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Abstract

Global climate change is attracting widespread scientific, political, and public attention
owing to the involvement of international initiatives such as the Paris Agreement and the
Intergovernmental Panel on Climate Change. We present a large-scale bibliometric analy-
sis based on approximately 120,000 climate change publications between 2001 and 2018
to examine how climate change is studied in scientific research. Our analysis provides an
overview of scientific knowledge, shifts of research hotspots, global geographical distribu-
tion of research, and focus of individual countries. In our analysis, we identify five key
fields in climate change research: physical sciences, paleoclimatology, climate-change
ecology, climate technology, and climate policy. We draw the following key conclusions:
(1) Over the investigated time period, the focus of climate change research has shifted from
understanding the climate system toward climate technologies and policies, such as effi-
cient energy use and legislation. (2) There is an imbalance in scientific production between
developed and developing countries. (3) Geography, national demands, and national strat-
egies have been important drivers that influence the research interests and concerns of
researchers in different countries. Our study can be used by researchers and policymakers
to reflect on the directions in which climate change research is developing and discuss pri-
orities for future research.
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1 Introduction

Climate change refers to long-term shifts in temperatures and weather patterns, which can
have severe effects on the planet. Since the pre-industrial era, there has been a significant
increase in the average global temperature of 0.9 °C, which does not correspond to the
natural cycles of the planet (NASA 2020). The United Nations has highlighted climate
change as one of the present day’s major global issues, as the impacts of climate change are
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global in scope and unprecedented in scale (United Nations 2020). Climate change results
in extreme weather events, like heavy rains and heat waves, and floods are becoming more
common as a consequence of global warming (IPCC 2021). Melting ice and rising sea
levels threaten coastal communities and low-lying area (Lima and Bonetti 2020). Higher
temperatures, extreme weather, and rising sea levels do not only cause risks for human
health by affecting food, water, air, and the living environment (De Sario et al. 2013; Ebi
et al. 2021), but also cause damage to property and infrastructure, with a heavy cost for
society and the economy (Panteli and Mancarella 2015). Environmental factors such as ele-
vated temperatures and rising greenhouse gases affect plant growth and wildlife and pose a
growing threat to plant resources, biodiversity and global food security (Ahuja et al. 2010;
Chakraborty and Newton 2011). In response to observed and anticipated effects of climate
change, there is considerable interest in developing “adaptation strategies” to facilitate the
adjustment of human society and ecological systems (Mawdsley et al. 2009). In this con-
text, disaster risk reduction has for instance been explored as a very relevant issue (Schip-
per 2009; Busayo and Kalumba 2020).

Although a small minority of researchers have questioned the reality of climate change,
more than 97% of the scientific community affirm that climate change is occurring (Cook
et al. 2013). Based on the 222,060 papers published between 1980 and 2014, it was
reported that the total number of climate change related papers doubled every 5-6 years
(Haunschild et al. 2016).

Obtaining a full overview of climate change research is important for both intellectual
and political reasons. Scientific publications provide an important perspective to under-
stand how the scientific community acts to tackle climate change, as publications reflect
the priorities set by governments that fund climate change research and the research top-
ics that scientists choose to focus on. However, the rapidly increasing number of climate
change publications makes it challenging for researchers in this field to maintain an up-to-
date overview of the literature. Bibliometrics is a powerful method for analyzing the devel-
opment of scientific literature in a research field from a quantitative perspective, and it has
been widely used in many global studies (Narin et al. 1976; Callon et al. 1991; Garcia-Rio
et al. 2001; Vergidis et al. 2005; Fu et al. 2013; Li et al. 2020a). Owing to increasing public
and scientific attention to climate change, previous researchers have successfully employed
bibliometric methods to characterize the intellectual landscape of climate change.

Nonetheless, most bibliometric studies on climate change only considered a specific
research topic within the field of climate research, and they are typically based on rela-
tively small datasets. Examples include studies focusing on the abstracting journal of the
American Meteorological Society (Stanhill 2001), climate change vulnerability (Wang
et al. 2014), climate change controversy between the Intergovernmental Panel on Climate
Change (IPCC) and contrarian reports (Janko et al. 2017), the discovery of the greenhouse
effect (Marx et al. 2017), climate change and tourism (Fang et al. 2018), climate change
adaptation (Wang et al. 2018), urban environmental governance responding to climate
change (Wu et al. 2018), climate change research in the Arab world (Zyoud and Fuchs-
Hanusch 2020), climate change and carbon sinks (Huang et al. 2020), disaster and climate
change resilience (Rana 2020), and climate change and infectious diseases (Li et al. 2020a).

Several previous bibliometric studies have presented comprehensive analyses of climate
change research. In 1997, highly dynamic, rapidly developing fronts of climate research were
identified based on 2,465 relevant publications in the Science Citation Index by using co-cita-
tion analysis (Schwechheimer and Winterhager 1999). Global climate change research pub-
lished between 1992 and 2009 has been assessed from the perspectives of research patterns,
tendencies, and methods based on the Science Citation Index Expanded (Li et al. 2011). For
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climate change literature published between 1980 and 2015, the overall publication output,
major subfields, and contributing journals and countries, as well as their citation impact, and a
title word analysis have also been presented by using Web of Science (Haunschild et al. 2016).
A bibliometric approach has been used to characterize climate change and global warming
literature from 2001 to 2016 from the Web of Science database using growth trends, author-
ship patterns, and collaboration perspectives (Sangam and Savitha 2019). However, as climate
change research has developed rapidly over the past few years, it is necessary and interesting
to use a more recent dataset to trace research evolution and research fronts. This will hopefully
provide a better overview of the entire climate change research field as it currently stands.

