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Abstract

Solar radiation drives virtually every process in Earth’s climate system—f{rom atmospheric
circulation and the hydrological cycle to ecosystem carbon uptake and agricultural pro-
ductivity. How this energy flux is changing under anthropogenic climate forcing and
what the consequences might be have become central preoccupations of modern Earth
system science. Yet despite a rapidly growing literature spanning atmospheric physics,
ecology, remote sensing, and energy engineering, no study has attempted to map the global
scientific output on solar radiation and climate change as a unified research domain. This
study addresses this gap through a large-scale bibliometric analysis of 8473 publications
retrieved from the Web of Science Core Collection (1991-2025). Using the Bibliometrix R
package (v5.0.1) and VOSviewer (v1.6.20), the study examined publication growth, country
and institutional productivity, journal performance, co-authorship structures, keyword
networks, thematic evolution, and emerging research fronts. The literature has grown
at an annual rate of 14.87%, with China and the USA accounting for nearly half of all
output—though American research shows markedly higher citation impact. Bradford’s
Law identified 27 core journals, which accounted for roughly one-third of total publications;
the Journal of Geophysical Research—Atmospheres ranked first. Consistent with Lotka’s
Law, a large majority of authors (78.9%) appear only once in the dataset, pointing to a
broad but peripherally engaged scientific community. Keyword co-occurrence mapping
revealed five thematic clusters: ecological and biosphere impacts; climate dynamics and
variability; atmospheric processes and data-driven methods; solar geoengineering; and
energy and renewable applications. The most rapidly rising topics after 2020—machine
learning, CMIP6, solar geoengineering, and heatwaves—suggest that the field is shifting
toward data-driven methods and active climate intervention debates. These findings offer
a structured overview of where the field stands and the most urgent knowledge gaps.

Keywords: bibliometric analysis; solar radiation; climate change; web of science;
VOSviewer; science mapping; research trends

1. Introduction

Solar radiation is the primary driver of Earth’s climate system, governing energy
balance, atmospheric circulation, hydrological cycles, and ecosystem productivity [1,2].
The amount of solar radiation reaching the Earth’s surface—commonly referred to as global
horizontal irradiance (GHI) or shortwave radiation—is modulated by a complex inter-
play of atmospheric constituents including aerosols, clouds, water vapor, and greenhouse
gases [3,4]. Over recent decades, mounting evidence has confirmed that anthropogenic cli-
mate change is altering the distribution, intensity, and variability of surface solar radiation,
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creating feedback mechanisms that further amplify global warming [3,4]. Understand-
ing these interactions is therefore critical not only for climate science but also for energy
systems, agriculture, ecology, and public health.

The phenomenon of global dimming and brightening—characterized by long-term
decreases and subsequent recoveries in surface solar radiation—has been one of the most
significant discoveries in climate science over the past three decades [5,6]. Wild et al. [5]
demonstrated that surface solar radiation declined by approximately 4-6 W/m? per decade
from the 1950s to the 1980s, primarily driven by increasing anthropogenic aerosol emissions,
before partially recovering in many regions from the 1980s onward. These changes have
profound implications for surface energy budgets, evapotranspiration rates, and crop yields,
making the solar radiation—climate change nexus an area of intense scientific inquiry [7,8].

In parallel with observational studies, solar geoengineering—particularly stratospheric
aerosol injection (SAI) and marine cloud brightening (MCB)—has emerged as a controver-
sial yet increasingly studied approach to deliberately modify solar radiation to counter
global warming [9,10]. The growing interest in solar radiation modification (SRM) strate-
gies has generated a distinct and rapidly expanding body of literature, reflecting urgent
societal concerns about the pace of climate change and the limitations of mitigation-only
approaches [11]. At the same time, advances in remote sensing, climate modeling (e.g.,
CMIP6), and machine learning have transformed the methodological landscape of solar
radiation research, enabling more precise quantification of radiation—climate feedback at
regional and global scales [12,13].

Given the breadth and complexity of this research domain, bibliometric analysis offers
a powerful and objective methodology to systematically map the intellectual structure,
identify key contributors, and track the temporal evolution of scientific knowledge [14,15].
Bibliometrics employs quantitative methods—including publication and citation analysis,
co-authorship networks, keyword co-occurrence mapping, and thematic clustering—to
provide a panoramic view of a research field that would be impossible to obtain through
traditional narrative reviews [16,17]. Several bibliometric studies have examined adja-
cent topics, such as general climate change research [18], solar energy [19], renewable
energy [20], and climate change impacts on specific sectors [21,22]. However, to the best of
the author’s knowledge, no comprehensive bibliometric analysis has specifically focused
on the intersection of solar radiation and climate change as a unified research domain.

This study aims to fill this gap by conducting the first large-scale bibliometric analysis
of the global scientific literature on solar radiation and climate change, covering 8473 publi-
cations from the Web of Science (WoS) Core Collection spanning 1991 to 2025. Specifically,
this study addresses the following research questions (RQs):

RQ1: What are the overall publication trends and growth patterns in solar radiation—climate
change research between 1991 and 2025?

RQ2: Which countries, institutions, authors, and journals have made the most considerable
contributions to this field?

RQ3: What are the major thematic clusters and research frontiers in solar radiation—climate change
research?

RQ4: How have research topics and keywords evolved over time, and what emerging themes are
gaining momentum?

The remainder of this paper is organized as follows. Section 2 describes the data
sources, search strategy, inclusion/exclusion criteria, and bibliometric methods employed.
Section 3 presents the results of the bibliometric analyses, including publication trends,
key contributors, bibliometric laws, network analyses, and thematic mapping. Section 4
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discusses the findings in the context of existing literature, highlights knowledge gaps, and
outlines future research directions. Section 5 concludes the study by summarizing the key
findings and their implications.

2. Materials and Methods
2.1. Data Source and Search Strategy

The bibliometric data used in this study were retrieved from the Web of Science
(WoS) Core Collection, one of the most comprehensive and widely used multidisciplinary
scientific databases [23,24]. The WoS Core Collection was selected over Scopus or Google
Scholar due to its higher data quality, more rigorous indexing standards, and its widespread
use in bibliometric research [25]. The search was conducted on 30 April 2026 using the
following query string applied to the Topic field (TS), which searches titles, abstracts, author
keywords, and Keywords Plus:

TS = (“solar radiation” OR “solar irradiance” OR “global radiation” OR “shortwave radiation”
OR “photosynthetically active radiation”) AND TS = (“climate change” OR “global warming”
OR “climate variability” OR “greenhouse effect” OR “climate trend”)

The initial search yielded 9716 records. To ensure data quality and analytical consis-
tency, the following inclusion and exclusion criteria were applied: (1) document types were
restricted to original research articles and review articles; (2) the publication period was
limited to 1991-2025; and (3) retracted publications were excluded. Although non-English
publications were not explicitly excluded, the dataset is predominantly composed of
English-language records, as the WoS Core Collection primarily indexes English-language
journals. After applying these filters, the final dataset comprised 8473 documents from
1515 sources, published between 1991 and 2025. Figure 1 presents the PRISMA flow
diagram illustrating the data collection and screening process.

