with the observed trend in the increase in focus on adaptation research that
often involves locally or nationally based measures, as opposed to mitigation research/action that generally requires
shared and collective efforts across nations to be effective. For instance, a recent study highlighted that USA dominates
the focus of research on adaptation responses to compound climate events (e.g., drought, heatwave, flooding), whereas
adaptation studies on South and Central America, Middle East, Russia, and North Africa are underrepresented, and
hence, an equal global distribution of research is not being achieved thus far (Simpson et al., 2023). Although our study
suggests that EU, USA, China, and India generate the most recent research on climate change, Small Island Developing
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FIGURE 4
top 32 countries with cumulative documents (articles) during 1990-2021. (b) Continental contribution to climate change science during
1990-2009, 2010-2015, 2016-2021, and 1990-2021. Percentage and number of documents (articles) and citation counts within the top

20 countries, with most climate change related publications during (c) 1990-2009, (d) 2010-2015, and (e) 2016-2021 periods. In (c-e), pie
charts indicate the proportion of the top 20 countries producing global articles (blue pies) and receiving citations (red pies). In (d-e), green,

(a) Temporal patterns of international, domestic, and all (domestic plus international) climate change publications for the

gray, and red arrows and numbers in brackets indicate positive, zero, and negative displacement of countries between two consecutive time
periods. In (a-e), all documents (articles) from all contributing nations are considered, and some documents maybe counted multiple times.

States, Africa, and large (often termed Mega) deltas (particularly in Asia) are widely recognized as the most vulnerable
regions to climate change and yet are ill-prepared to deal with its impacts while producing minimal emissions com-
pared to major emitting countries (Huq & Ayers, 2007). On the other hand, relatively limited research identified herein
on climate change mitigation could be attributed to the absence of major investment and adequate fiscal capacity
required to meet the ambitious low carbon targets at a global scale. While our research indicated that the physical
understanding of climate systems appears to be well-established, and there is a general international consensus on the
science behind climate change, investigations on climate change mitigation are relatively limited, though growing.
Overall, the literature to date reflects that there is no “one-size-fits-all” solution for curbing emissions, and that mitiga-
tion efforts are thus far relatively ad hoc and specific to nations and/or economic blocks. There is also little consensus
on how to support the most affected nations.

A promising observation that may result in a greater focus on mitigation is the substantial increase and the upward
trajectory in international collaborative research (Figure S6). The number of countries contributing to climate change
research increased steadily over time, such that the domination of the top 20 countries in terms of publishing docu-
ments and receiving citations reduced from nearly 90% during 1990-2009 to nearly 85% during 2010-2015, and to
nearly 80% during 2016-2021 (Figure 4c-e and Table S3). Interestingly, the ratio of international (i.e., documents with
multinational authors) to domestic (i.e., documents with single nation authors) publications has markedly increased
from 0.05 in 1990 to nearly 0.60 in 2021 (Figure S6).

Recent research acknowledges that global mitigation actions are equally as important as global adaptation actions.
To further stimulate this shift in research focus nationally and internationally, future research topics should strive to
design a global framework for implementation of adaptation and mitigation strategies by presenting more explicit,
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quantitative, and trackable targets/metrics, breaking down political barriers, and advancing climate solutions
(Magnan & Ribera, 2016; Meckling & Karplus, 2023).

It is worth noting that the method used herein, analogous to other large-scale approaches, contains certain limita-
tions. This approach does not capture gray/indigenous knowledge and can often provide insights on broad topics and
general trends of climate science whereas higher resolution studies are required to address specific climatic questions
(Khojasteh, Haghani, et al., 2023; Sietsma et al., 2021). Although emerging research disciplines were presented and dis-
cussed, communities of climate experts, such as those assembled by the IPCC and other initiatives, are better positioned
to guide future priorities (Callaghan et al., 2020). Overall, the big data bibliometric analysis presented here can comple-
ment existing literature assessments by elaborating on the spatial and temporal evolution of climate science, highlight-
ing interconnections and activities across topics and within the IPCC WGs, and describing domestic and international
contributions and collaborations. This study, although not comprehensive, allows a fast and transparent consolidation
and mapping of scholarly climate research. Further, our method can be repeated and improved, and used in future
assessments of large-scale literature, such as within future IPCC reports.

6 | CONCLUSIONS

As research on climate science contains multidisciplinary subjects and continues to expand exponentially, the applica-
tion of traditional procedures and review assessments to synthesize the large scientific literature becomes increasingly
challenging. In this study, we presented a big data, bibliometric analysis of nearly 130,000 climate change articles publi-
shed between 1990 and 2021. Following 30+ years of literature, four major research themes across different IPCC WGs
were identified. Studies were shown to move from focusing on the past/present/future state of climate at a domestic
scale toward more international research focused on realizing climate impacts and exploring adaptation-mitigation
options. Emergent research topics included (but are not limited to) biodiversity, climate extremes, food security, vulner-
ability and adaptation, public health and perception, sea-level change, and high mountains. Future research also
appears to support the establishment of a more clear, coupled, and global adaptation-mitigation framework. Overall,
our analyses and results, on a macro-level basis, may help guide scholars and policymakers in identifying broad knowl-
edge gaps, recognizing declining, understudied or emerging climate topics, reinforcing global collaborative research ini-
tiatives, and helping to provide big picture insights into future IPCC reports or other global assessments.
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