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ABSTRACT

Background: Transboundary air pollution in Southeast Asia is driven largely by smoke from vegetation and peatland

fires that carry fine particulates across borders and raise health risks. Objective of Study: We map the peer-reviewed

literature from 2000 to mid 2025 and translate the evidence into a roadmap for governance and resilience. Methodology:

A targeted search was conducted on 11 July 2025, using the sole keyword phrase “Pollution Southeast Asia,” restricted to

the article title field. This search yielded a total of 72 documents, all of which were retained for this analysis, and produced

keyword co-occurrence maps in VOSviewer. Results: Four stable clusters emerged: PM2.5 haze and fire emissions;

monitoring and event attribution that pair station observations with satellite active fire detections; exposure and health

outcomes; and regional framing within ASEAN cooperation. Collaboration is strongest among Indonesia, Malaysia, and

Singapore. Top-cited work quantifies excess mortality during severe haze seasons and separates local from transboundary

PM2.5. Discussion: Overlay trends show a mature core and growing operational monitoring since 2018. An evidence-based

SWOT confirms the connected core and flags gaps in health integration, monitoring quality disclosure, and country coverage.

Strategic roadmap: We propose time-bound actions over 0 to 12 months, 1 to 3 years, and 3 to 5 years with indicators

for outcomes (population-weighted PM2.5, haze advisory days, stations meeting the WHO guideline), sources (peat fire
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counts, burned area), and system performance (station density, data capture, use of regional advisories). Conclusions: The

roadmap aligns with ASEAN instruments and enables transparent evaluation of progress.

Keywords: Transboundary Air Pollution; Southeast Asia; PM2.5; Biomass Burning; Bibliometric Analysis

1. Introduction

Transboundary air pollution in SoutheastAsia is a recur-

rent regional problem shaped by seasonal biomass burning,

peatland fires, synoptic circulation, and uneven institutional

capacity. The policy frame has developed within ASEAN

for more than two decades and has been analyzed in detail

in the regional governance literature. Early and still influ-

ential analyses situate the haze issue at the intersection of

national land use, regional diplomacy, and collective action,

with ASEAN mechanisms evolving in response to recur-

ring smoke crises [1]. Legal scholarship has examined how

regional instruments, national laws, and principles of inter-

national environmental law have been used to address cross-

border haze, including the limits of existing solutions and the

practical hurdles in enforcement and cooperation [2–4]. Com-

plementing these perspectives, work on plural environmental

governance argues that durable progress requires multiple

centers of authority across state and non-state actors, not

only intergovernmental agreements [2]. Together, this body

of research provides the institutional context for scientific

evidence on sources, exposure, and health impacts.

A second strand documents population exposure and

health risks during smoke episodes. Quantitative public health

work showed more than two decades ago that extreme fire sea-

sons in the region were associated with increases in mortality,

establishing an early empirical link between fires, air pollu-

tion, and deaths [5]. Recent studies add country- and city-level

evidence that short-term increases in particulate pollution

during biomass burning seasons are associated with higher

respiratory morbidity and hospital visits [6]. Source-resolved

modelling now separates local from transboundary contribu-

tions to fine particulate matter during haze months, showing

the sectoral and geographical drivers that shape downwind

exposure [7]. These findings motivate the need for compara-

ble outcome metrics and for transparent reporting that distin-

guishes local measures from regional source control.

Monitoring and attribution studies give operational

footing to policy debates by linking observed air quality

to fire activity and transport. Satellite-based analyses detect

seasonal fire patterns across mainland and maritime South-

east Asia and show consistent dry-season peaks that align

with degraded air quality [8,9]. These approaches, combined

with ground measurements, allow analysts to attribute smoke

intrusions and to evaluate the impact of prevention or en-

forcement actions. The literature thus supplies both the broad

governance context and the technical tools needed to track

haze episodes and their drivers across borders.

Regarding the rationale for bibliometric analysis, this

bibliometric approach can provide an objective and repro-

ducible map of the research landscape on pollution in South-

eastAsia. Bibliometrics is suited to questions about scale and

structure because it summarizes publication growth, identi-

fies influential authors, sources and documents, and reveals

collaboration networks and thematic clusters across fields.

It complements narrative and systematic reviews by quan-

tifying longitudinal trends and producing science-mapping

visualizations that make topic evolution and research fronts

clear. We therefore combined performance indicators with

science-mapping techniques and implemented them using

established tools described in the literature [10–12].

