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ARTICLE INFO ABSTRACT

Keywords: This study provides a comprehensive overview and bibliometric analysis of air pollution research
Aif pollution in Chile from 1980 to 2022. The analysis reveals a significant increase in scientific production, a
Chile 9.2 annual growth rate, and an H-index of 60. The research spans 33 countries and is influenced
Bibliometric analysis . . . . .

Review by environmental sciences, meteorology, and atmospheric sciences journals. The top ten authors

account for 33.49 % of all publications, with local institutions contributing more than 35 %. The
University of Chile and the Pontifical Catholic University of Chile are significant contributors. The
most cited articles focus on health impacts and various pollutant sources, emphasizing air
pollution as a critical public health concern. The study also emphasizes environmental science,
meteorology, and atmospheric science, focusing on topics such as air pollution and health, pol-
lutants, models, sources and chemistry, and social sciences. The findings are affirmed through
rigorous discussion and review, providing a roadmap for future research, guiding decision-
making processes, and expanding the knowledge frontier in the field.

Research trend
Future directions

1. Introduction

In recent decades, air pollution has persistently emerged as a critical environmental issue with far-reaching implications for public
health and the economy worldwide [1]. Most of the world’s population, approximately 99 %, is currently exposed to air pollution
levels that exceed the guidelines set by the World Health Organization (WHO) [2]. The significant health effects associated with air
pollution have been highlighted by a large body of epidemiologic research [3], including an increased risk of lung cancer [4], heart
disease [5], bronchitis, and other cardiopulmonary diseases [6]. Moreover, air pollution significantly impacts crop yields and the
environment, resulting in detrimental effects on biodiversity and ecosystems [7-9]. In 2019, the deaths and illnesses caused by air
pollution had an estimated economic impact of USD $8.1 trillion, equivalent to 6.1 % of global GDP. This highlights the urgent need for
comprehensive strategies to mitigate air pollution and reduce its associated health risks [10,11].

In Chile, the urban environment poses significant challenges in maintaining air quality, as nearly 90 % of the population resides in
areas where fine particle levels systematically exceed the National Air Quality Standard Thresholds [12]. In response to this challenge,
Chile has implemented an extensive air quality monitoring program. The initial network, established in 1988, was located in the
Santiago Metropolitan Area. Today, the program has expanded to cover urban areas with populations exceeding 100,000 inhabitants.
These efforts have revealed high levels of exposure to atmospheric pollutants among the population [13]. In fact, the country is home
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to eight of the 15 most polluted cities in Latin America and the Caribbean [14]. The implications of air pollution extend beyond health
concerns, as it also has a substantial economic impact on the nation. Annually, air pollution results in approximately 127,000
emergency room visits and 4000 premature deaths [15], leading to an estimated loss of USD $451 to 856 million in productivity [16].
These statistics underscore the need for strong science-based approaches to effectively understand ongoing atmospheric changes and
their impacts, both in Chile and worldwide. The academic community is actively engaged in addressing the challenge of air pollution,
and scientific research is critical to formulating strategies to mitigate the harmful effects of air pollution [17]. Key research areas
typically include the characterization of emission sources, atmospheric transport and dynamics, chemical transformations leading to
pollutant accumulation, dose-response relationships in biological effects, risk assessments, economic and social aspects, policies,
accountability, and the effectiveness of control measures for protecting human health and ecosystems.

To date, systematic assessments have not identified specific areas of development and research needs in the field of atmospheric
science and air pollution in Chile. However, bibliometric analyses provide an efficient approach to scrutinize scientific production,
allow visualization of research trends, and the analysis of the state of the art and evolution of a discipline or research area [18]
identifies knowledge gaps and defines its future research directions [19]. The performance and impact of authors, countries and
journals can be assessed [19]. Several studies have used this methodology, for example, to study research trends in the monitoring and
management of air quality [20], airborne microorganisms [21], and the impact of air pollution on human health [22]. Bibliometric
indicators were used to review the literature on particulate matter (PM) and its possible association with atherosclerosis [23] and to
analyze current research patterns on atmospheric aerosols worldwide [24]. Such studies are valuable to researchers, decision makers
and the public because they can provide information on current trends and the state of research on air pollution, inform the formu-
lation of new research proposals, identify knowledge gaps that require attention, guide research funding, evaluate intervention results,
and provide reliable information to the public. This study seeks to fill existing gaps in the existing body of knowledge, recognizing the
indispensable role of in-depth scientific analysis in air pollution research in Chile while identifying new areas of interest. Importantly,
this investigation represents a pioneering effort, marking the first application of bibliometric analysis and scoping review method-
ologies in these research fields. Using these methodologies, the study offers an objective depiction of the current state of the art in the
field. Additionally, it evaluates the progress of the nation in addressing environmental challenges, acting as a barometer of progress.
Furthermore, this research fills a crucial gap in Chilean air pollution studies, examining the potential of enhanced research initiatives
to translate into more effective policies and interventions. These advances are not only vital for Chile but also contribute to global
efforts to mitigate air pollution, highlighting the broader relevance and impact of the study.

2. Materials and methods

The study was conducted within the ambit of the 2020 PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-
Analyses for Scoping Reviews) extension guidelines [25]. This methodology, ensures comprehensive reporting of methods and re-
sults of scoping reviews, facilitating an evaluation of their trustworthiness, applicability, and integrity of research. Detailed meth-
odological information is available in the OSF (Open Science Framework) registry at the provided link (https://osf.io/ywhrz/). In the
OSF repository, the next documentation was provided: The PRISMA-ScR Checklist; the Scoping Review Protocol; Database of Selected
Articles; and the Results from the Scoping Review. Above, we provide a brief description of the materials and methodology used in this
study.

2.1. Steps of bibliometric analysis

To conduct this bibliometric study on air pollution research in Chile, the following methodological steps were meticulously fol-
lowed, as illustrated in Supplementary Material Fig. S1, based on the preferred reporting items for scooping reviews [25]. The
methodology proceeds as follows: i) definition of the field of study; ii) selection of the database and search strategy; iii) refinement of
search and/or eligibility criteria; iv) quantitative and qualitative analysis and selection of analysis tools; and v) visualization and
interpretation of results (see OSF registry at https://osf.io/ywhrz/for more details). A brief methodological description of each step is
provided below.