This bibliometric analysis was conducted and reported in accordance with the PRISMA
2020 guidelines. The PRISMA 2020 checklist is provided as Supplementary Material.

2.2. Bibliometric Analysis Methods

Bibliometric analysis is a well-established quantitative method for systematically
evaluating and mapping the scientific literature of a research domain [26,27]. It employs
statistical and mathematical techniques to analyze publication patterns, citation structures,
collaboration networks, and thematic evolution. In this study, a multi-method bibliometric
approach was adopted, encompassing the following analytical components:

(1) Performance Analysis: Descriptive statistics were computed to characterize the
overall publication landscape, including annual publication trends, annual growth rate
(AGR), average citations per document, and international co-authorship rates. The most
productive and most cited countries, institutions, authors, and journals were identified
and ranked.

(2) Bradford’s Law Analysis: Bradford’s Law of Scattering [28] states that scientific
journals in any field can be divided into a small core zone and successive peripheral zones,
each zone containing approximately the same number of articles as the core, while requiring
progressively more journals to achieve that output. The core journals are thus the most
productive and field-specific sources in the literature. In practice, this means a small core
of journals produces approximately one-third of all publications in a field. This law was
applied to identify the core journals (Zone 1) that contribute disproportionately to the solar
radiation—climate change literature.”
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PRISMA Flow Diagram — Data Collection and Screening Process
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Figure 1. PRISMA flow diagram of the data collection process.

(3) Lotka’s Law Analysis: Lotka’s Law of Scientific Productivity [29] describes the
frequency of publication by authors in any given field, stating that the number of authors

making n contributions is approximately 1/n? of those making one contribution—meaning

that for every author who publishes 4 papers, approximately 16 authors publish only one.

The theoretical expectation is that approximately 61% of authors contribute only a single

publication. This law was applied to examine whether the distribution of author productiv-

ity in the solar radiation—climate change literature conforms to this inverse-square pattern.
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(4) Science Mapping: Science mapping techniques were employed to visualize the
intellectual structure of the field, including: (a) keyword co-occurrence network analysis
to identify major research themes and their interrelationships; (b) country collaboration
network analysis to reveal international cooperation patterns; (c) co-authorship network
analysis to map key research communities; and (d) temporal overlay visualization to
track the chronological evolution of research topics. Prior to network construction, a basic
synonym standardization step was performed. Terms such as ‘geoengineering’, ‘climate
engineering’, and ‘solar radiation modification” were retained as separate keywords as they
represent conceptually distinct intervention approaches with different policy implications.
The absence of a comprehensive synonym thesaurus standardization is acknowledged as a
limitation in Section 4.8.

(5) Thematic Map Analysis: A thematic map was constructed based on the density
and centrality of keyword clusters to classify research themes into four quadrants: Motor
Themes (high centrality, high density), Niche Themes (low centrality, high density), Basic
Themes (high centrality, low density), and Emerging or Declining Themes (low centrality,
low density) [30].

(6) Trend Topic Analysis: Trend topic analysis was performed to identify keywords
that have gained significant momentum in recent years (2010-2025), providing insights
into the emerging research frontiers of the field.

2.3. Software and Tools

All bibliometric analyses were conducted using two complementary software tools.
The Bibliometrix package (version 5.0.1) for R version 4.5.1 statistical software [26] was
used for performance analysis, Bradford’s Law, Lotka’s Law, thematic mapping, and trend
topic analysis. VOSviewer (version 1.6.20) [16] was used for constructing and visualizing
keyword co-occurrence networks, country collaboration networks, co-authorship networks,
and temporal overlay visualizations. The combination of these two tools provided a
comprehensive and methodologically robust analytical framework. Table 1 summarizes
the bibliometric indicators and methods used in this study.

Table 1. Summary of bibliometric methods and indicators used in this study.

Analysis Type

Indicators/Methods Software

Annual publications, citations, AGR, h-index,

Performance Analysis top authors/countries/journals/institutions Bibliometrix (R)
Bradford’s Law Core journal identification, zone classification Bibliometrix (R)
Lotka’s Law Author productivity distribution, observed vs. Bibliometrix (R)
expected
Keyword Co-occurrence Research theme. identification, cluster analysis VOSviewer
(min. occurrence: 50)
Country Collaboration Internatlonal. Cooperatlon patterns, cluster VOSviewer
analysis (min. documents: 10)
Co-authorship Network Author collaboration communities (min. VOSviewer
documents: 5)
Thematic Map Motor, niche, ba51c., z.ind. emerging theme Bibliometrix (R)
classification
Trend Topics Emerging keywords and research frontiers Bibliometrix (R)

(20102025, min. freq: 10)
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3. Results
3.1. General Overview of the Dataset

The final dataset comprised 8473 publications (7981 original articles, 25 early access
articles, and 467 review articles) from 1515 journals, published between 1991 and 2025.
Table 2 presents the main bibliometric characteristics of the dataset. The corpus includes
28,079 unique authors, with an average of 5.65 co-authors per document and an interna-
tional co-authorship rate of 35.87%, indicating a high degree of global collaboration in this
research domain. The average number of citations per document was 40.16, reflecting the
considerable scientific impact of the literature. The document’s average age was 8.08 years,
suggesting a relatively recent and dynamic field.

Table 2. Main bibliometric characteristics of the solar radiation—climate change literature (1991-2025).

Indicator Value
Timespan 1991-2025
Total Documents 8473
Original Articles 7981 (+25 Early Access)
Review Articles 467
Sources (Journals) 1515
Annual Growth Rate (%) 14.87
Total Authors 28,079
Authors per Document 5.65
Single-authored Documents 481
International Co-authorship (%) 35.87
Average Citations per Document 40.16
Average Citations per Year per Document 391
Author Keywords (DE) 18,063
Keywords Plus (ID) 13,499

3.2. Annual Publication Trends

Figure 2 illustrates the annual scientific production in the solar radiation—climate
change research domain from 1991 to 2025. The field exhibited a consistent and remarkable
growth trajectory over the study period, with annual publications increasing from 9 in
1991 to 1004 in 2025—a more than 111-fold increase over 35 years. The annual growth
rate was calculated at 14.87%, reflecting the exponential expansion of research interest in
this domain.

Annual Scientific Production (1991-2025)

b
[=]
=
—

2010 2015 2020 2025

Year

1995 2000 2005

Figure 2. Annual scientific production on solar radiation and climate change (1991-2025). The bar
chart represents annual publication counts; the red curve represents the LOESS smoothing trend.
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Three distinct growth phases can be identified. The first phase (1991-2006) represents
the early development stage, characterized by relatively slow and steady growth, with
annual publications remaining below 100. The second phase (2007-2019) marks an acceler-
ation period, during which annual output increased from 116 to 427 documents, driven by
growing global awareness of climate change, the publication of IPCC Assessment Reports,
and advances in remote sensing technology. The third and most rapid phase (2020-2025)
reflects an exponential surge in publications, with annual output exceeding 500 documents
in 2020 and reaching 1004 in 2025. This acceleration coincides with increased international
climate commitments following the Paris Agreement, the release of CMIP6 model outputs,
and the growing scientific and policy interest in solar geoengineering as a potential climate
intervention strategy.