There has been an increasing demand from researchers and policymakers to obtain an over-
view of developments in the field of climate change research. Terms and phrases in a publica-
tion’s title, abstract, or author keywords have often been considered a useful summary of the
contents of scientific publications, especially for topic identification of research. Therefore,
one technique developed to provide an overview of research fields is term mapping analysis,
which counts and analyzes the co-occurrence of terms in scientific publications on a given
subject (Callon et al. 1983). Term mapping analysis is based on the nature of terms, which are
important carriers of scientific concepts, ideas, and knowledge (van Raan and Tijssen 1993).
Term mapping analysis has been widely used as a method to present an overview of the organ-
ization of scientific literature on a specific research topic, such as polymer chemistry (Cal-
lon et al. 1991), economics (Cahlik 2000), robot technology (Lee and Jeong 2008), life cycle
assessment (Hou et al. 2015), environmental crisis management (Dai et al. 2020), sustainable
design (Geng et al. 2020), and sustainable banking (Najera-Sanchez 2020). Another important
tool for bibliometric studies is burst detection algorithm, which has been used to explore the
development of a research field over time. For example, the burst detection algorithm pro-
posed by Kleinberg (2003) has been used to detect the sudden increase in the frequency of use
of subject terms and to identify hot topics or emerging trends (Mane and Borner 2004; Swar
and Khan 2014; Marrone 2020).

Increasing computing power combined with improved access to bibliographic data has
fostered the growing popularity of bibliometric methods. Faster and more sophisticated algo-
rithms have been developed and embedded in different tools, such as VOSviewer and the
Science of Science tool (Sci2). VOSviewer offers text mining functionality to construct and
visualize a term map (van Eck and Waltman 2011), and Sci2 supports the use of burst detec-
tion algorithms (Sci2 Team 2009). These tools have enabled researchers from various disci-
plines to work with sophisticated algorithms for language processing, network analysis, and
visualization.

In this paper, we aim to provide an overall picture of the climate change field from a biblio-
metric perspective, contributing to a fuller and deeper understanding of the main features and
publication patterns of the field. In particular, we focus on (1) the overall structure of climate
change research and the main research topics by using term mapping analysis; (2) the his-
torical development, research shifts, and emerging research topics in climate change research
by using burst detection analysis; and (3) national attention to climate change and national
concerns.
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2 Methodology
2.1 Search strategy

Our bibliometric analysis focused on publications from the period 2001-2018. Web of
Science (WoS) and Scopus are the two most common literature databases for bibliometric
studies and can usually be expected to yield fairly similar results in large-scale analyses
(Torres-Salinas et al. 2009; Archambault et al. 2009). They have both been used in pre-
vious bibliometric studies on climate change because of their broad coverage of various
disciplines (Li et al. 2011; Wang et al. 2014). Our analysis was based on the in-house WoS
database available at the Centre for Science and Technology Studies (CWTS) at Leiden
University. This database is stored in a relational database system. We used SQL queries
to retrieve data from the database and to perform basic calculations. Three WoS citation
indexes were used in our analysis, the Science Citation Index Expanded, the Social Sci-
ences Citation Index, and the Arts & Humanities Citation Index.

To identify publications dealing with climate change, we developed a keyword-based
search strategy. This strategy was based on a literature review and comprehensive consid-
eration of search strategies from previous bibliometric studies on climate change (Li et al.
2011; Wang et al. 2014; Zyoud and Fuchs-Hanusch 2020). We searched for the keywords
“climate chang*,” “climatic chang*,” “climate variabilit*,” “climatic variabilit*,” “global
warming,” “climate warming,” and “climatic warming” in the titles and abstracts of publi-
cations in WoS from 2001 to 2018. Only publications classified as articles were considered.
Other types of publications, such as reviews, notes, and conference papers, were excluded.
Our search strategy identified 122,815 publications on climate change.

Climatic Change (1.9%), PLOS One (1.8%), and Global Change Biology (1.6%) were
the journals with the largest number of climate change publications in our data, followed
by Geophysical Research Letters (1.5%), and Journal of Climate (1.3%). Sixty-five percent
of the climate change publications were published by single country. The remaining 35%
were internationally collaborative publications, with authors from more than one country.
The publication co-authored by the largest number of countries/territories (55) is about the
state of the climate in 2014. This publication appeared in 2015 and was co-authored by 359
institutions. Most of the publications in our data (98%) are in English, followed by Ger-
man, French, Spanish, Chinese, and Portuguese.