Step 1. Definition of the field of study. The focal field of study was the scientific production of research on air pollution in Chile,
using the widest possible scope to understand the state of this research. This definition guided the search strategy and database
selection.

Step 2. Database selection and search strategy. The database chosen to obtain articles in the focal field of study was the Web of
Science (WoS) Core Collection [26]. This database was selected for its comprehensiveness, as it integrates data from the Expanded
Science Citation Index (SCI-Expanded), Social Sciences Citation Index (SSCI), Arts & Humanities Citation Index (AHCI), and Emerging
Sources Citation Index (ESCI). It offers several advantages over other databases, including indexed citations, comprehensive author
and affiliation indexing, rapid and preliminary data analysis capabilities, compatibility with various citation management software,
and widespread use in bibliometric research.

The search strategy in WoS involved the selection of specific keywords (Table S1 in the Supplementary Material). These keywords
were determined collaboratively by the authors. The search criteria and Boolean logical operators were used during the search process,
which consisted of six phases (Table S2 in the Supplementary Material). The first phase involved searching for the key titles of doc-
uments using various keywords associated with the field of study. Phases 2 and 3 involved searching document types using keywords
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associated with the field of study and the focal country, Chile, respectively. Phase 4 integrated the searches from Phases 1 and 2 using
the OR Boolean operator. Phase 5 combined the results of Phases 4 and 3 using the AND Boolean operator. Finally, in Phase 6, these
combined search queries were filtered by excluding certain components (e.g., excluding the year 2022). To maintain a consistent
approach, the search was limited to English-language articles only. As most databases are in the English language, this may have the
potential to increase the efficiency of the review process and the assurance of accessibility. However, it is possible that this approach
may have resulted in a language bias; we acknowledge this as a possible limitation of the study in section 3.8 below. The research
process flow chart is presented in Fig. 1.

Step 3. Refinement of search criteria and/or eligibility criteria. Bibliographic searches often yield false positives, whereby
documents that do not meet the requirements of the field of study may be included in their results; duplicates may also be present, and
there may be insufficient or unavailable information (such as abstracts or full-text articles not available for review). Therefore, we
needed to refine our search. Specifically, we use the Web-based collaborative systematic review software application SWIFT Active-
Screenner (SCIOME LLC, Research Triangle Park, NC 27709, USA) [27]. This system enables the identification of duplicates and fa-
cilitates the systematic review and refinement of a search carried out in WoS. Thus, each document was carefully examined by the
three reviewers (LV, LFS and FC); for a document to be considered eligible, the three reviewers needed to agree. Amid any
disagreement, a review conflict emerged, and the eligibility of the focal document was discussed by a panel comprising all reviewers
and a fourth reviewer (ML). Furthermore, in this review stage, normalized keywords were assigned to each document based on the
specific characteristics of the study using SWIFT ActiveScreenner [27]. These normalized keywords included authors’ affiliation
characteristics, study objectives, study characteristics, effects or impacts of results, evaluation methods, contaminants or variables,
spatial-temporal resolution, national-level spatial coverage, and pollutant emission citations (Table S3 in the Supplementary Material).

Fig. 1a (see Results section) shows the flowchart that was implemented in the present study and the main results obtained in
selecting the final collection of articles. We included studies from January 1, 1980, to December 31, 2022, that focused on air pollution
research in Chile. As a starting point for our analysis, we chose the first article that was indexed in the database. This article was
published in 1983. Our search yielded 812 documents in total at the beginning. However, we excluded 167 articles through a
refinement phase that involved a careful review of the eligibility criteria. Subsequently, during the quantitative and qualitative
analysis phase, we thoroughly examined the remaining articles. Ultimately, a total collection of articles had 645 articles (see OSF
registry at https://osf.io/ywhrz/).

Step 4. Quantitative and qualitative analysis. Finally, we conducted a comprehensive analysis on various aspects, such as key-
words, titles, authors, cocited authors, journal sources, keywords, authors’ affiliations, and their countries or regions. This quantitative
analysis produced a comprehensive overview of the characteristics of the publication field, highlighting its patterns, collaborations,
and key contributors. Moreover, it allowed us to identify the most prevalent and influential topics and researchers in the field.

2.2. Software tool to construct and visualize bibliometric networks

In the construction and visualization of bibliometric networks, we employed various tools and software to perform bibliometric
analysis. The widely used VOSviewer software version 1.6.18 [28] was utilized to analyze the data and visualize the results. The full
count method was used in VOSviewer to construct bibliometric networks, as it is one of the most commonly used bibliometric analysis
methods [29]. Therefore, these tools facilitated the quantitative and qualitative analysis of focal articles, allowing us to extract
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Fig. 1. a) The research flow chart illustrating the search for articles in the WoS database and the main results obtained for the bibliometric analysis
of air pollution research in Chile and the annual scientific production of publications related to air pollution research in Chile from 1980 to 2022: b)
number of articles per year (articles, No.) and c¢) average number of citations per year (MeanTCperYear, No.).
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valuable insights and trends from the dataset. MS-Excel Mac v.16.59 [30] was used for tabulation purposes, as well as the open-source
software package R [31] in addition to other R packages. These include the Comprehensive Science Mapping Analysis package:
R-Bibliometrix version 3.2.1 [32], which was accessed through Biblioshiny [33]; to manage and visualize data effectively, we used
Cartogram version 0.3.0 [34] for creating cartograms; ggplot 3.4.2 [35] for data visualization; igraph version 3.4.2 [36] for network
analysis and visualization; metagear version 0.7 [37] for comprehensive research synthesis tools applicable to systematic reviews and
meta-analysis; SP version 2.1-1 [38] for spatial data handling; Magick version 2.8.1 [39] for advanced graphics and image processing;
and rnaturalearth version 0.3.4 [40] for accessing world map data from Natural Earth. This suite of tools allowed for a thorough and
sophisticated analysis, ensuring the reliability and clarity of the findings of our study.
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Fig. 2. Representations of geographical trends in air pollution research in Chile from 1980 to 2022: a) cartogram depicting the geographical
distribution of articles based on country affiliation of focal author(s); b) frequency of publications per country by corresponding author, indicating
the number of articles with authors from a single country (SCP) and authors from multiple countries (MCP) in different colors; c) origin-destination
diagram, representing the number of authors from the focal country (origin) and from the collaborating countries (destination); d) Top 25 countries
collaborating with Chile, expressed as the number of articles published in collaboration with authors from other countries. (For interpretation of the
references to color in this figure legend, the reader is referred to the Web version of this article.)
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3. Results and discussion
3.1. Evolution of scientific production over time