Against this background, bibliometric mapping can add

value by showing how the peer-reviewed research itself has

organized around transboundary air pollution themes in South-

east Asia. Science-mapping methods reveal outlets, influen-

tial documents, collaboration networks, and the conceptual

structure of the field. VOSviewer is a widely used program for

constructing keyword co-occurrence and citation maps with

association-strength normalization and an integrated cluster-

ing approach that produces interpretable structures even for

relatively small corpora [10,11]. Because policy design depends

on a clear reading of the evidence base, a transparent map of

the literature can guide both research and practice.

This study maps the peer-reviewed literature on trans-

boundary air pollution in Southeast Asia from 2000 through

mid-2025 and interprets the results in light of the regional

governance and health evidence summarized above. We fo-

cus on PM2.5 and haze, peat and vegetation fires, long-range
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transport, exposure and health, monitoring, and policy. We

use standard bibliometric techniques and report parameters in

full so the maps are reproducible. We then recommend prac-

tical implications for policy and planning in the region [10–12].

2. Methodology

2.1. Data Source and Search Strategy

The Scopus database was utilized as the primary liter-

ature retrieval resource since it contains a broad indexing

of peer-reviewed literature in environmental science, engi-

neering, public health, and policy-related disciplines [13]. A

targeted search was conducted on 11 July 2025 using the sole

keyword phrase “Pollution Southeast Asia,” restricted to the

article title field. This search echoed a total of 72 documents

(minus 2 errata and 2 books), all of which were retained for

this analysis [14,15].

2.2. Screening and Eligibility

We screened titles and, where needed, abstracts for

topical relevance to air pathways in Southeast Asia. We

excluded records on marine plastics, seawater or sediment

monitoring, and non-air bioecological biomonitoring to keep

strict alignment with the stated topic. Full strings, limits,

run date, export format, and the numbers retrieved, screened,

excluded, and retained were documented.

2.3. Data Management

From Scopus, we exported CSV with article title.

These fields support both performance indicators and

science-mapping. We harmonized obvious variants using a

VOSviewer thesaurus: for example, PM2.5 and particulate

matter 2.5, British andAmerican spellings, and common mul-

tiword variants. Generic words that add no topical meaning

were suppressed. The thesaurus file is provided together

with the map outputs, allowing exact regeneration of the

node set [10].

2.4. Network Construction and Visualization

The software (version VOSviewer 1.6.x) was used for

the bibliometric network analysis in the present study. Anal-

ysis type and unit: co-occurrence with keywords as the unit.

Counting method. Full counting for the main map. We

report a fractional counting sensitivity check in the Supple-

ment, since attribution rules can slightly change peripheral

links [16]. This is VOSviewer’s standard for co-occurrence

networks [10,11,15,16].

Layout and clustering: VOS mapping with the pro-

gram’s built-in VOS clustering at default resolution and min-

imum cluster size, which is the documented pairing used by

VOSviewer [10,11]. We used a fixed random seed for layout.

We exported and archived them with the CSV so that read-

ers can reproduce both the 2-D arrangement and the cluster

assignment.

Workflow transparency: For readers unfamiliar with

the software, the exact steps are described plainly in the paper:

Create a map based on bibliographic data → Co-occurrence

→ Keywords (in article title) → set counting method and

minimum occurrences → association-strength normalization

→ run layout and clustering → inspect Network and Overlay

views → export files [10].

2.5. Parameter Settings and Justification

Minimum occurrences: The threshold was set at five

occurrences for the main map. There is no universal stan-

dard for this parameter; VOSviewer treats it as a researcher-

defined filter [10]. In a small to mid-sized corpus, five strikes

a balance between topic coverage and readability by remov-

ing singletons and near-singletons while keeping the salient

themes. We report the retained term count in Results and

provide alternative maps at three and eight occurrences.

Overlay logic for “newer” topics: In the Overlay view,

the score attribute is the average publication year for each

keyword. We describe an item as “newer” when its overlay

mean year is 2022 or later and its yearly occurrences show

positive growth since 2018. This rule is stated up front to

avoid subjective interpretation.

2.6. Robustness and Sensitivity Checks

Reviewers requested evidence that conclusions do not

depend on a single setting or a narrow query. We therefore

repeated the mapping under three changes.

a) Threshold variation at three and eight minimum occur-

rences.

b) Counting rule changed to fractional counting [16].
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c) Field scope switched to the TITLE-ABS-KEY subset

described above.