2 <

2.2 Term mapping analysis

Term mapping analysis focuses on analyzing the number of documents in which pairs of
terms appear together, thus providing insights into the knowledge structure and research
frontier of a certain subject. The results of a term mapping analysis are usually presented in
a network visualization, which is a powerful tool for exploring the structure and dynamics
of scientific fields (Borner 2010). In this study, we used the VOSviewer software for bib-
liometric visualization, developed at CWTS, Leiden University (www.vosviewer.com; van
Eck and Waltman 2010). Term co-occurrence analysis, construction of a term map, and
visualization of the map were carried out in the following five steps:

Step 1: A random sample of climate change publications was selected to reduce the
computational requirements as well as the memory requirements of the term co-
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occurrence analysis. We randomly selected 25,000 articles from the entire dataset
of 120,815 articles on climate change research. A sample of 25,000 publications
is sufficient to obtain robust results. We created a text file containing the titles and
abstracts of the 25,000 articles. This text file was imported into the VOSviewer soft-
ware.

Step 2: The most characteristic terms of climate change research were identified
using a natural language processing approach. A list was then created of all noun
phrases that occurred in the titles and abstracts of the 25,000 climate change publi-
cations selected in Step 1. A subset of the more frequently occurring noun phrases
was selected as the most characteristic terms of climate change research (van Eck
and Waltman 2011), leaving out general noun phrases such as “result,” “study,” and
“patient.” Noun phrases occurring in fewer than 10 articles were excluded because
they are likely to be of little interest and may complicate the analysis. For each
of the remaining noun phrases, VOSviewer calculated a relevance score. Based on
these scores, we selected the 60% most relevant noun phrases, an approach that typ-
ically works reasonably well (van Eck and Waltman 2011). This resulted in a final
set of 7,060 noun phrases that could be regarded as important and relevant terms in
the field of climate change.

Step 3: The network of co-occurrences of terms was constructed from the 7,060
terms selected in Step 2, by determining the number of publications each pair of
terms appeared in. Two terms were deemed to co-occur in a publication if they both
occurred at least once in the title or abstract of the publication. The number of co-
occurrences of two terms was interpreted as a measure of the relatedness of the
terms.

Step 4: A term map was created using VOSviewer’s layout technique. We used the
clustering technique in VOSviewer to partition the terms in the term map into sev-
eral clusters. In general, terms located close to each other in the term map and terms
assigned to the same cluster are more strongly related, whereas terms located farther
from each other and terms assigned to different clusters are less strongly related.
Step 5: The term map was visualized using two types of visualizations: a density
visualization and an overlay visualization. A density visualization, which uses
colors to highlight the most prominent areas of interest in a term map (van Eck and
Waltman 2014), was used to reveal how the focus of climate change research has
changed over time. An overlay visualization, which uses colors to indicate a certain
property of the terms in a term map (van Eck and Waltman 2014), was used to ana-
lyze the differences in the research focus of different countries.

2.3 Burst detection analysis

While term mapping analysis reveals how terms relate to each other, burst detection
analysis identifies terms that show significant growth during a certain period. We used
burst detection analysis to identify topics that had seen sudden growth, in order to
highlight the latest trends in climate change research. To perform burst detection anal-
ysis, we used Sci2 (Sci2 Team 2009), which includes Kleinberg’s burst detection algo-
rithm (Kleinberg 2003). The temporal bar graph was used to show the temporal distri-
bution and the time span of burst author keywords. The parameters were set as follows:
gamma = 1.0, density scaling = 1.2, bursting states =1, and burst length=1 year.
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3 Results and discussion
3.1 Main climate change research topics by term map

Five clusters of research topics were identified based on the co-occurrence network of
terms in climate change publications, as shown in Fig. 1. The top 20 terms in each clus-
ter are listed in Table S1 in the Supplementary Material. The most frequently used term,
“panel,” refers primarily to the IPCC. The IPCC played an important role in combining
the understanding of the physical sciences behind climate change (blue cluster) with the
understanding of climate policy (green cluster) and climate technology (purple cluster)
via its Fourth Assessment Report in 2007 and its Fifth Assessment Report in 2014. The
importance of the IPCC in climate change research was not surprising as its purpose is to
provide governments at all levels with scientific information to develop climate policies
(IPCC 2020). The IPCC is a group of more than one thousand scientists independent from
governments or companies worldwide, and its reports are a key input for international cli-
mate change negotiations.

3.1.1 Physical sciences

The dark blue cluster, located on the bottom-left side of the term map (Fig. 1), covers the
physical sciences that are the foundation of climate change research. A key part of this field
is the climate system, which involves Earth—Sun interactions as well as the interactions
of matter, energy, and processes within the Earth’s atmosphere, hydrosphere, cryosphere,
lithosphere, and biosphere (Barry and Hall-McKim 2014).