The frequency of publication of scientific articles over time plays a crucial role in understanding the research landscape within a
specific field [41]. Fig. 1b illustrates the temporal evolution of published articles on air pollution research in Chile from 1980 to 2022,
with a total of 645 published articles. In particular, 1992 recorded the lowest number of publications (n = 1) when excluding inactive
publication years (i.e., 1980 through 1982, 1985, and 1986). In contrast, 2021 saw its peak with 46 published papers. The mean
number of publications per year, along with its corresponding 95 % confidence interval (CI95 %), is 15.4 (CI95 %: 10.7 to 20.1).
Furthermore, the average number of publications per decade is 1.25 (95 % CI: 0.37-2.1) for the 1980s, 5.2 (95 % CI: 2.8-7.6) for the
1990s, 15.0 (95 % CI: 11-19.0) for the 2000s, and 28.8 (95 % CI: 21.9-35.7) for the 2010s.

The distribution of publications within the exhibits of the collection and the distinct patterns specifically indicates that publications
in the 1980s represent 1.66 % of the total. This percentage increased to 8.64 % in the 1990s and increased further to 24.9 % in the
2000s. Publications during the 2010s constitute a substantial proportion, 47.8 % of the entire collection. This striking increase reflects
a growth of more than 28 times the initial phase in the 1980s.

The number of publications demonstrates an exponential growth trend from 1983 to 2022, with an annual increase of 9.2 (95 % CI:
7.4 to 11; R2 = 0.846) publications. This growth reached its peak in 2019, accounting for 9.3 % of all publications. Furthermore, the
annual citation distribution curve indicates a progressive increase in the number of citations, from 0.29 citations in 1983 to 6.04
citations in 2021 (Fig. 1c). The number of citations per article also exhibits a progressive increase in each decade, ranging from 0.31
(CI95 %: 0.00 to 0.82) and 1.1 (CI95 %: 0.46 to 1.8) in the 1980s and 1990s to 2.9 (CI95 %: 2.1 to 3.7) and 2.6 (CI95 %: 2.3 to 3.0) in
the 2000s and 2010s, respectively (a summary diagram of the search performed in this bibliometric study is provided in the Sup-
plementary Material, Fig. S2).

The H-index [42] of the collection of articles is equal to 60. This means that 60 articles, approximately 10 % of the total, have been
cited at least 60 times. The H-index is widely used as a numerical indicator of the productivity and influence of a given collection of
related articles. Therefore, these results indicate the high quality of the published articles and the high level of academic attention that
has been given to this field.

3.2. Geographical trends

Fig. 2a shows the global distribution of articles based on the institutional affiliations of the authors by country. Such cartographic
representations scale each country’s size according to the number of articles penned by individuals associated with institutions within
that nation [43]. This analysis shows that research on air pollution in Chile has engaged authors from 33 countries on five continents,
signifying a pronounced international collaboration. Given the research methodology and search criteria tailored to Chile, it was
anticipated that a substantial portion of the articles would originate from authors linked to Chilean institutions. In fact, this assumption
is validated since 60 % of the articles originate in Chile. Remarkably, 40 % of the articles in the dataset are of international origin
without any Chilean affiliation, highlighting the global intrigue in the topic. The United States (USA) followed with an approximate
contribution of 11 % of the articles, followed by Germany (GER) at 3.5 %, the United Kingdom (GBR) at 3.3 %, Canada (CAN) at 2.8 %,
Brazil (BRA) at 2.0 %, France (FRA) and Argentina (ARG) each at 1.8 %, Spain (SPN) at 1.7 %, and Italy (ITA) at 2.5 %. In contrast,
several regions, including most African nations (except South Africa) and specific countries in the Middle East, Central Asia, and
Southeast Asia, have made minimal or no contributions to this body of research.

Fig. 2b provides information on the top 25 countries with the highest number of articles based on the affiliation of the focal author’s
country. This figure differentiates articles with authors from a single country (SCP), representing intracountry publications, and ar-
ticles with authors from multiple countries (MCP), representing intercountry collaborations [44]. The MCP ratio was calculated as the
total number of articles (TC) divided by the total number of articles with authors from different countries (MCP). These results reveal
that the MCP ratio is highest for CAN at 1.00, ARG at 0.73, SPN at 0.70, FRA at 0.64, GBR at 0.60, DEU at 0.57, ITA at 0.56, USA at 0.49,
BRA at 0.42, and CHL at 0.38. Consequently, these results indicate that international collaboration is present in nearly 40 % of Chile’s
articles. In general, this bibliometric analysis demonstrated global participation and collaboration in air pollution research in Chile,
where Chilean researchers lead in terms of productivity. It also highlighted opportunities for further international collaboration and
the need for increased research contributions from underrepresented regions.

A common approach to visualizing collaboration within a country concerns the origin-destination diagram [45]. In this study, this
diagram represents the number of authors from the focal country (origin) and the number of authors from the collaborating countries
(destination), as shown in Fig. 2¢ (and Fig. S3 in the Supplementary Material). These findings reveal a high level of collaboration
among authors affiliated with institutions in 63 different countries (refer to Fig. 2c). As expected, most collaborative articles involving
CHL are evident, as their authors are from 55 countries. Fig. 2d presents the frequency of authors collaborating with the top 25
countries; Chilean researchers exhibit the highest collaboration rate with their international counterparts (refer to Fig. 2d). This is
followed, in descending order, by collaboration with authors from the USA, GBR, SPN, BRA, CAN, FRA, DEU, MEX, ARG and ITA.

The results show that the collaborations between Chilean researchers and their counterparts in developed countries outnumber
those with researchers in underdeveloped or developing countries. African collaborations are notably absent (Fig. 2¢). This trend
warrants further investigation and potentially points to disparities in the level of research developed in these regions. Furthermore, the
global importance of Chile’s air pollution issues is underscored by its extensive international collaborations, including more than 55
countries. This broad collaboration reflects the global recognition of air pollution as a public health priority.
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3.3. Analysis of core sources

The frequency of articles published in each journal serves as an indicator of the current state of a field of research and reflects
researchers’ choices regarding where to publish their studies [46]. Therefore, this bibliometric analysis revealed that a total of 255
different journals have published articles in the field of air pollution research in Chile (Fig. 4a). However, most publications are
concentrated in a few sources. Specifically, 160 journals published only one article, 9 journals published between 2 and 5 articles, and
14 journals published more than 10 articles.