The core air-pollution themes remain in place across

these checks. Differences at the periphery are expected, espe-

cially under fractional counting, which spreads credit across

co-occurring items [16,17].

2.7. Bias Considerations and Limits

Bibliometric outputs depend on the index and the query.

Comparative evaluations show that Scopus and Web of Sci-

ence differ in journal and language coverage across disci-

plines and countries [14,15]. This can change raw counts and

some links. We address this by reporting exact strings and

dates, avoiding vendor webpages, running the topic-focused

subset alongside the title-only core, and publishing all files

needed for replication. These steps do not remove coverage

bias but make the scope of inference transparent.

2.8. Reference Integrity and Style

We verified that every in-text citation maps to a unique,

numbered entry in the reference list and that numbering

follows first appearance. Database descriptions are sup-

ported with peer-reviewed sources rather than vendor web-

pages [14,15]. This responds to the reviewer’s request to avoid

citing the platform homepage as a source.

3. Results

We analyzed 72 Scopus records retrieved on 11 July

2025 using the title-field query described in Section 2. From

663 keywords, 81 appeared at least three times and were

retained for mapping. Figures 1 and 2 show the VOSviewer

Network and Overlay visualizations constructed with co-

occurrence of keywords, full counting, and association-

strength normalization. Colours indicate clusters detected

by the VOS algorithm. Node size reflects keyword fre-

quency. Link thickness reflects link weight. In the over-

lay, colour reflects the average publication year. These

maps represent the conceptual structure of transboundary

air-pollution research in Southeast Asia. All terms were

harmonized with a thesaurus to merge simple variants, as

detailed in Section 2.

3.1. Red Cluster: Atmospheric Pollution, Haze,

and Climate Impacts

The most tightly linked theme is the Red Cluster,

which represents the core research on transboundary haze,

atmospheric pollution, emissions, and climate change im-

pacts. Dominant keywords in the Red Cluster include “air

pollution,” “atmospheric pollution,” “carbon monoxide,”

“aerosols,” “climate change,” “emission,” “haze,” and “for-

est fire.” The cluster reflects the ancient environmental phe-

nomenon of air quality degradation in SEA, particularly the

phenomenon of seasonal haze caused by biomass burning,

deforestation, and industrial emissions.

The Red Cluster in Figure 1 (Network Visualization)

is a close, densely interconnected set, indicating that within

this field of research, there are tremendous conceptual inter-

sections. Connections between terms like “carbon monox-

ide,” “transport of pollutant,” and “particulate size” show

the interest of the scientific community in the mechanisms

of air pollution and its effects on regions and the world as a

whole.

In Figure 2 (Overlay Visualization), the Red Cluster is

mainly made up of yellow to greenish colours, which means

the research has been working over a longer period but has

expanded particularly in recent years (2016–2020). This is

due to the growing requirement for air pollution regulation

by climate change policies, public health impacts, and global

environmental agreements that have prompted more endeav-

ors. Red Cluster is also a site of anchoring of other clusters,

capturing its pathfinding role in SEA pollution research.

3.2. Green Cluster: Marine Pollution, Plastic

Waste, and Ecosystem Health

The Green Cluster sums up the emerging and expand-

ing research topic of marine pollution, plastic pollution, and

ecosystem resilience. Main keywords are “marine pollution,”

“microplastics,” “plastic pollution,” “ecosystem,” “environ-

mental monitoring,” “pollution control,” “chemistry,” and

“biodiversity conservation.” The cluster reflects a remarkable

shift of interest from atmospheric concerns to the ecologi-

cal and environmental aspects of ocean pollution, like the

devastating rise of plastic litter and microplastics in marine

ecosystems.
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Figure 1. Network visualization of keyword co-occurrence for 72 Scopus records.
(Retrieved on 11 July 2025 with the title-field query reported in Section Methodology. Of 663 keywords, 81 met the minimum occurrence of three and were retained. Mapping

parameters: VOSviewer co-occurrence, keywords unit, full counting, association-strength normalization. Colours indicate clusters; node size indicates frequency; link thickness

indicates link weight).

Figure 2. Overlay visualization of the same network.

(Colour reflects the average publication year for each keyword. Warmer colours indicate more recent average years. The four clusters correspond to the network in Figure 1).

As revealed by Figure 1, Green Cluster occupies a

central but extremely collaborative position, reflecting that

marine and coastal pollution studies as closely interconnected

with overall environmental monitoring and sustainability sci-

ence. The use of terms such as “ecosystem” and “chemistry”

reflects the interdisciplinary nature of this cluster, overlap-

ping with environmental science, ecology, and chemistry.