Many modeling-related terms can be found among the most frequently used terms.
These include “general circulation model (GCM),” “global climate model,” “regional cli-
mate model (RCM),” “hydrological model,” “earth system model,” “climate simulation,”
and “climate model simulation.” This shows that numerical models, representing physical

Climate technology

nal) Y e .
# vosviewer “ Physical science basis of climate change

Fig.1 Term map of climate change research. Map of terms extracted from the titles and abstracts of climate
change articles from the period 2001-2018. Each circle represents a term. To avoid overlap of terms, some
terms are not visible. Frequently occurring terms have a larger size than less frequently occurring terms. In
general, the smaller the distance between two terms, the stronger their relation in terms of co-occurrences in
articles. Colors represent different clusters of terms
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processes in the atmosphere, ocean, etc., are important tools for simulating the response
of the global climate system to increasing greenhouse gas concentrations. Oceans occupy
70% of the Earth’s surface and are therefore of critical importance to the climate system.
The climate system also includes terms with a large spatial scale, for example, “North-
ern Hemisphere,” “Southern Hemisphere,” oceans such as the “North Atlantic,” “Indian
Ocean,” “Pacific Ocean,” “Atlantic,” “North Atlantic,” and “Pacific,” and finally, the region
of “East Asia.” Ocean—atmosphere interaction effects are also abundant terms, for exam-
ple, the spontaneous generation of the El Nifio/Southern Oscillation (ENSO). Terms such
as “El Nifio Southern Oscillation (ENSO)” and “El Nifio” represent the most dominant
feature of cyclic climate variability on sub-decadal timescales (Yeh et al. 2009). Because
of the complexities of the physical processes involved in El Niflo, researchers have heav-
ily relied on complex climate models that represent interactions between these processes
(Trenberth and Hoar 1997).

3.1.2 Paleoclimatology

Paleoclimatology (yellow cluster, Fig. 1) occupies the middle-left side of the term map.
This research field aims to understand changes in the climate system from a chronologi-
cal perspective, as indicated by frequently occurring terms such as “record,” “sequence,”
“archive,” and “chronology,” which are obtained from long-term records identified by
terms such as “lake,” “sediment,” “deposition,” “glacier,” “sediment core,” “vegetation
change,” and “pollen.” Paleoclimatology covers different periods of the Earth’s history,
as shown by terms such as “ice age,” “Holocene,” “late Holocene,” “Pleistocene,” “early
Holocene,” and “Last Glacial Maximum.” Studies of past changes in the climate system
could help understand the causes of abrupt climate change and provide insights into the
present-day climate.

Another frequently used term is “Tibetan Plateau,” which as the “roof of the world”
exerts a strong influence on regional and global climate through thermal and mechanical
forcing mechanisms (Kang et al. 2010). Many studies have focused on the impact of cli-
mate change on the Tibetan Plateau’s energy and water cycle (Yang et al. 2014).

9 99 <, ELIT3

3.1.3 Climate change ecology

Climate change ecology (red cluster, Fig. 1) is the largest field and occupies the top-left
side of the term map. The climate has an important environmental influence on ecosys-
tems, and changes to the climate can affect ecology in various ways. “Survival” is an
important topic in this field, together with “population dynamics” and “treatment,” because
the living environment for animals and plants deteriorates as the climate changes. Climate
change has a profound influence on “community structure” and “community composition”
and subsequently has an impact on ecosystem functioning and feedback to climate change.
Prominent terms in this field include “taxa,” “tree species,” “bird,” “species distribution,”
“fauna,” “species richness,” “species composition, ” “plant species,” “plant com-
munity,” and “leaf.”

The agricultural perspective is also an important aspect of climate change ecology. Miti-
gation of greenhouse gas emissions and adaptation to climate change can increase farm
productivity and sustainably. Agriculture is a major part of the climate problem and gener-
ates three primary greenhouse gases: CO,, CH,, and N,O (Johnson et al. 2007). It is also
the main source of N,O emissions, accounting for approximately 75% of the world N,O

9 99 <r
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emissions (Olivier and Peters 2018). How agriculture can reduce its greenhouse gas emis-
sions through conservation measures is an important research topic (Johnson et al. 2007),
as reflected by terms such as “nitrogen,” “methane,” “CH,” “organic matter,” “N,0,”
“organic carbon,” “soil organic carbon,” “nitrous oxide,” “N,O emission,” “CH, emission,”
“oxidation,” “soil organic matter,” “methane emission,” “carbon flux,” and “carbon bal-
ance.” Climate change can have a major effect on the global food supply and could poten-
tially cause famine (Parry et al. 2005). Therefore, to maintain and increase farm produc-
tivity and sustainability, “rice,” “maize,” “wheat,” “crop yield,” “crop production,” “grain
yield,” “net primary productivity,” and “crop model” are important concerns for research-
ers. Moreover, there has been increasing attention on some important grain-producing
regions to obtain a better understanding of the impact of climate change and how to adapt
to it. An example of such a region is “Northeast China,” the main crop production region
in China.

29

9 < 99 9 <

3.1.4 Climate technology

Climate technology (purple cluster, Fig. 1) occupies the top right side of the term map.
This cluster focuses on the mitigation of climate change from the perspective of technol-
ogy. As expected, there are several terms relating to the targets of climate technologies
to reduce greenhouse gas emissions. Examples include “emission,” “gases,” “carbon diox-
ide,” “greenhouse gas emission,” “CO, emission,” “greenhouse gas,” “GHG,” and “GHG
emission.” These terms are located near the center of the map.