To identify the core sources, Bradford’s law was applied [47]. This law allows the division of sources into three zones based on the
distribution of the number of articles, where the number of journals in the core and subsequent zones constitutes a ratio of 1 (zone 1): n
(zone 2): n2 (zone 3). Such analysis reveals the preferred journals among researchers and provides information on the most prominent
journals within the focal knowledge domain. Therefore, the relevant findings indicate the presence of 10 core journals with 222
publications, 52 s-tier journals with 211 publications, and 185 third-tier journals with 212 publications (Fig. 3b). As the journals in the
core zone align closely with the top 10 most productive journals, they are the preferred publishing outlets among the authors in this
study.

The top 10 journals preferred by these authors are ranked in Table 1 based on the number of articles published in each journal.
Additionally, the impact factor (JIF) of the journal, the H index associated with the study collection, the editorial office, and the
thematic category in which the journal is indexed are indicated. The top 10 journals have an average of 22 published articles (95 %
confidence interval ranging from 7.97 to 33.96) and a median of 14.50 articles.

Among these journals, ATMOS ENVIRON stands out as the most popular journal in this field, with a total of 12.40 % of published
articles (80 articles, JIF = 5.755). It is followed by SCI TOTAL ENVIRON (24 articles, JIF = 10.754), ATMOS CHEM PHYS (22 articles,
JIF = 7.197), and J AIR WASTE MANAGE (22 articles, JIF = 7.197).

Regarding the H-index, the top 10 journals have an average of 13 (95 % confidence interval ranging from 7.0 to 19) and a median of
11. This means that approximately 1.5 % of the articles published in this group of journals have been cited 11 times or more. The
journal with the highest H-index is ATMOS ENVIRON (H-index = 34).

In general, the editorial offices of these journals are in European countries and the United States. The top 10 journals are mainly
indexed in two areas: environmental sciences, meteorology, and atmospheric sciences. Six of the 10 journals in the top 10 are ranked in
the first quartile of the categories in which a given journal is indexed.

It is also important to highlight the relevance of the JIF in the choice of journal for publication. These journals not only have high
impact factors but also have published numerous articles on air pollution, making them attractive to researchers in this field due to the
potential interest they may generate among the international research community.

3.4. Most relevant authors and cocitation network

Lotka’s law was employed to assess the author’s productivity in the field of air pollution research in Chile. This law characterizes
the distribution of authors based on their productivity and is represented by the following equation: number of authors = C x (number
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Fig. 4. a) Ranking of the most relevant authors in air pollution research in Chile during 1980-2022 according to their number of published articles
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of articles) 2, where C is an arbitrary constant [48]. The fitted data for Lotka’s law are displayed in Fig. 4c and demonstrate a strong fit
with an R-squared value of 0.9997. This confirms the validity of Lotka’s law, since a total of 2038 authors contributed to the focal
articles. Among these authors, 77.5 % contributed one article each, 11.6 % contributed two articles each, and 4.40 % contributed three
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Table 1
Top 10 most relevant sources, number of published articles (NP), percentage of total (N° NP %NP), journal impact factor (JIF), H-index (H-index),
editorial office country or region, and journal indexing category in WoS database.

JOURNAL ABBRV. NP (%NP) JIF H-INDEX COUNTRY CATEGORY POSITION
ATMOS ENVIRON 80 (12.40 %) 5.755 34 NLD ENVIRON SCI 69/325 Q1
METEOR ATMOS SCI 27/108 Q1
SCI TOTAL ENVIRON 24 (3.72 %) 10.754 18 NLD ENVIRON SCI 26/279 Q1
ATMOS CHEM PHYS 22 (3.41 %) 7.197 11 DEU ENVIRON SCI 50/279 Q1
METEOR ATMOS SCI 12/94 Q1
J AIR WASTE MANAGE 22 (3.41 %) 2.636 14 USA ENGIN, ENVIRON 42/54 Q4
ENVIRON SCI 196/279 Q3
METEOR ATMOS SCI 64/94 Q3
AEROSOL AIR QUAL RES 17 (2.64 %) 4.530 10 TWN ENVIRON SCI 115/325 Q2
ENVIRON POLLUT 12 (1.86 %) 9.988 11 GRB ENVIRON SCI 28/279 Q1
ATMOSPHERE 12 (1.86 %) 4.530 4 CHE ENVIRON SCI 178/325 Q3
METEOR ATMOS SCI 68/108 Q3
CHEMOSPHERE 11 (1.71 %) 8.943 4 GRB ENVIRON SCI 33/279 Q1
ENVIRON RES 11 (1.71 %) 8.431 8 USA ENVIRON SCI 19/325 Q1
PUB ENVIRON OCCUP HEALTH 26/392 Q1
AIR QUAL ATMOS HEALTH 11 (1.71 %) 5.804 7 NLD ENVIRON SCI 74/279 Q2

articles each. Notably, the top ten authors who contributed at least 10 articles each, in accordance with Lotka’s law, can be considered
recurrent authors.

Fig. 4a presents the 10 most productive authors, ranked in descending order according to their number of published articles (NP),
followed by their H-index. When multiple authors share the same H-index (Hirsch, 2005), further sorting was performed using the G-
index [49]. This figure also displays the bibliometric indicator Local Citations (LC), which represents the number of times an author or
document within the collection has been cited by other documents therein. Remarkably, the top 10 authors formed a consistent core
across all parameters (NP, LC, H-index, and G-index). These authors account for 33.49 % of the total number of publications. On
average, this group of researchers has published 22 articles (mean: 21.6) with a 95 % confidence interval ranging from 18.09 to 25.11.
In terms of local citations, the top 10 authors have received citations ranging from 374 to 98. Furthermore, at least eight authors from
this group are ranked in the top 10 based on both the H-index and the G-index. The mean and median H-index (G-index) for this group
of scientists was 13.3 (20.3), with a 95 % confidence interval for the mean ranging from 11.78 (16.69) to 14.81 (23.90). Women make
up 30 % of the participating researchers, considering all bibliometric indicators.