3.3. Most Productive and Most Cited Countries

Table 3 presents the top 10 most productive countries in terms of publication output.
China dominated the global research landscape with 2356 publications (28.00% of total out-
put), followed by the USA (1473; 17.51%), the United Kingdom (379; 4.50%), Germany (319;
3.79%), and India (291; 3.46%). Notably, Germany exhibited the highest multiple-country
publication (MCP) ratio (0.502), indicating that more than half of its publications involved
international collaborators, reflecting its strong integration into global research networks.

Table 3. Top 10 most productive countries in solar radiation—climate change research.

Rank Country Articles Freq (%) SCP MCP MCP Ratio
1 China 2356 28.00 1657 699 0.297
2 USA 1473 17.51 1038 435 0.295
3 United Kingdom 379 4.50 203 176 0.464
4 Germany 319 3.79 159 160 0.502
5 India 291 3.46 225 66 0.227
6 Canada 278 3.30 178 100 0.36
7 Australia 252 3.00 143 109 0.433
8 Italy 231 2.75 144 87 0.377
9 Spain 221 2.63 133 88 0.398

10 Japan 202 2.40 130 72 0.356

SCP: Single Country Publications; MCP: Multiple Country Publications.

Table 4 presents citation impact by country. Despite ranking second in publication
volume, the USA led all countries in total citations (113,039) and average citations per
article (76.74), underscoring the high quality and influence of American research in this
field. Switzerland, despite a relatively modest publication output, ranked second in
average citations per article (71.56), reflecting its role as a hub for high-impact climate
research institutions. Conversely, China’s high publication volume was accompanied by a
comparatively lower average citation rate (27.07), indicating that publication productivity
and citation impact do not necessarily increase proportionally, a pattern frequently reported
in bibliometric studies across rapidly expanding research systems [31]. This divergence
between publication volume and citation impact reflects a well-documented pattern in
bibliometric research: high-volume research outputs do not necessarily translate into high
scientific influence, as citation rates are shaped by factors including research quality, journal
prestige, international visibility, and the maturity of a country’s research culture in a given
field [31,32].
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Table 4. Top 10 countries by total citations in solar radiation—climate change research.
Rank Country Total Citations Avg. Citations/Article
1 USA 113,039 76.74
2 China 63,767 27.07
3 United Kingdom 21,435 56.56
4 Germany 16,061 50.35
5 Canada 12,012 43.21
6 Australia 11,384 45.17
7 Switzerland 10,663 71.56
8 France 8921 49.29
9 Italy 8238 35.66
10 Spain 6922 31.32

3.4. Most Productive Institutions

The top 10 most productive institutions are presented in Table 5. The analysis revealed
strong dominance by Chinese research institutions, with 9 of the top 10 institutions affiliated
with China. The University of California, San Diego, ranked 10th with 41 publications, the
only non-Chinese institution in the top 10. The Institute of Geographic Sciences and Natural
Resources Research, Chinese Academy of Sciences (CAS) ranked first with 129 publications,
followed by Beijing Normal University (112) and the Institute of Atmospheric Physics,
CAS (75). The prevalence of CAS-affiliated institutes in the top rankings reflects China’s
strategic investment in climate and environmental research over the past two decades.

Table 5. Top 10 most productive institutions in solar radiation—climate change research.

Rank Institution Articles
1 Institute of Geographic Sciences and Natural Resources Research, CAS 129
2 Beijing Normal University 112
3 Institute of Atmospheric Physics, CAS 75
4 Nanjing University of Information Science and Technology 70
5 China Agricultural University 54
6 Nanjing University 46
7 Northwest Institute of Eco-Environment and Resources, CAS 44
8 Sun Yat-sen University 42
9 Lanzhou University 41
10 University of California San Diego 41

3.5. Most Productive Authors

Table 6 presents the top 10 most productive authors. Zhang Y led the ranking with
176 publications, followed by Wang Y (163) and Li Y (127). It should be noted that these
are relatively common Chinese name abbreviations, and the rankings may reflect contri-
butions from multiple authors sharing the same name format rather than a single indi-
vidual. The fractionalized author count—which distributes credit proportionally among
co-authors—provides a more nuanced picture of individual contributions, with Zhang Y
(29.5), Wang Y (24.6), and Li Y (20.1) maintaining their leading positions.
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Table 6. Top 10 most productive authors in solar radiation—climate change research.

Rank Author Articles Articles (Fractionalized) T 1
1 Zhang Y 1 176 29.5
2 Wang Y t 163 24.6
3 LiYt 127 20.1
4 LiuY t 117 19.1
5 LiXt 114 17.8
6 Wang X t 105 18.1
7 Wang J + 103 16.1
8 Zhang ] t 91 15.2
9 ChenY t 90 14.2
10 Wang H t 90 14.1

t Author name disambiguation caveat: Rankings marked with t are based on abbreviated author name formats
(e.g., Zhang Y, Wang Y) as indexed in the Web of Science Core Collection. These abbreviations may aggregate
contributions from multiple distinct authors sharing the same surname initial combination, a known limitation
in bibliometric analyses of Chinese-language research communities [26]. Full author disambiguation using
ORCID ID or Scopus Author ID was not performed, as the current study follows standard practice for large-scale
bibliometric analyses where complete disambiguation is not feasible. Accordingly, rankings in this table should be
interpreted with caution. The quantification of a precise disambiguation error rate would require the very manual
verification process identified as unfeasible at this scale; accordingly, productivity rankings should not be used to
draw conclusions about specific individual researchers. Furthermore, it is worth acknowledging that name-based
citation analyses may inadvertently reflect unconscious citation biases, potentially advantaging researchers whose
names are more recognizable within specific regional or linguistic communities. t + Articles (Fractionalized) =
each paper’s credit divided equally among all co-authors. The fractionalized ranking is independent of the total
article ranking.

3.6. Most Relevant Sources and Bradford’s Law

The 8473 publications were distributed across 1515 journals, reflecting the multidis-
ciplinary nature of solar radiation—climate change research. Table 7 presents the top 10
most productive journals. The Journal of Geophysical Research—Atmospheres ranked
first with 215 publications, followed by Remote Sensing (194), Agricultural and Forest
Meteorology (192), and Journal of Climate (192). The diversity of journals—spanning atmo-
spheric sciences, remote sensing, ecology, hydrology, and energy—confirms the inherently
interdisciplinary character of this research field.

Table 7. Top 10 most productive journals in solar radiation—climate change research, with Impact
Factor (IF) and JCR Quartile (2024 JCR, Clarivate Analytics).