Stabilizing greenhouse gas (GHG) concentrations at a safe level for the climate system
was the objective of the United Nations Framework Convention on Climate Change (UNF-
CCC) in 1992 (United Nations 1992), the predecessor of the Paris Agreement. A com-
monly used metric, “global warming potential” or “GWP,” is usually used to transform
the effects of different greenhouse gas emissions to a common scale (IPCC 2014). Since
CO, emissions from fossil fuel combustion and industrial processes contribute to approxi-
mately 78% of the total GHG emission increase (IPCC 2014), current climate technologies
usually focus on the more efficient use of energy and switching to low-carbon fuels, such
as renewable energy. Relevant terms include “energy,” “energy efficiency,” “technology,”
“industry,” “consumption,” “energy consumption,” “electricity,” “fossil fuel,” “fuel,” “oil,”
“coal,” and “alternative.”

“Environmental impact” is another topic related to assessing the expected environmen-
tal impact of decisions or policies. More recently, “life cycle assessment” and “LCA” have
been concerned with reviewing the environmental impact of products throughout their
lives.

LLINT3

9 < 29 <

3.1.5 Climate policy

Climate policy (green cluster, Fig. 1) is the second largest cluster and occupies the bottom-
right side of the term map. There is a strong scientific consensus that global warming is
primarily caused by human activities. This consensus is demonstrated by a highly cited
article that quantified the scientific consensus on global warming in nearly 12,000 scien-
tific publications from 1991 to 2011 (Cook et al. 2013). Support for the consensus has
increased over time, and it has been endorsed by approximately 97% of these 12,000 publi-
cations (Cook et al. 2013). Accordingly, terms related to mitigation and adaptation, such as
“practice,” “action,” “solution,” “mitigation,” “sustainability,” “climate change mitigation,”

99 < 99 < EEIT3 99 <
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and “adaptation strategy,” are common. A global review of national laws and policies on
climate change adaptation reported that more than 170 countries have introduced national
policies and laws on climate change adaptation to address the impact of climate change
(Grantham Research Institute on Climate Change and the Environment 2019). This report
also pointed out that adaptation to the impact of climate change has typically received
lesser attention than mitigation in the global policy discourse, and there has been increas-
ing recognition of the urgent need for adaptation.

Given the importance of national policy and action for global climate efforts, it is not
surprising that within the climate policy cluster, “country” is the most frequently occurring
term. The implementation of mitigation and adaptation depends on political debate and
decision-making, reflected by terms such as “issue,” “policy,” “article,” “decision,” “plan-
ning,” “implementation,” “goal,” “concept,” and “action.” There is also a high dependency
on different actors operating at different levels, indicated by terms such as “country,” “gov-
ernment,” “society,” “city,” “sector,” and “person.”

The success of implementing climate policies is linked to the way they are integrated
with policies of different levels of government and with civil society (de Oliveira 2009).
However, economic activity is also one of the most important drivers of increase in CO,
emissions from fossil fuel combustion and thus is an important concern in climate policies
(IPCC 2014). In the term map, frequently used terms such as “cost,” “economy,” “benefit,”
“market,” and “investment” are located close to the climate technology cluster.

99 < 99 <

99 ¢
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3.2 Shift of climate change research focuses between 2001 and 2018

Annual climate change publication output has increased from 1,582 articles in 2001 to
15,311 articles in 2018, while the percentage of climate change publications compared to
the total number of scientific publications on WoS has grown from 0.20 to 0.95% (Fig. S1
in the Supplementary Material). This clearly shows how climate change has received
increasing attention from the scientific community since 2001.

It is common for new branches of science to continually evolve, while others gain
or lose importance, merge, or split (Mane and Borner 2004). The three term map den-
sity visualizations presented in Fig. 2 show temporal shifts in the focus of climate change
research. We divided the entire investigation period into three equal spans of sub-periods:
2001-2006, 2007-2012, and 2013-2018. The terms and their locations are identical in the
three visualizations in Fig. 2; however, the number of occurrences of each term changed
between the three time periods as shown by changes in color. These three visualizations
show the primary focus of climate change research in each time period and how the focus
of climate change has shifted from understanding the climate system to adaptation and mit-
igation of climate change.

To explore new research trends in more detail, we used the burst detection algorithm
embedded in the Sci2 tool to show the temporal distribution of burst author keywords.
Considering the visualization effect, the top 30 keywords with the largest burst weights
were selected to conduct burst detection analysis, as shown in Fig. 3. Each horizontal bar
represents a burst keyword, with the length of the bar representing the burst duration, the
two sides representing a specific start and end year, and the area representing the burst
weight of a keyword. The Kyoto Protocol, which entered into force in 2005, Copenhagen
Accord (2009), and the Paris Agreement (2016) all appear to have played an important role
in the development of climate change research between 2001 and 2018.
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3.2.1 Period 2001-2006

The number of climate change publications increased from 1,582 in 2001 to 2,776
in 2006, an average growth of 239 publications per year. Paleoclimatology was the
research field that gained the most attention between 2001 and 2006 (Fig. 2).