Fig. 4b illustrates a map of the coauthorship network of highly productive authors, representing the collaborative relationships
among them. In this visualization, each author is depicted as a node in the network; the coauthored publications are represented by the
links or edges connecting these nodes [50]. The size of the node corresponds to the number of papers authored by everyone, and the
thickness of the lines represents the intensity of coauthorship. The map also reveals the presence of multiple clusters where authors
with significant coauthorship connections are grouped together.

Specifically, this map includes authors who have contributed more than 7 articles to the collection. These results indicate the
existence of seven distinct clusters with regular member collaboration. Among these clusters, two stand out prominently in terms of
their number of authors. The red cluster depicted in Fig. 4b consists of seven authors, with Oyola and Gramsh being the most prolific
collaborators. The green cluster comprises six authors, with Leiva and Toro being the most active collaborators. Additionally, these
clusters are aligned with authors who are affiliated with similar research groups and highly productive academic institutions. This
finding suggests a tendency toward cohesive collaboration within these groups, fostering productive partnerships and knowledge
exchange in the field of air pollution research in Chile.

Affiliation NP
UNIVCHILE @ 236

PONTIFICIA UNIV CATOLICA CHILE 113
UNIV CONCEPCION 96
UNIV SANTIAGO CHILE
UNIV LA FRONTERA 62

UNIV TECN FEDERICO SANTA MARIA
UNIV ANDRES BELLO

CTR CLIMATE AND RESILIENCE RES
UNIV AUSTRAL CHILE

PONTIFICIA UNIV CATOLICA VALPARAISO

e0e0000000
&8

Fig. 5. Ranking of the most relevant institutions in air pollution research in Chile from 1980 to 2022 based on the number of published articles (NP)
according to author affiliation.



L. Villacura et al. Heliyon 10 (2024) e25431

3.5. Characteristics of institutional contributions

Fig. 5 illustrates the 10 best-performing institutions based on their number of publications in the field of air pollution research in
Chile. Our bibliometric analysis revealed the participation of 683 institutions in this research area during 1980-2022. Analyzing this
distribution of institutions provided valuable information on the research capacity in this field.

The top 10 institutions thus collectively contribute more than 35 % of the publications. All these institutions are in Chile, reflecting
the scope of our bibliographic analysis. The University of Chile is the leader, accounting for a significant 11.64 % of focal articles. The
Pontifical Catholic University of Chile is closely followed, with a participation rate of 5.57 %. Furthermore, Ctr Climate and Resilience
Research, an affiliated research center of the University of Chile, occupies a prominent position.

Thus, these results unquestionably highlight the substantial contributions of universities, particularly public state universities, in
the field of air pollution research in Chile. In particular, the presence of these top 10 public academic institutions can be attributed not
to significant government financial support, which remains limited, but to the dedication, commitment, and enthusiasm of individual
researchers and institutional policies.

Therefore, this analysis has elucidated the research landscape, illuminating the crucial role of universities in driving research on air
pollution in Chile. Despite financial constraints, these institutions continue to demonstrate their determination to pursue research
excellence through self-financing and the dedication of their researchers.

3.6. Top-cited documents

The articles most cited, according to the 98th percentile thereof, both locally (LC) and globally (GC), are presented in Table 2. LC
represents the number of citations an article has received from other articles within the focal collection. GC represents the number of
citations an article has received from indexed articles outside the focal collection. Importantly, LC and GC can be interpreted as
measures of the relevance and influence of an article within the research field and its potential impact on other fields of study,
respectively [51]. However, LC and GC do not necessarily indicate the quality of an article but rather its influence on and visibility
within local or global research communities.

Consequently, we observed an average of 2.98 citations per article (95 % CI 0 to 20.2) throughout the entire collection of articles
(Table 2), with a 98th percentile of 20 citations per article. A small proportion of articles (0.46 %) have generated 40 or more citations,

Table 2
Top-cited local and global articles by 98th percentile, digital object identifier (DOI), publication year, local citations (LC, N°) and global citations (GC,

N°), and the percentage ratio between the latter (LC/GC, %).