Rank Journal Articles (1)  Bradford Zone IF (2024) JCR Quartile (2024)
! Rescarch Atmbspheres 215 Zone 1 340 @
2 Remote Sensing 194 Zone 1 4.10 Q2
3 Agricultural and Forest Meteorology 192 Zone 1 5.70 Q1
4 Journal of Climate 192 Zone 1 4.00 Q2
5 Geophysical Research Letters 168 Zone 1 4.60 Q1
6 Science of the Total Environment 146 Zone 1 8.00 Q1
7 Climate Dynamics 143 Zone 1 3.70 Q2
8 Environmental Research Letters 113 Zone 1 5.60 Q1
9 International Journal of Climatology 113 Zone 1 2.80 Q3
10 Theoretical and Applied Climatology 107 Zone 1 2.70 Q3

IF: Impact Factor; JCR: Journal Citation Reports (Clarivate Analytics, 2024 release). Quartile rankings are based on
the Meteorology and Atmospheric Sciences or Environmental Sciences subject categories, as applicable.
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Bradford’s Law analysis identified 27 core journals (Zone 1) that collectively accounted
for approximately one-third of all publications (2801 documents), consistent with Brad-
ford’s theoretical predictions. The remaining publications were distributed across 144 Zone
2 journals and 1344 Zone 3 journals, confirming the highly dispersed nature of the literature
across peripheral sources. Figure 3 presents the Bradford’s Law distribution curve, illustrat-
ing the typical S-shaped cumulative publication pattern. The Bradford multiplier for this
dataset was calculated as n ~ 5.3 (Zone 2/Zone 1 = 144 /27), indicating that each successive
zone requires approximately 5.3 times more journals to produce an equivalent volume of
publications, consistent with the log-linear Bradford model applied by the Bibliometrix
package [26].

Bradford's Law — Core Journals

W

% Solar Radiation & Climate Change Literature (1991-2025)
= Zone

{ 8000 /

o 6000 * Zone 1
.2 4000

© 2000 I Zone 2
g 0 * Zone3
S 0 500 1000 1500

O Journal Rank

Figure 3. Bradford’s Law distribution of journals in solar radiation—climate change research. Red:
Zone 1 (core journals); Orange: Zone 2; Green: Zone 3.

3.7. Author Productivity: Lotka’s Law

Lotka’s Law analysis was applied to examine the distribution of author productivity
across the 28,079 unique authors identified in the dataset. The results revealed that 78.9%
of authors contributed only a single publication to the solar radiation—climate change
literature, substantially exceeding the theoretical expectation of approximately 61% under
the classical Lotka’s Law model. Authors contributing two publications accounted for
11.6% of the total, while those with three or more publications represented a progressively
smaller proportion.

The observed deviation from the theoretical distribution—particularly the higher pro-
portion of single-publication authors—suggests a broad but dispersed scientific community,
in which many researchers contribute occasionally to this interdisciplinary field without
sustained engagement. This pattern is characteristic of multidisciplinary research domains
that draw contributions from scientists across diverse disciplines, including atmospheric
physics, ecology, agronomy, hydrology, and energy engineering. Figure 4 presents the
comparison between observed and expected author productivity distributions.

3.8. Most Cited Publications and Thematic Scope

Among the most frequently cited works in the dataset were studies on biogenic
volatile organic compound emissions [33], direct radiative forcing of anthropogenic sulfate
aerosols [4], and the climate impacts of black carbon aerosols [3]—reflecting the centrality
of atmospheric radiative processes in the field. Studies on terrestrial ecosystem produc-
tion [34], volcanic forcing and climate [35], and millennial-scale climate variability [36,37]
also ranked among the frequently cited works, underscoring the field’s deep connections
to paleoclimate science and the carbon cycle.
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Lotka's Law — Author Productivity Distribution
Solar Radiation & Climate Change Literature (1991-2025)
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Proportion (%)
g

25

61%

Expected

1 Article 2-10 Articles
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Number of Articles per Author
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Figure 4. Lotka’s Law—Author productivity distribution in solar radiation—climate change research
(1991-2025). (Left panel) single-publication authors (observed vs. expected); (Right panel) authors
with 2-10 publications.

3.9. Keyword Co-Occurrence Network and Research Clusters

The keyword co-occurrence network was constructed using 46 author keywords that
appeared in at least 50 publications, resulting in a network of interconnected research
themes. Core search terms (‘solar radiation’, ‘climate change’) were excluded from the visu-
alization following standard practice in keyword co-occurrence analysis [16,26]. VOSviewer
identified five major thematic clusters using its built-in modularity-based clustering algo-
rithm (normalization method: association strength; resolution = 1.0; attraction = 2), each
representing a distinct research focus area (Figure 5).

The first cluster (green) encompasses ecological and biosphere impact studies, centered
on keywords such as ‘remote sensing’, ‘phenology’, ‘drought’, ‘gross primary productivity’,
‘NDVI’, ‘MODIS’, ‘water use efficiency’, and ‘carbon dioxide’. This cluster reflects the
extensive body of research examining how changes in solar radiation availability affect
plant productivity, ecosystem carbon fluxes, and water cycles. The second cluster (red)
groups climate dynamics and natural variability studies, including ‘climate variability’,
‘solar irradiance’, ‘albedo’, ‘ENSQ’, ‘aerosol’, ‘arctic’, ‘holocene’, and ‘tibetan plateau’,
capturing paleo-climate investigations and natural modes of solar-driven climate variability.
The third cluster (blue) represents atmospheric processes and climate monitoring research,
featuring ‘precipitation’, ‘temperature’, ‘heat stress’, ‘microclimate’, “urban heat island’,
‘air temperature’, and ‘adaptation’, reflecting observational and modeling approaches
to quantify solar radiation dynamics and regional climate patterns. The fourth cluster
(purple) encompasses solar geoengineering research, including ‘geoengineering’, ‘solar
geoengineering’, ‘climate engineering’, and ‘solar radiation modification’, representing
the growing field of deliberate climate intervention research. The fifth cluster (yellow)
covers energy and data-driven applications, including ‘solar energy’, ‘renewable energy’,
‘deep learning’, ‘machine learning’, and ‘CMIP¢’, illustrating the convergence of solar
radiation research with artificial intelligence, climate modeling outputs, and renewable
energy systems.
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Figure 5. Keyword co-occurrence network of solar radiation—climate change research (minimum
occurrence: 50; n = 44 keywords). Node size represents keyword frequency; edge thickness represents
co-occurrence strength. Colors indicate distinct research clusters: Green = Ecological and Biosphere
Impacts; Red = Climate Dynamics and Variability; Blue = Atmospheric Processes and Climate
Monitoring; Purple = Solar Geoengineering; Yellow = Energy and Data-driven Applications. Core
search terms (“solar radiation’, ‘climate change’) were excluded from visualization.