During this period, a large number of burst terms were produced (Fig. 3.), most of
which were relevant to paleoclimatology (e.g., “Holocene,” “paleoclimate,” “diatoms,”
“pollen,” “quaternary,” “palynology,” “Pleistocene,” “stable isotopes,” and “phylogeog-
raphy,”). This is consistent with the results shown in Fig. 2 and confirms that research
during this period focused mainly on paleoclimatology. General terms such as “green-
house gases,” “carbon dioxide,” “climate variability,” “human impact,” and “modeling”
have been attracting attention for a long time.

In 2005, the Kyoto Protocol operationalized the UNFCCC by getting industrialized
countries to commit to limit and reduce greenhouse gas emissions in accordance with
agreed individual targets (United Nations Framework Convention on Climate Change
2020a). The protocol has brought widespread discussion and emerging attention to cli-
mate change research before and after its enforcement and has become a hotspot in the
field of climate change studies between 2001 and 2011.
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In addition, 2001-2006 was the period in which the terms “El Nifio,” “fire,” “Canada,”
“North Atlantic Oscillation,” and “extinction” emerged, indicating that interest in climate
change research and the diversity of topics within the field was growing.

3.2.2 Period 2007-2012

Climate change studies began to develop rapidly during this period, with the number of
climate change publications growing from 3,565 in 2007 to 8,801 in 2012. This is an
average growth of 1,004 publications per year—four times higher than that in the period
2001-2006.

In addition, 2007-2012 is the period in which the Copenhagen Accord was signed
(2009). The Accord was a voluntary agreement between over 180 countries, represent-
ing almost 80% of global emissions (United Nations Framework Convention on Climate
Change 2009).

The period between 2007 and 2012 appears to have been a transition period in climate
change research with research topics such as climate technology and climate policy gaining
more attention than paleoclimatology and the physical sciences (Fig. 2).

The percentage of anthropogenic global warming endorsements from scientists
increased marginally from 1991 to 2011 (Cook et al. 2013). Public awareness of climate
change in the USA was increased by Al Gore and the IPCC, who cited climate change as a
threat to international security. For this work, they were awarded the Nobel Peace Prize in
2007.

Most burst terms during the 2001-2006 period were ongoing during the 2007-2012
period, while only a small number of new terms, such as “biodiversity,” “adaptation,” and
“food security,” appeared (Fig. 3). Based on an analysis of the publications of researchers
worldwide, food security in the field of agricultural systems and water resource manage-
ment have been considered the most important research topics in climate change vulner-
ability (Wang et al. 2014). Our results indicate that the focus of climate change research
has gradually shifted from understanding the climate system to adaptation of ecosystems
and human beings to climate change.

3.2.3 Period 2013-2018

The number of climate change publications grew from 10,006 in 2013 to 15,311 in 2018,
an average growth of 1,085 publications per year, similar to the growth seen between 2007
and 2012. Research topics such as climate technology and climate policy grew very quickly
and became prominent contributors to climate change research (Fig. 2). We note that while
paleoclimatology was not the most studied field in climate change research between 2013
and 2018, the number of yearly paleoclimatology publications increased consistently dur-
ing our period of analysis (2001-2018), but with a lower growth rate than the topics of
climate technology and climate policy.

The burst weights of terms were also greater between 2013 and 2018 than they were
between 2001 and 2012. Burst terms in the most recent years indicate potential hot research
topics in the near future. Between 2013 and 2018, there was a scientific consensus that
human-caused climate change was occurring (Maibach et al. 2014), and new terms with
high burst weights appeared in climate change research, indicating the emergence of new
research branches. Among them, the burst weight of “climate change adaptation” and “cli-
mate change mitigation” was 20.2 and 9.1, respectively, which reflects the sharp increase
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in research into adaptation and mitigation of climate change during this period. These
two burst terms are related to two broad categories of policy solutions to address climate
change issues. The first was a set of strategies to adapt to the effects of climate change,
with the goal of reducing the damage caused in the present and future. The second was a
set of interventions designed to mitigate the production of greenhouse gases with the goal
of slowing and eventually halting the advancement of climate change.

The Paris Agreement in 2016 saw nations agree to undertake ambitious efforts to com-
bat climate change and adapt to its effects for the first time (United Nations Framework
Convention on Climate Change 2020b) and charted a new course in the global climate
effort.

Modeling climate is an important part of climate change research. The World Climate
Research Programme Working Group on Coupled Modelling agreed to promote a new set
of coordinated climate model experiments in 2008, comprising the fifth phase of the Cou-
pled Model Intercomparison Project (CMIP5) (Taylor et al. 2012). The burst weight of
“CMIP5” was 15.2 in the period 20132018, which shows that CMIP5 has had a large
scientific impact in recent years.

Research related to ecosystem services has grown quickly from 2013 to 2018 with a
burst weight of 7.9. The sustainability of ecosystem services has received an increasing
amount of scientific attention to better understand how organisms provide these services to
humans and how these organisms are affected by a changing climate (Prather et al. 2013).
“Life cycle assessment,” which usually relates to projects for human beings, had a high
burst weight of 17.9 after 2016, consistent with the research shifts visible in Fig. 3.