Most Cited Documents (Reference) Journal Digital Object Identifier (DOI) LC (N°) GC (N°) LC/GC (%)
Abbreviations
LOCAL
Kavouras et al., 2001a [52] J AIR WASTE MANAGE 10.1080/10473289.2001.10464273 43 106 40.57
Gramsch et al., 2006 [53] ATMOS ENVIRON 10.1016/j.atmosenv.2006.03.062 43 105 40.95
Koutrakis et al., 2005 [54] J AIR WASTE MANAGE 10.1080/10473289.2005.10464627 38 70 54.29
Artaxo et al., 1999 [55] NUCL INSTRUM METH B-a 10.1016/S0168-583X(98)01078-7 36 111 32.43
Ilabaca et al., 1999 [56] J AIR WASTE MANAGE 10.1080/10473289.1999.10463879 29 78 37.18
Sanhueza et al., 2009 [57] J AIR WASTE MANAGE 10.3155/1047-3289.December 59, 1481 27 77 35.06
Cakmak et al., 2007 [58] ENVIRON HEALTH PERSP 10.1289/ehp.9567 24 70 34.29
Jorquera and Barraza, 2012 [59] SCI TOTAL ENVIRON 10.1016/j.scitotenv.2012.07.049 24 46 52.17
Villalobos et al., 2015 [60] SCI TOTAL ENVIRON 10.1016/j.scitotenv.2015.01.006 23 69 33.33
Ostro et al., 1990 [61] ENVIRON HEALTH PERSP 10.2307/3434291 22 96 22.92
Romero et al., 1999 [62] ATMOS ENVIRON 10.1016/51352-2310(99)00145-4 21 95 2211
Molina et al., 2017 [63] AIR QUAL ATMOS HLTH 10.1007/5s11869-017-0459-y 21 38 55.26
Gallardo et al., 2002 [64] ATMOS ENVIRON 10.1016/51352-2310(02)00285-6 20 38 52.63
Moreno et al., 2010 [65] J AIR WASTE MANAGE 10.3155/1047-3289.December 60, 1410 20 23 86.96
Schmitz, 2005 [66] ATMOS ENVIRON 10.1016/j.atmosenv.2004.12.033 19 45 42.22
Sanhueza et al., 2006 [67] REV MED CHILE 10.4067/50034-98872006000600012 19 35 54.29
Schueftan and Gonzélez, 2013 [68] ENERG POLICY 10.1016/j.enpol.2013.08.097 19 39 48.72
GLOBAL
Kavouras et al., 2001b [69] ENVIRON SCI TECHNOL 10.1021/es001540z 6 407 1.47
McMichael et al., 2008 [70] INT J EPIDEMIOL 10.1093/ije/dyn086 0 404 0
Escobedo and Nowak, 2009 [71] LANDSCAPE URBAN PLAN 10.1016/j.landurbplan.2008.10.021 4 292 1.37
Bollhofer and Rosman, 2000 [72] GEOCHIM COSMOCHIM AC 10.1016/50016-7037(00)00436-1 3 267 1.12
Diaz-Robles et al., 2008 [73] ATMOS ENVIRON 10.1016/j.atmosenv.2008.07.020 18 235 7.66
Simoneit et al., 2005 [74] ENVIRON SCI TECHNOL 10.1021/es050767x 0 230 0
Schlitzer, 2002 [75] DEEP-SEA RES PT II 10.1016/50967-0645(02)00004-8 0 228 0
Pérez et al., 2000 [76] ATMOS ENVIRON 10.1016/51352-2310(99)00316-7 17 226 7.52
Pozo et al., 2004 [77] ENVIRON SCI TECHNOL 10.1021/es049065i 11 216 5.09
Kavouras et al., 2001c [78] ATMOS ENVIRON 10.1016/S81352-2310(99)00281-2 12 201 5.97
Bell et al., 2008 [79] INT J EPIDEMIOL 10.1093/ije/dyn094 4 188 2.13
Escobedo et al., 2008 [80] J ENVIRON MANAGE 10.1016/j.jenvman.2006.11.029 8 173 4.62
Cifuentes et al., 2000 [81] J AIR WASTE MANAGE 10.1080/10473289.2000.10464167 0 154 0
Leiva et al., 2013 [82] ENVIRON POLLUT 10.1016/j.envpol.2013.05.057 9 151 5.96
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0.3 % between 30 and 39 citations, and 1.82 % between 20 and 29 citations. In contrast, approximately 48 % of the articles have not
received any local citations; a similar proportion have received between 1 and 19 local citations. Articles that surpass the 98th
percentile thus average 69 total citations, ranging from 23 to 111 citations.

The average local citation-global citation ratio (LC/GC) was approximately 45 %, with the top LC articles ranging from 22 % to 87
%. This suggests that these articles have garnered interest beyond the local sphere and attracted attention from researchers in related
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fields worldwide. In particular, the local articles most frequently cited perform a health impact analysis and source attribution analysis,
particularly in urban and regional particulate matter, wood combustion, copper smelting, and soil emission sources. These topics have
evidently resonated with the scientific community, contributing to the high citation rates observed among these articles.

Concerning the analysis of global citations (Table 2), these GCs display an average of 25 citations per article (95 % CI 0-148),
ranging from 407 to O citations throughout the collection. Approximately 1.98 % (13 articles) have received more than 149 citations,
surpassing the 98th percentile. Meanwhile, 10 %, 70 %, and 18 % of all articles fall within the citation ranges of 1-50, 51 to 149, and
above 150, respectively. Furthermore, approximately 18 % of the articles have not received global citations.

The LC/GC ratio for articles exceeding the 98th percentile is, on average, 2.8 %, ranging from 0 % to 7.7 %. This suggests that
articles with greater global interest may not necessarily align with local interest. In general, the articles most widely cited focus on
health effects, primarily involving particulate matter, and/or compare national and international results. Furthermore, these articles
explore the impact of climatic factors on pollutant concentrations and analyze trends while incorporating atmospheric transport
models and assessing their links.

3.7. Research hotspot analysis

Two types of analyses were performed to determine the hotspots in the investigation of air pollution in Chile. The first analysis
considered aspects related to the WoS subject categories (Fig. 6a) and author keywords (Fig. 6b) in the focal articles. This analysis
utilized the co-occurrence method, that is, terms with at least three interactions were grouped using the leading eigenvectors algorithm
[83]. Cooccurrence analysis is a research strategy that has been successfully employed in previous studies [84] to identify significant
research topics and emerging trends.

The second analysis involved a comprehensive review of each article in the collection that extracted and categorized explicitly
mentioned information on the scope, goals, methods, focal pollutants and/or variables, space-time variability, emission sources, and
the potential impact of their findings. The results of this analysis, expressed as a percentage of weighted occurrences, provide in-
formation on the main characteristics of the research carried out in Chile and reveal some potential research gaps.

Analysis of the WoS subject categories (Fig. 6a) revealed that the top five categories of articles in the collection have been published
in journals in environmental science, meteorology & atmospheric science, engineering-environmental, environmental studies, and
public, environmental & occupational health. These categories can be grouped into six topic clusters as follows: 1) Environmental
sciences (shown in cyan in Fig. 6a): This prominent group encompasses categories related to environmental sciences and meteorology
and atmospheric sciences. 2) Environmental and social sciences (red color in Fig. 6a): This group includes environmental studies,
economics, energy and fuels, green and sustainable science, and technology. 3) Environmental engineering and transport (purple color
in Fig. 6a): This group consists of categories that include environmental engineering and construction and building. 4) Health and
toxicology (orange group in Fig. 6a): This group encompasses categories such as public health, environmental and occupational health,
and toxicology. 5) Analytical chemistry and instrumental analysis (green group in Fig. 6a): This group includes categories such as
chemistry, analytical, nuclear science and technology, and statistics and probability. 6) Chemical and mechanical engineering (gray
group in Fig. 6a): This group comprises categories such as chemical engineering and mechanical engineering.

Regarding the analysis of author keywords (Fig. 6b), the top five keywords in the collection are air pollution, Chile, PM, Santiago,
and PMj 5. These author keywords are grouped into five clusters: 1) air pollution and health (blue cluster in Fig. 6b): This cluster is
associated with keywords related to air pollution and health, including mortality, morbidity, epidemiology, and the environment. 2)
Pollutants (red cluster in Fig. 6b): This cluster mainly encompasses keywords associated with pollutants measured in Chile, such as
PAHs, heavy metals from wood burning emissions, and climate impacts. 3) Airborne pollutant models (yellow cluster in Fig. 6b): This
cluster is related to terms such as PM, neural networks, meteorological prediction, air quality prediction, airborne pollutant assess-
ment, and airborne pollutant forecasting. 4) Sources and chemistry (cyan cluster in Fig. 6b): This cluster is associated with keywords
such as chemical composition, indoor air quality, source distribution, and sustainable urbanism. 5) Air pollution and social sciences
(green cluster in Fig. 6b): This cluster includes keywords such as environmental justice and environmental policy.