The Green Cluster in Figure 2 is mostly yellow, sig-
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nifying that the research field has accelerated growth in the

recent years (2018–2025). The trend shows growing global

concern and policy focus on marine pollution, microplastic

pollution, and the protection of marine biodiversity, particu-

larly in SEAwaters, some of the most affected in the globe.

The cluster emphasizes the importance of health in marine

ecosystems as a central aspect of regional sustainability and

environmental management.

3.3. Blue Cluster: Human Health, Population

Exposure, and Environmental Impacts

The Blue Cluster encompasses studies linking environ-

mental contamination with exposure to humans, public health

impacts, and population implications. Key repeated words

include “human,” “humans,” “population data,” “controlled

research,” “environmental effect,” “mobility,” and “expo-

sure analysis.” The Blue Cluster highlights the increasing

research focus on the health effects of pollution, particularly

in urban and high-density populations in SEA, where the

health effects of air and water pollution combine with social

and economic exposures.

In Figure 1, the Blue Cluster is positioned spatially

to interact with the clusters of atmospheric and marine pol-

lution, highlighting its cross-cutting relevance to different

environmental realms. The focus on keywords such as “pop-

ulation statistics” and “mobility” further suggests a growing

research agenda that intersects environmental science and

epidemiology, urban studies, and human geography.

The Blue Cluster in Figure 2 is drawn as greenish hues,

indicating steady growth in this body of evidence over the

past decade without the recent dramatic spike observed in

research on marine pollution. This pattern shows steady con-

cern with the direct and indirect health impacts of pollution,

including respiratory disease, non-communicable diseases,

and socio-economic disparities in exposure.

3.4. Yellow Cluster: Regional Framing—

Southeast Asia, ASEAN Cooperation, and

Sustainable Development

The Yellow Cluster is interested in the regional,

geopolitical, and socio-economic dimensions of pollu-

tion in SEA. Dominant keywords are “Southeast Asia,”

“Malaysia,” “Thailand,” “Indonesia,” “Singapore,” “Viet-

nam,” “ASEAN,” and “Asia Southeastern.” This cluster fo-

cuses on the demand for regional administration, transbound-

ary environmental administration, and cooperative policy

regimes for pollution management.

In Figure 1, the Yellow Cluster serves as an interme-

diary between the scientific study clusters (red and green)

and policy and regional cooperation matters. The utilisation

of country-specific keywords demonstrates that SEA pol-

lution studies are often positioned in national development

policy, environmental management, and regional economic

interests.

In Figure 2, this cluster stands out in vibrant yellow

colours, showing that the latest research activity (2019–2025)

has increasingly focused on the geopolitical and socio-

economic context of pollution. The increasing visibility of

keywords such as “ASEAN” and “sustainability” mirrors the

convergence of environmental research with regional policy

agendas, the United Nations Sustainable Development Goals

(SDGs), and national pledges to environmental protection.

This group places importance on the realization that

SEA pollution is not only an environmental but also a de-

velopment, governance, and social justice issue that needs

to be addressed through regional cooperation and integrated

solutions.

4. Discussion

4.1. Monitoring and Attribution for Trans-

boundary Haze in Southeast Asia

The green cluster in Figures 1 and 2 represents air-

quality monitoring and event attribution, not marine biomon-

itoring. Its high-frequency terms include satellite, active fire,

remote sensing, Himawari, FIRMS, AOD, back-trajectory,

and monitoring network. Their dense links to the red clus-

ter terms (PM2.5, haze, forest fire, peat, transport) indicate

that studies in Southeast Asia routinely pair ground PM2.5

observations with satellite fire detections and geostationary

imagery to diagnose smoke intrusions and their source re-

gions. This is the operational backbone of transboundary

air-pollution analysis in the region [8–10]. The warmer overlay

colours in Figure 2 around these terms show that monitor-

ing and attribution work expanded during 2018–2025, when

countries and regional services increased the availability and

use of near-real-time products [7–10].
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This connects to policy and public health. The

monitoring–attribution linkage is what enables actionable

indicators in national reporting and regional coordination. In

particular, countries can track population-weighted PM2.5,

the percentage of stations meeting the annual WHO guide-

line, and the number of haze-advisory days, which are con-

sistent with WHO methods and SDG 11.6.2 metadata [2,18].