The term “resilience” has been increasingly employed, with a burst weight of 13.5 after
2014. The term is used not only in the context of the study of natural systems, such as
coastal marine ecosystems (Bernhardt and Leslie 2013), coral reefs (Mumby et al. 2014),
and forests (Stevens-Rumann et al. 2018), but also in the study of man-made systems, like
cities (Satterthwaite 2013; Boyd and Juhola 2015). The term “resilience” is increasingly
used in the context of discussions, policies, and programming around climate change adap-
tation and disaster risk reduction (Bahadur et al. 2013). Climate modeling, ecosystem ser-
vices, resilience, and life cycle assessment have received increasing attention in the most
recent years and can be expected to remain important research topics in the foreseeable
future.

3.3 Distribution of global scientific attention and research focus of top eight
countries

3.3.1 Distribution of global scientific attention

Climate change is a global issue that concerns all of the world’s nations and governments.
The global geographical distribution of climate change research is shown in Fig. S2 in the
Supplementary Material. More than 200 countries/territories worldwide published climate
change research between 2001 and 2018, indicating a global concern from the scientific
community. Eight countries published more than 10,000 articles: the USA, China, the UK,
Australia, Germany, Canada, France, and Spain. The USA was the most active in global
climate change research, with a contribution from the USA to 73% (89,260 articles) of
the total published articles, followed distantly by China (29%; 35,834 articles) and the UK
(23%; 28,166 articles). The USA published the largest number of climate change articles
each year between 2001 and 2018, while China’s number of publications increased rapidly
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since 2010 and surpassed the number of publications by the UK in 2014 (Fig. S3 in the
Supplementary Material).

3.3.2 Research focus of top eight countries

The term map overlay visualizations presented in Fig. 4 shows the research focus of the
eight countries with the largest number of climate change publications. For example, in
the case of the USA, “El Nifio southern oscillation” is dark purple, which means that at
least half of the global publications in which “El Nifio southern oscillation” occurs were
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Fig.4 Focus of climate change research of top eight countries. Overlay visualizations of a term co-occur-
rence map for the top eight countries. The color of a term indicates the share of the articles in which the
term occurs that were produced by a specific country. Terms with a low article share are shown in white or
light blue, while terms with a high article share are shown in dark purple

@ Springer



Climatic Change (2022) 170: 36 Page 150f 21 36

produced by researchers in the USA. It should be noted that owing to the large differences
in the number of climate change publications produced by different countries, the different
overlay visualizations in Fig. 4 use different color scales.

The visualizations provide a picture of each country’s research focus at the macro level,
but a country’s most important terms are not easy to identify. To explore the research focus
of the different countries in detail, the top 200 terms that occurred in more than 203 pub-
lications were compared for each country. Of these terms, the 10 that received the highest
publication share for each country are listed in in Table S2 in the Supplementary Material.
Only the top 200 terms were selected to ensure that only important terms were included
in the comparison. The USA had the highest publication share for most terms as it pro-
duced the largest volume of publications. Overall, the USA was slightly more focused on
the physical sciences and climate change ecology than on paleoclimatology, climate tech-
nology, and climate policy.

Geography appears to be an important consideration for most countries, as the top term
with the highest publication share for six countries had a clear geographical focus: “El
Niflo southern oscillation” for the USA (54%), “Tibetan plateau” for China (89.9%), “North
Atlantic” for the UK (28.4%) and Germany (21.8%), “permafrost” for Canada (22.4%),
and “Atlantic” for France (16.4%). Most of these geographical terms were relevant to the
physical sciences, paleoclimatology, and climate change ecology, which is understandable
owing to the nature of these disciplines. It is noticeable that China is responsible for the
vast majority of research on the Tibetan Plateau (89.9%). The Tibetan Plateau, the vast
high plateau of southwestern China, the “third pole” of the Earth, and the world’s largest
plateau, has experienced approximately double the observed global average rate of global
warming, resulting in significant permafrost thawing and glacier retreat (Chen et al. 2013).
Geographic perspectives in climate change research have long been understood to be of
spatial, historical, and cultural importance across the natural sciences, social sciences, and
humanities (Ackerly et al. 2010; Brace and Geoghegan 2011; Yang et al. 2014).

Besides, researchers are often more likely to act from the perspective of national secu-
rity or national demands. China’s focus on climate change research was more varied than
other countries, as shown in Fig. 4, where the deep purple region occupies the upper mid-
dle of the term map. Although China has focused heavily on climate change ecology, this is
more from an agricultural perspective than a natural perspective. After “Tibetan Plateau,”
China’s highest publication shares include terms such as “rice,” “soil temperature,” “N,0O,”
“carbon emission,” and “utilization,” which is consistent with China’s research focus on
agriculture (Fig. 4). Agriculture in the context of global warming includes two perspec-
tives: mitigation by reducing greenhouse gas emissions and adaptation to climate change to
ensure food supply. Since China accounts for 20% of the world’s population, food security
has long been a major concern in its national strategy. The State Council of China has
claimed that “as food decides national prosperity and the people’s wellbeing, food security
is a major prerequisite for national security” (2019). Rice is ranked first among cereal crops
in China, and between 2019 and 2020, China consumed significantly more rice than any
other country (Statista 2020). However, global warming and natural disasters have made it
more difficult for China to ensure food security. Therefore, exploring the impact of climate
change on the rice production potential in China is of great significance in adapting to
climate change and safeguarding China’s food security (Yao et al. 2007; Chen et al. 2020;
Li et al. 2020b). Such research could also benefit other countries and help safeguard food
security on a global scale.