The quantitative results obtained by assigning normalized keywords to extract information from the article collection (which
included author affiliation characteristics, study objectives, study characteristics, effects or implications of results, assessment
methods, pollutants or variables, spatiotemporal resolution, spatial coverage at the national level, and pollutant emission citations) are
presented and discussed below. In the Supplementary Materials (Tables S3-S14), detailed definitions of these normalized keywords are
provided.

Given the primary characteristics of the focal studies, it is evident that most of the collection, 79.53 %, is concerned with un-
derstanding pollution issues. Furthermore, 17.98 % of the studies deal with managerial, economic, legal, and social issues. Other areas
of research include indoor pollution (7.60 %), laboratory investigations (5.27 %), and technological advances (3.72 %). Table S5 and
Fig. S5 in the Supplementary Material illustrate these areas. The topics of these studies are diverse and include the causal factors of air
pollution (32.87 %), exposure levels (24.34 %), representativeness (13.95 %), atmospheric modeling (12.71 %), dissemination of
information to the public (11. 63 %), management tools (8.84 %), compliance measures (5.12 %), laboratory analysis (3.26 %), re-
ceptor models (2.33 %), monitoring networks (2.17 %), and contaminant screening (0.47 %), as detailed in Table S6 and Fig. S6 in the
Supplementary Appendix.

Several categories can be distinguished with respect to the potential impacts of research in this area. Human health and regulatory/
legal factors were dominant at 42.02 % and 41.09 %, respectively. These are followed by ecological impacts (17.21 %), economic
impacts (11.78 %), climatic impacts (8.53 %), sociocultural considerations (6.51 %), and impacts on the built environment and
materials (2.33 %). These are detailed in Table S7 and Fig. S7 of the Supplementary Material. The variables examined cover a wide
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range, including pollutant concentrations (74.42 %), meteorological data (29.77 %), numerical modeling data (20.78 %), chemical
compositions of pollutants (19.69 %), epidemiological data (13.80 %), physical properties of pollutants (10.85 %), satellite-derived
measurements (5.74 %), toxicological data (3.57 %), and biological compositions (1.40 %), as detailed in Table S8 and Fig. S8 in
the Supplementary Material.

The importance of temporal and spatial scales cannot be overestimated when analyzing the dynamics of environmental phe-
nomena, especially in the field of air pollution. By selecting appropriate scales, researchers can unravel the complexity and variability
of these phenomena, as demonstrated by Fan et al. (2021) and Jiang et al. (2020) [85,86]. Temporarily, most authors (45.89 %) adopt
a time frame beyond one year, capturing seasonal/annual patterns, long-term trends, and cumulative effects; this helps to consider
environmental phenomena in a more integrated way. Next, 17.83 % of the studies examine seasonal variations and their impacts on an
annual to seasonal scale. Short-term variations and events are elucidated by scales ranging from three months to one month (12.71 %)
and from three weeks to 1 h (12.87 %). These scales are detailed in Table S10 and Fig. S10 in the Supplementary Material.

Spatially, the local scale is predominant, representing 59.22 % of the studies; it allows for the identification of local variations and
sources of pollution, providing a multifaceted analysis ranging from rural to urban landscapes. The regional scale accounts for 24.19 %
of the studies and reveals overarching patterns and relationships within a specific geographic area, often encompassing larger regions
or countries. The global scale, which is less prevalent at 8.99 %, explores large-scale areas; in contrast, the microscale, at 7.75 %,
provides an understanding of specific places, including indoor environments, workplaces, residential areas, and street canyons. See
Table S11 and Fig. S10 in the Supplementary Material.

From an administrative perspective, a substantial 91.01 % of the studies focus on the national level, with national policies and
regulations playing a central role in addressing environmental issues. In contrast, a modest 19.07 % of the studies emphasize the
international level. This underscores the need for global cooperation and understanding to address environmental challenges, as
shown in Table S12 and Fig. S12 in the Supplementary Material. Within Chile’s administrative divisions, the Central Zone receives the
most attention (59.84 %). This is due to its dense population and urban expansion. A close second is the southern zone (22.95 %),
characterized by its diverse ecosystems and the prevalence of wood burning emissions. The Great North (6.51 %), Austral (6.36 %),
Little North (3.26 %), and Antarctic (2.02 %) zones, each with unique environmental contexts and challenges, are less explored, as
shown in Supplementary Material Table S13 and Fig. S13.

3.8. Strengths and weaknesses

The current bibliometric analysis, like similar studies, has certain limitations that need to be acknowledged. One limitation pertains
to the focal database. To compile this database, Boolean strings were created with various keywords. However, importantly, these
strings may introduce bias in a bibliographic review due to potential inconsistencies among the keywords chosen by the article authors,
the actual content of the focal articles, and the adopted Boolean strings. Additionally, reviewing and harmonizing the database can
potentially lead to omissions, e.g., in the harmonization of author names, keywords, and affiliations. Furthermore, throughout the
study, a series of decisions must be made that can impact the visualization results, and different researchers can adapt these decisions
based on their specific objectives, thus influencing the results. Another potential limitation is the restriction to English-language ar-
ticles, which could introduce bias and omit some articles written in other languages. However, using a comprehensive database such as
Web of Science helps mitigate this issue, ensuring a more extensive collection of relevant research.

Another potential limitation of our study is our focus on the top 10 authors and the bibliometric index used to create this ranking.
These may overlook the contributions of early-career researchers or those in niche areas of the field. The senior research, despite
potentially significant contributions by years carriers or for a decation unique to the field. In recognition of this, we spect in future
updates of this work to broaden bibliometric indexes to encompass a wider range of contributors, thereby saving these limitations.

Given the inherent weaknesses of bibliometric analysis, the authors of this study believe that one of its strengths is the design of the
database review, which used a panel approach. In this approach, two of the three database reviewers had to agree on the results.
Conflicts that arose during the review process were discussed in subsequent work meetings to harmonize the adopted criteria, and
redundant review steps were carried out amid successive discussions of the results. This rigorous approach was implemented to ensure
consistency and reliability in the present study.