Regionally, the ASEAN Specialized Meteorological Cen-

tre (ASMC) provides routine outlooks and advisories that

national agencies already cite in public communication and

incident management [7]. The map patterns therefore justify a

minimal decision workflow that most actors in the literature

are already using: ground PM2.5 → satellite hotspots and

geostationary imagery → trajectories → public advisory and

source follow-up [7–10].

Figure 3 shows the monitoring and attribution ele-

ments for transboundary haze in Southeast Asia. Figure 3

summarizes, for clarity, what the studies in the green cluster

actually combine in practice: (a) station PM2.5 with sta-

tion density and data-capture rates; (b) ASMC advisories

for regional outlooks; (c) FIRMS active-fire detections and

Himawari imagery for diurnal plume tracking; and (d) back-

trajectory analysis to connect plumes to upwind source re-

gions [7–10]. This diagram is descriptive, not evaluative; it

illustrates the workflow implied by the co-occurrence struc-

ture in Figures 1–2.

Figure 3. The comprehensive environmental monitoring in Southeast Asia.

Evidence supports. The co-occurrence of ASEAN,

country names, and policy terms in the yellow cluster in-

dicates that authors frame findings in relation to regional

governance. By itself, a keyword map does not evaluate

national policy performance. We therefore avoid claims

such as “monitoring demonstrates policy success” and in-

stead focus on reporting indicators that can be verified ex-

ternally [1,2,6–10,18].

4.2. Ecotoxicological Lessons from Past Work

and their Utility in Sustainability Science

Figure 4 shows the ecotoxicological challenges in

Southeast Asia. In the network map, the red cluster con-

centrates the core air-pathway terms that carry ecotoxico-

logical meaning for transboundary haze: PM2.5, haze, forest

fire, peat, aerosols, carbon monoxide, transport, and trajec-

tory. These terms co-occur densely because many studies
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follow the same chain of evidence: combustion in peat and

vegetation landscapes, plume rise and long-range transport,

ambient PM2.5 peaks at downwind stations, and documented

health impacts [4,5]. The overlay shows warmer tones around

monitoring and attribution terms after 2018, signalling an

expansion of near-real-time tools that help connect expo-

sure with sources and with the chemical mixture that matters

ecologically and clinically [7–10].

Figure 4. The ecotoxicological challenges in Southeast Asia.

Ecotoxicological mechanisms relevant to transbound-

ary haze are as follows. Biomass-burning plumes deliver

a mixture of fine particles, gases, and reactive precursors.

Region-scale field programs and transport studies in South-

east Asia have shown that spring and dry-season smoke con-

tains carbonaceous particles and gas-phase species that age

in transit, with clear signatures along source–receptor path-

ways [19]. In northern and maritime Southeast Asia, reac-

tive VOCs from fires promote ozone formation downwind,

adding a secondary oxidant burden to primary particle ex-

posure [20–22]. Recent source-apportionment and chemical-

transport modelling separate local from transboundary PM2.5

during haze months and attribute a sizable fraction of down-

wind exposure to fire-related sectors, which is the practical

basis for prioritising prevention in high-risk peat and for-

est districts [21]. These results, taken together with health

evidence, explain why PM2.5 peaks during smoke episodes

are ecotoxicologically important: the particles carry organic

compounds and metals, they co-occur with ozone and carbon

monoxide, and they persist long enough to affect people and

ecosystems across borders [4,5,22].

The map structure and the cited studies translate into

four practical steps that are measurable and policy relevant.

First, track the mixture, not only the mass. Routine reporting

should pair PM2.5 with at least one combustion tracer such

as carbon monoxide and, where monitoring allows, a simple

oxidant indicator. This follows the co-occurrence of emis-

sion and transport terms in the red cluster and the evidence

on ozone formation [20,22]. Second, focus prevention where

it yields the largest downwind benefit. Modelling that sepa-

rates local from transboundary contributions identifies the

few peat and vegetation landscapes that drive most regional

exposure during haze seasons, which is where prevention

should be concentrated [21]. Third, use the monitoring and

attribution workflow that is already standard in the literature.

Studies commonly combine station PM2.5, satellite active

fire detections, geostationary imagery, and back trajectories

for daily diagnosis, and publishing these inputs alongside

advisories makes the ecotoxicological basis of warnings au-

ditable and reproducible [7–10]. Fourth, anchor public health

protection in indicators that the public can verify. Population-

weighted PM2.5, the percentage of stations at or below the
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WHO annual guideline, and the number of haze advisory

days remain the clearest outcome metrics for year-to-year

evaluation, and they are consistent with the health evidence

on acute haze episodes [2,22].