3.10. Country Collaboration Network

The country collaboration network was constructed based on co-authorship data from
85 countries that met the minimum threshold of 10 documents. The network revealed five
distinct collaboration clusters (Figure 6). The most prominent cluster (red) is centered on
China and includes India, South Africa, Saudi Arabia, and several African nations, suggest-
ing a South-South and China-led collaboration bloc. The second cluster (blue) is anchored
by the USA and includes several Western European and Latin American countries (Spain,
the Netherlands, Belgium, Mexico, Colombia, Chile), reflecting Atlantic-centered research
partnerships. The third cluster (yellow) groups Northern and Central European countries,
including Switzerland, Denmark, Ireland, and New Zealand, characterized by high citation
impact despite relatively modest publication volumes. The fourth cluster (green) connects
Central and Eastern European nations, including Germany, Sweden, Norway, Russia, and
Poland. The fifth cluster (purple) centers on Australia with connections to Georgia and
Mongolia.

The USA occupied the most central position in the network, demonstrating broad con-
nectivity across multiple clusters and confirming its role as the global hub of international
scientific collaboration in this field. China, despite its dominant publication output, showed
a relatively lower international collaboration ratio (MCP ratio: 0.297) than Germany (0.502)
and the United Kingdom (0.464), suggesting a higher degree of domestic clustering in its
collaboration network. It should be noted that VOSviewer’s visualization displays only
countries with at least one collaboration link to another country in the network; isolated
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nodes (countries with documents but no international co-authorship links meeting the
threshold) are not displayed, which accounts for the difference between the 85 countries
meeting the minimum document threshold and the number of visible nodes in Figure 6.
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Figure 6. Country collaboration network in solar radiation—climate change research (minimum
documents: 10; n = 85 countries). Node size represents publication volume; edge thickness represents
collaboration strength. Colors indicate distinct collaboration clusters. Only countries with at least
one inter-country collaboration link are displayed; isolated nodes are excluded from visualization.

3.11. Author Co-Authorship Network

The author co-authorship network included 626 authors who met the minimum
threshold of five publications, revealing distinct research communities organized around
key scientific leaders (Figure 7). The most prominent cluster (red) is led by Kravitz, Ben
and includes Robock, Alan; Reynolds, Jesse L.; Moore, John C.; Sugiyama, Masahiro; and
Dai, Aiguo—a group concentrated on solar geoengineering, particularly stratospheric
aerosol injection (SAI) and its climatic consequences. Wild, Martin anchors a dedicated
cluster (purple) focused on global dimming and brightening phenomena, collaborating
with Folini, Doris, Norris, Joel R., and Nabat, Pierre—representing the core scientific
community studying long-term surface solar radiation trends. Wang, Kaicun and Ciais,
Philippe lead a large central cluster focused on carbon cycling, ecosystem productivity,
and solar radiation-vegetation interactions, reflecting the strong Chinese contribution to
this research area. The co-authorship network confirms the fragmented but interconnected
nature of the scientific community, with clearly identifiable research groups specializing in
distinct sub-domains of solar radiation—climate change science.
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Figure 7. Author co-authorship network in solar radiation—climate change research (minimum
documents: 5; n = 522 connected authors out of 626). Node size represents publication volume; colors
indicate distinct research communities.

3.12. Thematic Map Analysis

The thematic map, constructed based on keyword density (development degree) and
centrality (relevance degree), classified the research themes into four quadrants (Figure 8).
The Basic Themes quadrant (high centrality, low density) contained the cluster of ‘climate
change’, ‘solar radiation’, and ‘temperature’—confirming their role as the field’s fundamen-
tal intellectual backbone. These themes are well-developed and closely connected to other
topics but have not yet reached full maturity, indicating continued growth potential. The
Niche Themes quadrant (low centrality, high density) was occupied by ‘geoengineering’,
‘solar radiation modification’, and ‘climate engineering’—a specialized, internally cohesive
research front with limited connections to the broader literature, suggesting an emerging yet
isolated sub-discipline. The cluster of ‘evapotranspiration’, ‘remote sensing’, and ‘drought’
appeared near the Motor Themes boundary (high centrality, high density), indicating that
these applied water-cycle and land-surface themes are becoming increasingly central and
well-developed in the field. The Emerging or Declining Themes quadrant (low centrality,
low density) contained ‘solar energy’, ‘solar’, and ‘renewable energy’, suggesting that the
energy-application dimension of solar radiation research remains peripheral to the main
climate science discourse, though it is gaining traction.
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Figure 8. Thematic map of solar radiation—climate change research. The x-axis represents keyword
centrality (relevance degree), and the y-axis represents keyword density (development degree).
Bubble size is proportional to the cumulative keyword frequency of each theme cluster. Cluster
frequencies: Climate Change cluster = 4644; Evapotranspiration cluster = 1616; Geoengineering
cluster = 418; Solar cluster = 396. Quadrant interpretation: Motor Themes (top-right): well-developed
and central; Niche Themes (top-left): specialized but peripheral; Basic Themes (bottom-right): central
but underdeveloped; Emerging/Declining Themes (bottom-left): marginal themes.

3.13. Trend Topic Analysis

The trend topic analysis revealed a clear temporal stratification of research priori-
ties across the study period (Figure 9). Topics with the earliest mean publication years
(pre-2012) include ‘simulation model’, ‘solar variability’, ‘GCM’, ‘regional climate change’,
‘weather generator’, and ‘PAR’, reflecting the foundational period of the field dominated
by climate modeling and basic solar radiation measurements. Topics from the interme-
diate period (2012-2017) include ‘global dimming’, “pan evaporation’, ‘carbon dioxide’,
‘ocean acidification’, ‘radiative forcing’, and ‘sunshine duration’, indicating a shift toward
observational and process-based research linking solar radiation to biogeochemical cycles.
It is important to note that the temporal bars in Figure 9 represent the span of years in
which each keyword appeared in the dataset—not the absolute frequency of use in each
year. A keyword such as ‘simulation model” appearing to end before 2016 indicates that
its mean publication year falls within that period and that its frequency declined relative
to newer, emerging terms, not that publications on this topic ceased entirely. The trend
topic visualization is designed to highlight the relative emergence and decline of research
themes, not absolute publication volumes.
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Figure 9. Trend topic analysis of solar radiation—climate change research (2010-2025). The horizontal
bar represents the temporal span of each keyword; the dot indicates the mean publication year; dot
size represents term frequency.

The most recently emerging topics (post-2020) include ‘heatwave’, ‘machine learning’,
‘solar radiation modification’, ‘deep learning’, ‘CMIP6’, ‘solar geoengineering’, ‘gross pri-
mary productivity’, ‘random forest’, and ‘reference evapotranspiration’. The emergence of
machine learning and deep learning as research keywords signals a paradigm shift toward
data-driven approaches in solar radiation modeling and climate impact assessment. The
rapid rise of ‘solar radiation modification’, ‘solar geoengineering’, and ‘CMIP6’ reflects the
growing scientific and policy attention to climate intervention strategies and the adoption
of next-generation climate model outputs. The appearance of ‘heatwave’ as the most
recent emerging keyword underscores the increasing urgency of understanding extreme
heat events within the solar radiation—climate change nexus. Although absolute keyword
frequencies were used in this analysis, the trend topic method accounts for temporal bias
through the use of mean publication year as the primary sorting criterion, which anchors
each keyword’s temporal position to its central period of use rather than its raw count,
effectively correcting for the exponential growth in total publications observed after 2020.
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4. Discussion
4.1. Exponential Growth and Drivers of Scientific Output

The exponential growth in solar radiation—climate change publications over the
1991-2025 period (annual growth rate: 14.87%) mirrors the broader acceleration observed in
climate science literature and reflects a convergence of scientific, political, and technological
drivers. The identification of three distinct growth phases—early development (1991-2006),
acceleration (2007-2019), and exponential expansion (2020-2025)—is consistent with pat-
terns documented in bibliometric analyses of adjacent fields such as renewable energy [19],
climate change adaptation [21], and atmospheric aerosol research [38].