4. Future directions of research

Based on a bibliometric analysis and the insights gained from the quantitative characterization of the articles in the collection,
several critical research areas have been identified that address the existing knowledge gaps in the field of air pollution in Chile. By
identifying these research areas as comprehensively as possible, scientists and other stakeholders will be able to better understand how
air pollution research in Chile has developed and evolved and which areas need to be further strengthened. The identified areas are
outlined below:

Predictive Modeling: Emphasis should be placed on analyzing long-term air pollution patterns in Chile. The development of
predictive models to forecast pollutant concentrations and their subsequent impacts will be instrumental in anticipating future sce-
narios, pinpointing areas of concern, and formulating targeted interventions.

Health Impacts: The correlation between air pollution and health implications remains a central research domain. In-depth studies
are essential to unravel the mechanisms driving the health consequences of pollutants, particularly for susceptible populations.
Addressing this issue will not only enrich scientific comprehension but also shape public health directives.

Emission Sources and Control Strategies: Detailed investigations into emission sources, encompassing sectors such as power
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generation, mining, wildfires and agriculture, are critical. The aim should be to outline effective control strategies, focusing on sus-
tainable and region-specific solutions for Chile.

Ecological Impacts The repercussions of air pollution on ecosystems and biodiversity in Chile’s diverse regions warrant thorough
exploration; this includes evaluating impacts on plant and animal life, discerning alterations in biodiversity, and elucidating the long-
lasting ecological outcomes of pollutant interactions.

Interplay with Climate Change: The complex interrelation between air pollution and Chile’s shifting climate patterns is essential
and involves discerning how climatic factors influence pollutant levels and their cascading implications on health, ecology, and air
quality.

Policy Evaluation and Governance: An assessment of Chile’s existing air pollution policies and regulations, grounded in empirical
data, is crucial. Research endeavors should offer evidence-based suggestions to refine the regulatory structure and evaluate emission
reduction strategies and stakeholder engagement.

Technological Advancements: Advancing technologies for air pollution surveillance and mitigation in Chile is essential and in-
volves the adoption of cutting-edge sensor technologies, the deployment of advanced remote sensing methodologies, and the use of
data analytics to optimize real-time surveillance, thus facilitating data-driven decision-making processes.

Public Engagement: Efforts to increase public awareness and encourage active participation in addressing air pollution problems in
Chile are essential; this requires a thorough evaluation of communication methodologies, understanding of public sentiment/per-
ceptions, and the development of structured engagement platforms to foster collective action.

International Collaborations: Given the global ramifications of air pollution and Chile’s unique environmental diversity, the
establishment of research partnerships with international entities is of the utmost importance. These collaborations not only enable the
exchange of knowledge and dissemination of tried-and-true practices but also pave the way for joint research projects. Furthermore,
such alliances allow Chile to share its unique lessons learned from its diverse ecosystems and, in return, benefit from global expertise.

Interdisciplinary Collaboration: Given the nuanced intricacies of air pollution and Chile’s unique environmental landscape, the
need for an interdisciplinary approach is heightened. When atmospheric scientists, health specialists, social scientists, and policy
makers are united in joint research endeavors, a harmonization of varied insights is achieved. This collaborative synergy among
research groups is instrumental in formulating comprehensive strategies, ensuring that the multifaceted challenges of air pollution in
Chile are addressed with depth and precision.

By following these future research directions, the scientific community can advance knowledge on air pollution in Chile, better
support evidence-based decision making, and promote sustainable air quality management practices for the benefit of both human
health and the environment.

5. Conclusions

In the current study, a comprehensive bibliometric analysis and scoping review of air pollution research in Chile, the field has
advanced and expanded significantly in recent decades. An increasing number of publications, a higher citation-per-article ratio and a
commendable H-index are evidence of this progress. Taken together, these metrics underscore the field’s significant influence and
recognition within the scientific community. International collaboration has increasingly become part of the research landscape in
Chile.

The distribution of publications is concentrated in a select group of journals, with eight journals clearly emerging as focal points.
This concentration highlights the preference of the academic community for journals that have a high impact index. The crucial role of
academic institutions, especially the University of Chile and the Pontifical Catholic University of Chile, in the advancement of air
pollution research in the country is undeniable.

Subject analysis shows that a significant proportion of articles are rooted in environmental sciences, meteorology and atmospheric
sciences, and related disciplines. Thematic clusters, including air pollution and health, pollutants, modeling, sources and chemistry,
and social sciences, were identified in the keyword analysis. These clusters cover a wide range of topics. They include pollution-related
challenges, management strategies, economic and legal aspects, indoor pollution, laboratory investigations, and technological ad-
vances. The implications of these articles span human health, regulatory structures, ecological consequences, economic impacts,
climatic changes, sociocultural considerations, and infrastructure and material impacts.

In addition, the study highlights critical areas for future research. The need to analyze long-term air pollution patterns and develop
predictive models to anticipate potential outcomes is emphasized. A thorough study of the sources of emissions, the regulatory
measures to control them, the impacts on ecosystems and biodiversity, and the interrelationships between air pollution, climate
change, and health impacts are of paramount importance. Assessing the effectiveness of current policies and exploring technological
advances to monitor and mitigate them are critical. Increasing public awareness and fostering international partnerships are essential
components of a comprehensive strategy. Adopting a multidisciplinary approach, integrating expertise from different disciplines, is
essential to understanding and managing air pollution in Chile. The overarching goal is the protection of the health of people and the
environment.

A bibliometric analysis and scoping review prove to be tools to systematically map the literature and identify patterns, gaps, and
trends. These methodologies facilitate a comprehensive understanding of the research landscape. The rigorous methodology employed
in this study strengthens the reliability and consistency of the findings, although it is important to acknowledge the inherent limi-
tations associated with database selection and potential biases.

Finally, this study offers an in-depth look at the evolution of Chilean air pollution research, highlighting its global relevance and the
urgent need for continued research and cooperation. The lessons learned from this analysis will undoubtedly serve as a foundation for

13



L. Villacura et al. Heliyon 10 (2024) e25431

future research efforts, for the formulation of policy, and for the continued pursuit of knowledge in the field of air pollution.
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