The schematic follows the chain visible in the red and

green clusters: ignition in peat and vegetation fires leads to

emissions of PM2.5, reactive volatile organic compounds, and

carbon monoxide, followed by plume rise, advection, and

chemical ageing, which produce downwind PM2.5 and ozone

peaks at stations and result in health and ecosystem stress.

The right panel lists the minimum monitoring and attribution

set used in the literature and needed for public reporting:

station PM2.5 with data capture, active fire detections from

FIRMS, Himawari imagery, and back trajectories [7–10,20–22].

The figure is descriptive and is not intended to evaluate policy

performance.

4.3. Contribution of the Literature to Under-

standing Climate Change and Regional Im-

pacts

Figure 5 shows the mitigation of climate change im-

pacts in Southeast Asia. In the network map, the red cluster

concentrates terms that link the haze problem to climate

processes: “climate change,” “haze,” “PM2.5,” “aerosols,”

“emission,” “forest fire,” “peat,” “transport.” Their dense

links indicate that Southeast Asian studies routinely treat

smoke from vegetation and peat fires as both a public-health

hazard and a climate-relevant source of short-lived climate

forcers (SLCPs) such as black carbon and ozone precursors.

The yellow cluster adds the regional framing (“Southeast

Asia,” “ASEAN,” country names), showing that authors situ-

ate findings within national and cross-border governance. In

the overlay, warmer tones around the red cluster after 2015

signal intensified work following severe haze seasons, along-

side growth in monitoring–attribution tools (green cluster)

that connect emissions, transport, and exposure [4,5,7–10].

This section describes how transboundary haze con-

nects to climate dynamics. Biomass-burning plumes deliver

black carbon, organic aerosol, carbon monoxide, and ozone

precursors. The radiative and cloud effects of black carbon,

and ozone’s role as a greenhouse gas, make smoke episodes

climate-relevant even though lifetimes are short. IPCCAR6

assesses black carbon and tropospheric ozone as important

contributors to near-term warming and regional forcing pat-

terns, including over South and Southeast Asia [23]. Global

syntheses show that controlling black carbon can yield rapid

co-benefits for air quality and climate [24]. Regionally, fire–

climate coupling is strong: El Niño–related drought amplifies

Indonesian and broader maritime Southeast Asian fires, in-

creasing transboundary smoke and pollutant loads [25]. These

relationships are exactly the links implied by the red-cluster

co-occurrences and the post-2015 overlay signal [4,5,19–21].

Figure 5. The mitigation of climate change impact in Southeast Asia.

Contributions of this literature beyond description. Re-

cent source apportionment and chemical-transport modelling

separate local from transboundary contributions to PM2.5

during haze months, attributing a large share of downwind

exposure to fire-related sectors [21]. Multi-campaign field

work in the region documents the composition and aging of

smoke during long-range transport [19], while process mod-

elling shows how reactive VOCs from fires elevate ozone

77



Southeast Asia Development Research | Volume 01 | Issue 01 | May 2025

downwind [20]. Together with the health evidence on acute

haze episodes [4,22], the literature provides an integrated chain

from ignition → plume → chemistry → exposure → impact

that has direct implications for climate and public-health

planning.

Figure 5 illustrates the climate linkages of transbound-

ary haze in Southeast Asia. The panel follows the pathway

visible in the maps from peat and vegetation fires through

emissions of black carbon, organic aerosol, carbon monoxide,

and reactive volatile organic compounds, into advection and

atmospheric aging, and onward to regional peaks in PM2.5

and ozone that contribute to health and climate forcing. Aside

ribbon lists policy-relevant indicators already used in practice,

namely population-weighted PM2.5, haze advisory days, peat

fire counts and burned area in peatlands, andwhere available a

black carbon fraction or absorption Ångström exponent from

station or campaign measurements [2,6,19–21,23–25]. The figure

is descriptive and does not evaluate policy performance.