The first acceleration phase (2007 onwards) closely coincides with the publication of
the IPCC Fourth Assessment Report (AR4) in 2007, which significantly elevated global
scientific and policy attention to climate change [39]. The continued growth through
2013-2015 aligns with the IPCC Fifth Assessment Report (AR5) and the negotiation of the
Paris Agreement, which established quantitative climate targets and stimulated research on
the radiative forcing components—including solar radiation—needed to achieve them [40].
The most recent acceleration phase (2020-2025) appears linked to the release of CMIP6
model outputs, growing interest in solar geoengineering as a potential climate intervention,
and the post-COVID resurgence of research productivity.

4.2. Geographic Patterns: Quantity, Quality, and Collaboration

China’s dominance in publication volume (28.00% of total output) reflects its broader
rise in global scientific productivity [41]. This growth has been driven by substantial gov-
ernment investment in research and development, rapid university expansion, and targeted
funding for climate and environmental sciences. However, the notable gap between China’s
publication output and its average citation impact (27.07 citations/article)—compared to
the USA (76.74), Switzerland (71.56), and the United Kingdom (56.56)—suggests a persis-
tent quality differential, a pattern widely documented in bibliometric literature [31,32]. This
disparity may reflect differences in research culture, publication strategies, citation behavior,
or the relative novelty of China’s large-scale entry into high-impact climate research.

The country collaboration network revealed that the USA functions as the central hub
of international scientific cooperation in this field, connecting multiple regional clusters
across Europe, Asia, Oceania, and the Americas. This finding aligns with the USA’s histori-
cal leadership in climate research infrastructure, including major funding agencies (NSF,
DOE, NASA), world-class research institutions, and its role in establishing foundational
climate modeling frameworks [42]. The China-centered cluster reflects China’s dominant
publication output and its strategic investments in international research partnerships, with
collaboration links extending across multiple regions. A separate South-South collaboration
cluster, anchored by India, encompasses several African nations—including South Africa,
Nigeria, Ghana, and Kenya—as well as Middle Eastern countries such as Saudi Arabia and
the UAE, reflecting the growing importance of emerging economy research networks [43].”

4.3. Institutional Concentration and the Role of the Chinese Academy of Sciences

Nine of the top 10 most productive institutions are Chinese affiliates. This near-
exclusive dominance reflects the centralized and well-funded nature of China’s climate
research enterprise. Chinese Academy of Sciences (CAS)-affiliated institutes occupied three
of the top four positions, with the Institute of Geographic Sciences and Natural Resources
Research (129 publications) and the Institute of Atmospheric Physics (75 publications)
representing China’s flagship institutions for land surface and atmospheric radiation
research, respectively. The University of California, San Diego (41 publications) was the
only non-Chinese institution to appear in the top 10, ranking 10th and reflecting the strong
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American presence in solar radiation research despite its relatively modest representation
at the institutional level.

The presence of major international research centers such as NOAA, ECMWE, and the
Max Planck Institute for Meteorology outside the top 10 is noteworthy, given their globally
recognized leadership in solar radiation and climate science. This may reflect differences in
publication strategies, the aggregation of output across affiliated units in the WoS database,
or the specific focus of the search query employed in this study.

4.4. Bibliometric Laws: Implications for the Field’s Structure

The application of Bradford’s Law revealed that only 27 journals (1.78% of 1515 total
sources) account for approximately one-third of all publications in the field. The broad
distribution of the remaining publications across 1488 peripheral journals confirms the
multidisciplinary nature of solar radiation—climate change science [44]. The presence of
Atmosphere (MDPI) among the Zone 1 core journals (rank 14, 95 publications) is particularly
relevant for the present study, as this journal has rapidly established itself as a significant
publication venue for atmospheric and climate research since its founding in 2010.

The Lotka’s Law analysis showed that 78.9% of authors contributed only a single
publication—compared to the theoretical expectation of 61%—indicating that the field is
characterized by a large periphery of occasional contributors. This pattern is consistent
with the multidisciplinary nature of the research domain, which attracts scientists from
adjacent fields without necessarily establishing sustained research programs. The high
average co-authorship rate (5.65 authors/document) and international co-authorship pro-
portion (35.87%) underscore the importance of collaboration as a mechanism for integrating
expertise across disciplines.

4.5. Research Themes and Knowledge Frontiers

The 35-year period under investigation (1991-2025) witnessed remarkable scientific
progress across multiple dimensions of solar radiation—climate change research. In the early
1990s, the field was dominated by foundational questions about the magnitude and drivers
of surface solar radiation variability, with key studies establishing the radiative forcing
of anthropogenic aerosols [4] and the climate impacts of black carbon [3]. The discovery
and quantification of the global dimming and brightening phenomenon—characterized
by multi-decadal declines and partial recoveries in surface solar radiation—represented
one of the field’s most transformative contributions to climate science during this pe-
riod [5,6,45]. By the 2000s, the integration of satellite remote sensing enabled a paradigm
shift from station-based to spatially continuous radiation monitoring, facilitating the first
global-scale assessments of solar radiation—ecosystem interactions and land surface energy
balance [46,47]. The 2010s saw the consolidation of solar geoengineering as a legitimate
scientific research frontier, with the establishment of coordinated modeling frameworks
such as the Geoengineering Model Intercomparison Project (GeoMIP) [48] enabling system-
atic evaluation of stratospheric aerosol injection and marine cloud brightening scenarios.
The release of CMIP6 model outputs from 2019 onwards provided an unprecedented multi-
model framework for projecting future changes in surface solar radiation under a range
of socioeconomic pathways [49]. Most recently, the post-2020 period has been character-
ized by the rapid adoption of machine learning and deep learning methods, marking a
fundamental shift toward data-driven approaches in solar radiation modeling and climate
impact assessment [50-52].