National strategies, such as national climate laws and policies, have also influenced
the choice of research topics by climate change researchers. The UK and Australia have
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an obvious focus on climate policy, with eight of the top 10 terms from the UK being
“actor,” “priority,” “governance,” “‘carbon emission,” “initiative,” “intervention,” “target,”
and “society” and seven of the top 10 terms from Australia being “climate change adapta-
tion,” “adaptive capacity,” “health,” “person,” “government,” “livelihood,” and “benefit.”
Moreover, “actor” related publications from the UK represented the highest publication
share worldwide. The strong contribution of UK researchers is not surprising because the
UK has been recognized as a global leader in climate change with ambitious and legally
binding emission reduction targets, supported by highly developed policies, legislation,
and institutions (Sustainable Prosperity 2012). The UK is the most active European coun-
try in terms of implementation of climate change policies, with 80% of its cities having
an adaptation strategy, as shown by a comparative study of climate change strategies and
plans (Heidrich et al. 2016). The landmark piece of UK legislation was the 2008 Climate
Change Act, which represents the world’s first legally binding national commitment to cut
greenhouse gas emissions. The political and institutional circumstances surrounding the
UK climate politics and the Climate Change Act have received increasing attention (Carter
2014; Lorenzoni and Benson 2014; Gillard 2016).

EEINT3

2

4 Conclusions

Our bibliometric analysis of climate change research in the period 2001-2018 has used
term maps to reveal five main research fields and their evolution on a global scale. We have
also determined how research into these fields varies worldwide and how different coun-
tries focus on different areas of climate change research.

Based on the clusters of terms in our term map, we have identified the following main
fields of climate change research: physical sciences, paleoclimatology, climate change
ecology, climate technology, and climate policy. Between 2001 and 2018, the scientific
community has strongly increased the amount of attention that it gives to climate change.
International agreements and initiatives such as the Kyoto Protocol, the Copenhagen
Accord, the Paris Agreement, and the IPCC have played an important role in addressing
climate change.

Through density visualizations of term maps, we have identified changing trends in the
main topics in climate change research. Over the investigated period, the focus of climate
change research has shifted from understanding climate systems, such as paleoclimate,
toward climate change adaptation and mitigation, including climate technologies and cli-
mate policies, such as using energy more efficiently, switching to renewable energies, and
encouraging the development of national policies and laws.

Climate change is a global issue and has received global scientific attention, but the
ability to tackle climate change issues is not evenly distributed worldwide. There was an
imbalance in scientific production between developed and developing countries, with
developed countries contributing much more than developing countries. The USA contrib-
uted the most to climate change research, accounting for approximately 73% of all climate
change publications.

A diverse set of perspectives such as geography, national demands, and national strat-
egy have been found to drive scientists from different countries to devote themselves to
specific topics in climate change research. (1) Geography is an important perspective
for researchers from different countries, and it shapes national climate change research
with a focus on local issues, such as the El Nifio Southern Oscillation for the USA, the
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Tibetan Plateau for China, the North Atlantic for the UK and Germany, and perma-
frost for Canada. (2) National demands call for scientists’ attention on a large scale at
the national level. For example, Chinese researchers have focused on rice and agricul-
ture, because food security is a major prerequisite for national security in China and
because priorities have been given to agricultural cultivation and appropriately expand-
ing the planting area of maize and rice to safeguard food security. (3) National strate-
gies, including national climate laws and policies, suggest that the research direction for
several countries lean towards strategic and long-term perspectives for climate change
researchers. For example, the UK contributed much more to climate policy research,
which could be partly because of the UK’s 2008 Climate Change Act, the world’s first
legally binding national commitment to cut greenhouse gas emissions.

It should be noted that our study has several limitations. (1) Although WoS is a
commonly used literature database with a broad coverage of various disciplines, many
journals, often with a local or regional focus, are not indexed in this database and are
therefore not considered in our study. (2) The primary focus of WoS is on research pub-
lished in English, as most of the journals indexed in WoS are English-language jour-
nals. (3) Our study does not cover the most recent research on climate change. (4) Our
search strategy used only search terms related to climate change in general. To provide
a balanced perspective on the literature on climate change, more specific search terms,
related to individual topics in climate change research (e.g., “greenhouse effect”), were
not used. This means that some relevant publications may not have been identified by
our search strategy. (5) Our analysis offers a macro level perspective on climate change
research. It does not provide any detailed insights into sub-topics in climate change
research at the micro level. More detailed insights would require combining a biblio-
metric analysis with an in-depth literature review.

Despite these limitations, our large-scale bibliometric analysis of climate change
research offers an effective approach for summarizing and synthesizing the literature.
Our results uncover a broad spectrum of climate change themes. The results could serve
as a baseline for future systematic reviews with a narrower scope that aim to provide
more in-depth insights. Our analysis provides a high-level overview of the climate
change literature and may serve as a reference for readers, researchers, and policymak-
ers interested in understanding the areas of climate change research that are most rel-
evant to them.
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