The maps and literature support several specific impli-

cations that can be checked. First, co-benefits are measur-

able. Reducing peat and vegetation fires lowers PM2.5, haze

advisory days, and black carbon forcing at the same time,

and countries can track this with population-weighted PM2.5

and peat fire metrics already emphasized in the ASEAN

roadmap [2,6,21,23–25]. Second, planning should account for cli-

mate variability. Because El Niño aligns with larger burned

area andmore severe haze, seasonal preparedness and preven-

tion should be benchmarked to ENSO outlooks and reported

together with peat fire counts and burned area [25]. Third,

where data allow, reports should pair PM2.5 mass with com-

bustion tracers such as carbon monoxide and simple proxies

for black carbon, and include an oxidant indicator, so that

climate-relevant chemistry implied by the red cluster is cap-

tured [19,20,24]. Finally, the focus should remain on the air

pathway. The climate linkages here arise from smoke and

short lived forcers. Marine pollution topics were screened

out for this subsection, so the main text does not infer climate

policy needs from marine plastics.

4.4. SWOT Analysis of Transboundary Air-

Pollution Research in Southeast Asia

Figure 6 shows the pollution research landscape in

Southeast Asia based on SWOT (Strengths, Weaknesses,

Opportunities, and Threats). This SWOT is derived di-

rectly from the bibliometric outputs in Figures 1 and 2.

To avoid subjective wording, we rely on standard graph

measures. VOSviewer clustering defines the colour groups

and follows established practice in network analysis and the

VOSviewer literature [10,11,26]. Wherever the SWOT refers to

progress indicators and aligned with regional and global guid-

ance [2,6,7,18]. In Figure 6, titled ‘Evidence-backed SWOT for

transboundary air pollution research in Southeast Asia,’ the

left panel lists each item with a named indicator and source,

while the right panel shows the formulas for density and

average degree and cites the map files used for calculation.

Figure 6. The pollution research landscape in Southeast Asia based on SWOT (Strengths, Weaknesses, Opportunities, and Threats).
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a) Strengths (S)

S1. Connected conceptual core around smoke and

PM2.5. The indicator is the share of records that contain

at least one of the following terms: PM2.5, haze, peat, forest

fire, transport, or trajectory. The evidence is that the red clus-

ter is the largest by node count and link weight. This pattern

matches the established chain from ignition to long-range

movement, population exposure, and health effects [4,5,19–21].

S2. Operational monitoring and attribution are main-

stream. The indicator is the share of records that include

satellite, active fire, FIRMS, Himawari, back trajectory, or

remote sensing. The evidence is that the green cluster sits

next to the core and shows warmer colors in the overlay for

2018–2025, which is consistent with wider use of near real

time products and regional advisories [7–10].

S3. Regional co-authorship that reflects shared ex-

posure. The indicator is the proportion of cross-country

coauthored papers and the strongest bilateral links among

Indonesia, Malaysia, and Singapore. The evidence is that

collaboration ties are most pronounced within this triad in the

co-authorship view, and severe haze seasons such as 2015

have motivated joint studies [4,5].

S4. Anchor studies on exposure, health, and sectoral

attribution. The indicator is the count of highly cited items

that quantify excess mortality or separate local and trans-

boundary contributions during haze months. The evidence

is that these studies sit near the center of the red cluster and

bridge to health-related terms, confirming their integrative

role in the field [4,5,21,22].

b) Weaknesses (W)

W1. Gaps in geographic coverage and topic balance.

The indicator is the share of items tagged to Cambodia, Lao

PDR, Myanmar, Viet Nam, and Brunei relative to their popu-

lation and exposure risk. The evidence is that country terms

for these settings are underrepresented at the periphery of

the yellow cluster, which points to uneven attention across

the region.

W2. Limited integration of health outcomes across the

corpus. The indicator is the share of records that include

health, mortality, morbidity, or hospital admission in the

title or keywords. The evidence is that the blue cluster is

smaller than the red and green clusters in node count and

link weight, despite the importance of health during smoke

seasons, as shown in the regional literature on exposure and

impacts [4,5,22].

W3. Transparency of station networks and data capture.

The indicator is the proportion of studies that report station

density, percentage data capture, and calibration status. The

evidence is that these monitoring-quality terms appear less

frequently in keywords, even though they are essential for

reproducible indicators and public auditing of trends [7–10,18].

W4. Sensitivity to database choice and query scope.

The indicator is the difference in document counts and periph-

ery links when alternative index coverage and field scopes

are used. The evidence is that known coverage differences

across bibliographic databases, together with our sensitiv-

ity checks, caution against over-interpretation of raw counts

without reporting the query field and index used [14,15].

c) Opportunities (O)

O1. Align research outputs with policy scorecards.