The keyword co-occurrence network analysis identified five major thematic clusters.
The Ecological and Biosphere Impacts cluster (green) reflects the substantial body of re-
search examining how the availability of solar radiation mediates ecosystem responses

https:/ /doi.org/10.3390/atmos17060597


https://doi.org/10.3390/atmos17060597

Atmosphere 2026, 17, 597

19 of 25

to climate change, including shifts in phenology, gross primary productivity, and land
surface energy balance [53,54]. The Climate Dynamics and Variability cluster (red) rep-
resents foundational research on natural modes of solar-driven climate variability and
their interaction with anthropogenic forcing, including paleoclimate reconstructions and
ENSO dynamics [36,55]. The Atmospheric Processes and Climate Monitoring cluster (blue)
encompasses observational and modeling research on surface solar radiation, temperature
dynamics, and regional climate patterns, including urban heat island effects and heat
stress analyses [49]. The Solar Geoengineering cluster (purple) represents a specialized
and rapidly growing research frontier focused on deliberate solar radiation modification
strategies, including stratospheric aerosol injection and marine cloud brightening [9,10].
The Energy and Data-driven Applications cluster (yellow) highlights the convergence of
solar energy research with machine learning, deep learning, and CMIP6 climate model
outputs, encompassing solar energy systems optimization and Al-based irradiance fore-
casting [50,52]. It should be noted that cross-cluster thematic connections exist below the
visualization threshold and are discussed qualitatively in this section.

The prominence of researchers such as Kravitz and Robock—leaders of the Geoengi-
neering Model Intercomparison Project (GeoMIP)—within the Solar Geoengineering cluster
confirms that a well-organized scientific community has coalesced around this controversial
research frontier [48].

4.6. Temporal Evolution and Emerging Research Frontiers

The trend topic analysis reveals a clear paradigm shift in solar radiation—climate
change research. The field originated in foundational observational and modeling stud-
ies of solar variability and basic radiation budgets during the 1990s. Over time, satellite
remote sensing enabled unprecedented spatial coverage of solar radiation—-ecosystem inter-
actions, driving sustained growth in evapotranspiration, NDVI, and phenology literature
throughout the 2010s [46,47].

The most significant emerging frontier—and arguably the most transformative method-
ological development in the field—is the rapid convergence of machine learning (ML), deep
learning (DL), and solar radiation science. The appearance of ‘machine learning’, ‘deep
learning’, and ‘random forest’ among the most recently emerging keywords (post-2020
mean publication year) signals a fundamental shift away from traditional physics-based
and statistical approaches toward data-driven modeling paradigms [13,50]. Early applica-
tions of ML in solar radiation research focused primarily on short-term solar irradiance
forecasting for photovoltaic energy systems, employing algorithms such as artificial neu-
ral networks (ANN), support vector regression (SVR), and gradient boosting to predict
hourly or daily GHI [50]. More recently, deep learning architectures—particularly long
short-term memory (LSTM) networks, convolutional neural networks (CNNs), and hybrid
deep ensemble models—have demonstrated superior performance in probabilistic solar
irradiance forecasting, capturing complex spatio-temporal dependencies in atmospheric
and meteorological data [52].

Beyond energy applications, ML and DL methods are increasingly being deployed
in broader solar radiation—climate change contexts. Reichstein et al. [12] argued that deep
learning can serve as a powerful tool for process understanding in Earth system science,
enabling hybrid modeling approaches that combine physical process models with data-
driven machine learning. The integration of ML with CMIP6 climate model outputs has
opened new pathways for bias correction, statistical downscaling, and detection of solar
radiation trends in future climate projections [49]. Furthermore, ensemble ML methods
such as random forests and gradient boosting have been applied to attribute observed
changes in surface solar radiation to specific drivers—including aerosol loading, cloud
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cover variability, and greenhouse gas concentrations—with greater precision than tra-
ditional regression techniques [51]. Explainable AI (XAI) frameworks—such as SHAP
(SHapley Additive exPlanations) values—are particularly promising for solar radiation
research. These tools allow researchers to quantify the contributions of individual atmo-
spheric variables to ML model predictions, bridging the gap between black-box models
and physical understanding.

The bibliometric evidence presented here strongly suggests a fundamental method-
ological transformation in the field. Machine learning and deep learning emerged as the
fastest-growing keyword cluster in the post-2020 period—a shift comparable in scale to the
remote sensing revolution of the 1990s. Future research should prioritize the development
of physics-informed machine learning (PIML) models that integrate domain knowledge
from atmospheric radiative transfer theory with the pattern-recognition capabilities of deep
neural networks [12]. Such hybrid approaches are expected to improve both the accuracy
and physical interpretability of solar radiation forecasts and climate impact assessments,
particularly for extreme events such as heatwaves and compound drought-radiation deficit
episodes [56].

In parallel with the ML/AI transformation, the rapid emergence of ‘CMIP6” and
‘solar geoengineering’ as high-growth keywords reflects two additional convergent fron-
tiers. The release of CMIP6 model outputs has provided an unprecedented multi-model
framework for evaluating solar radiation feedbacks under Shared Socioeconomic Pathway
(SSP) scenarios, enabling more robust uncertainty quantification of future surface radiation
trends [49]. Simultaneously, the growing scientific and policy attention to solar radiation
modification (SRM) strategies—particularly stratospheric aerosol injection and marine
cloud brightening—has generated a rapidly expanding literature examining the climatic,
ecological, and societal consequences of deliberate solar forcing [57,58]. The co-emergence
of ‘heatwave’ as the most recent keyword underscores the increasing urgency of linking
solar radiation variability to compound extreme heat events, which are intensifying under
anthropogenic climate change and represent one of the most pressing challenges for climate
adaptation science [56].

4.7. Thematic Gaps and Future Research Directions

The thematic map analysis identified several important gaps. The position of solar
energy and renewable energy in the Emerging or Declining quadrant likely reflects, at
least in part, the terminological boundaries of the search query employed, as applied
solar energy research frequently uses field-specific terminology (e.g., ‘photovoltaic’, PV
performance’) outside the scope of the present search strategy. Nevertheless, this finding
also suggests that the solar radiation—climate change research community has not yet
fully integrated the feedback between climate change-driven alterations in solar resource
availability and the performance of solar energy infrastructure [59,60]. As climate change
modifies cloud cover, aerosol loading, and atmospheric transparency, solar irradiance
reaching photovoltaic panels will change in ways that are highly relevant for energy
planning but remain understudied.

The niche status of geoengineering themes indicates that solar radiation modification
research remains largely disconnected from mainstream climate impact and adaptation
science. Bridging this gap is critical for evaluating the potential co-benefits and risks of
SRM interventions on agricultural productivity, water availability, and ecosystem function-
ing [58]. The limited representation of developing-country perspectives in the high-impact
literature also represents a significant equity gap [61]. Future research should prioritize the
integration of solar radiation changes into compound extreme-event analysis, the develop-
ment of high-resolution solar radiation datasets for data-sparse regions, and the application
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of explainable Al methods to improve the interpretability of machine learning models in
solar radiation—climate science.

4.8. Limitations of This Study

Several limitations of this study should be acknowledged when interpreting the find-
ings. First, the study was based exclusively on the Web of Science Core Collection, which,
despite being the most widely used database for bibliometric research, may underrepre-
sent publications in non-English languages, regional journals not indexed in WoS, and
gray literature such as technical reports and conference proceedings. Future studies could
complement WoS data with Scopus or Google Scholar databases for more comprehensive
coverage of the global literature.

Second, cited reference analysis was limited by the absence of cited reference data in
the BibTeX export format used for data retrieval, which precluded co-citation analysis and
historiographic mapping. These techniques—particularly document co-citation analysis
(DCA) and co-citation coupling (CBC)—would have provided additional insights into the
field’s intellectual foundations. Future studies are encouraged to incorporate co-citation
analysis using WoS full data export formats or dedicated bibliometric platforms.

Third, and most critically, author name disambiguation represents a significant
methodological limitation in this study. The top-ranked authors in Table 6 (e.g., Zhang Y,
Wang Y, Li Y, Liu Y) are common Chinese surname-initial combinations that may aggregate
the contributions of multiple distinct researchers who happen to share the same abbrevi-
ated name format as indexed in WoS. Although the fractionalized author count provides a
partial correction by distributing publication credit proportionally among co-authors, it
does not resolve the fundamental disambiguation problem. Full author disambiguation
using ORCID ID or Scopus Author ID was not performed. Such disambiguation is not
feasible at scale using automated methods alone, and manual verification of 28,079 author
records was beyond the scope of this study [26]. Accordingly, the author productivity
rankings in Table 6 and the co-authorship network in Figure 7 should be interpreted with
caution, and individual author counts should not be used to draw definitive conclusions
about the productivity of specific researchers.

Fourth, all bibliometric results should be interpreted as a snapshot of the indexed
literature retrieved on 30 April 2026, rather than a definitive representation of the field’s
long-term dynamics. The most recently published documents (particularly those from 2024
to 2025) are likely to be underrepresented in citation counts, as the average citation lag in
climate science literature typically ranges from 1 to 3 years. As a consequence, the trend
topic analysis in Figure 9 should be regarded as provisional indicators for the most recent
time periods.

Fifth, the breadth of the search query employed in this study—which included general
climate change terms such as ‘greenhouse effect’ and ‘climate trend” alongside more specific
solar radiation descriptors—may have led to the inclusion of publications only tangentially
related to solar radiation science. As evidenced by the presence of Guenther et al. [33]—a
study primarily focused on biogenic volatile organic compound emissions rather than
solar radiation per se—among the most highly cited documents, the dataset inevitably
contains publications that reflect the broad overlap between solar radiation and general
climate change research. This limitation is inherent to all large-scale bibliometric analyses
employing broad search queries and reflects the interconnected nature of the field; however,
future studies may consider using more restrictive search strings or supplementary manual
screening to increase the dataset’s thematic precision.

Sixth, no comprehensive synonym standardization was performed prior to keyword
co-occurrence network construction. Conceptually related terms such as ‘solar irradiance’
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and ‘global horizontal irradiance’, or ‘gecengineering” and ‘climate engineering’, were
retained as separate keywords. This may have led to the splitting of single themes into
discrete nodes, potentially biasing the clustering results and thematic interpretation. Future
studies should apply a systematic synonym thesaurus prior to network construction and
compare clustering results before and after standardization.

Seventh, the search query did not include applied solar energy terms such as ‘solar
photovoltaic’, PV performance’, or ‘solar albedo effect’. This may have contributed to the
underrepresentation of applied solar energy research in the dataset and its classification in
the Emerging or Declining quadrant of the thematic map. Future studies should consider
including these terms for more comprehensive coverage of the solar energy—climate change
interface.

5. Conclusions

This study presents the first comprehensive bibliometric analysis of the global scientific
literature on solar radiation and climate change, encompassing 8473 publications from the
Web of Science Core Collection spanning the period 1991-2025. By employing a multi-
method bibliometric approach—including performance analysis, Bradford’s and Lotka’s
laws, keyword co-occurrence network analysis, country and author collaboration mapping,
thematic analysis, and trend topic identification—this study provides a systematic and
data-driven panorama of the field’s structure, key contributors, and evolving research
frontiers. The main findings and conclusions are summarized as follows:

e  The solar radiation—climate change literature has grown exponentially over the study
period, with an annual growth rate of 14.87% and a more than 111-fold increase
in annual publications from 1991 (9 documents) to 2025 (1004 documents). Three
distinct growth phases were identified, with the most recent acceleration (2020-2025)
driven by CMIP6 model outputs, solar geoengineering debates, and post-COVID
research resurgence.

e China dominated global publication output (28.00% of total), but the USA led in
citation impact (average 76.74 citations/article), revealing a persistent quantity-quality
gap in Chinese scientific contributions to this field. Germany exhibited the highest
international collaboration ratio (MCP: 0.502), highlighting the importance of cross-
border partnerships for research impact.

e  DBradford’s Law identified 27 core journals accounting for approximately one-third of
all publications, with the Journal of Geophysical Research-Atmospheres, Remote Sens-
ing, and Agricultural and Forest Meteorology emerging as the most productive venues.
Atmosphere ranked 14th among core journals, confirming its growing significance as
a publication outlet for this domain.

e Lotka’s Law analysis revealed that 78.9% of authors contributed only a single
publication—exceeding the theoretical expectation of 61%—indicating a broad but
dispersed scientific community characteristic of multidisciplinary research fields.

e Keyword co-occurrence analysis identified five major research clusters: (1) Ecolog-
ical and Biosphere Impacts, (2) Climate Dynamics and Variability, (3) Atmospheric
Processes and Climate Monitoring, (4) Solar Geoengineering, and (5) Energy and
Data-driven Applications. These clusters reflect the diverse disciplinary perspectives
contributing to solar radiation—climate change science.

e  The country collaboration network confirmed the USA as the central hub of global
scientific cooperation. The co-authorship network identified distinct research com-
munities led by key figures in solar geoengineering (Kravitz, Robock) and global
dimming/brightening (Wild).
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e  Thematic map analysis classified ‘climate change’, ‘solar radiation’, and ‘temperature’
as Basic Themes—the intellectual backbone of the field—while ‘geoengineering’ and
‘solar radiation modification” occupy the Niche quadrant, indicating an internally
coherent but peripherally connected research frontier.

e Trend topic analysis revealed a clear paradigm shift toward data-driven approaches,
with machine learning, deep learning, CMIP6, solar radiation modification, and heat-

waves emerging as the most rapidly growing research topics in the post-2020 period.

These findings carry important implications for researchers, funding agencies, and
policymakers. The identification of solar energy—climate change feedbacks, solar geoengi-
neering governance, compound extreme events (particularly heatwaves), and machine
learning applications as critical knowledge gaps suggests priority areas for future research
investment. The underrepresentation of developing country institutions in the high-impact
literature also calls for targeted efforts to enhance the participation of scientists from
climate-vulnerable regions in the global solar radiation—climate change research agenda.

This bibliometric analysis provides a foundational roadmap for navigating the rapidly
expanding solar radiation—climate change literature and offers a transparent, reproducible
methodological framework that can be applied to monitor the field’s evolution in future
studies. Researchers entering this domain are encouraged to leverage the thematic clusters,
key journals, and emerging topics identified here as a guide for positioning their work
within the global scientific discourse.
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