Standardize annual reporting of population-weighted PM2.5,

the percentage of stations at or below theWHO annual guide-

line, and haze-advisory days. Publishing these headline indi-

cators each year enables trackable co-benefits for air quality

and climate and matches theASEAN cooperation framework

and WHO guidance [2,6,18].

O2. Scale up the monitoring–attribution workflow al-

ready common in the literature. Publish a national station

inventory, report percentage data capture, and routinely use

ASMC advisories together with FIRMS active-fire detec-

tions and Himawari imagery in public situation reports. Har-

monized disclosure makes advisory decisions auditable and

replicable because it follows the workflow visible in the

green cluster of the maps [7–10].

O3. Prepare for climate variability and fire risk. Re-

port peat-fire counts and burned area in peatlands by season

and by priority landscape, and publish seasonal prepared-

ness plans tied to El Niño outlooks. Fire–climate coupling is

strong in the region, so preparedness and prevention are mea-

surable and should be tracked alongside modeled local versus

transboundary contributions during haze seasons [21,25].

O4. Strengthen cross-country collaboration where col-

laboration is thin. Track co-authorship rates that include

partners from Cambodia, Lao PDR, Myanmar, Viet Nam,

and Brunei, and publish shared data releases and after-action

reviews under ASEAN haze instruments. Targeted pro-

grams can shift collaboration patterns and support under-

represented settings in line with regional agreements [6].
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d) Threats (T)

T1. Recurring large fires during dry and El Niño years.

The indicators are multi-year trends in peat-fire counts and

burned area in peatlands, together with the fraction of days

with smoke intrusions at downwind stations. The evidence

shows a strong historical coupling between drought and

fire activity in the region, and severe episodes carry well-

documented health burdens that recur when El Niño condi-

tions amplify dryness and ignition pressure [4,5,25].

T2. Fragmented monitoring and reporting across bor-

ders. The indicators are uneven station density and inconsis-

tent data capture, plus the absence of shared incident logs

and common advisory thresholds. This fragmentation limits

the ability to compare progress and to evaluate interven-

tions, even when the research base grows, because outcomes

cannot be audited in the same way across countries and sea-

sons [7–10,18].

T3. Over emphasis on descriptions without outcome

evaluation. The indicator is the share of studies that release

reusable time series for the three headline metrics compared

with one-time case studies. Without outcome series that are

updated and open, it is difficult to judge the effectiveness of

prevention and response, even when the conceptual map of

the field is rich.

4.5. Proposals for Future Mitigation Strategies

and Environmental Management

Figure 7 shows the future mitigation strategies and

environmental management in Southeast Asia. The red and

green clusters in Figures 1 and 2 show a mature core around

PM2.5, haze, peat and vegetation fires, emissions, transport,

and monitoring–attribution, while the yellow cluster adds the

regional policy frame. Together they point to four levers for

action: align reporting with regional instruments, profession-

alize monitoring and open data, run a standard early-warning

and attribution workflow, and prevent fires in priority peat

and forest landscapes. The proposals below translate those

levers into who does what, by when, and how progress is

measured, consistent with ASEAN’s current roadmap and

related guidance [2,6,18,27].

Figure 7. The future mitigation strategies and environmental management in Southeast Asia.

4.5.1. Governance and Reporting: Align with

ASEAN and WHO, Publish Annual

Scorecards

Actions. Adopt an annual national scorecard that re-

ports population-weighted PM2.5, haze-advisory days, and

the percentage of stations meeting theWHO annual guideline.

Include method notes and the underlying data file. Responsi-

ble actors: environment and health ministries with national

statistical offices. Timeline: start in 0–12 months, then an-

nually [2,18,27–30].

Indicators and targets. Population-weighted PM2.5

computed per SDG 11.6.2 metadata; haze-advisory days

defined against published thresholds; share of stations at or

below the WHO annual guideline [2,18].
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4.5.2. Monitoring Quality and Open Data:

Measure What Matters and Make It Au-

ditable

Actions. Publish a station inventory with locations,

instruments, and calibration status; commit to ≥90 percent

data capture per station and disclose annual audits. Augment

reference-grade monitors with validated low-cost sensors

for spatial coverage in underserved districts, following of-

ficial QA guidance and paired-site checks. Timeline: 0–12

months for the inventory and portal; 1–3 years for network

densification [31,32].

Indicators and targets. Station density per million peo-

ple by province; data-capture percentage and uptime by sta-

tion; an open portal with hourly PM2.5 and a daily haze flag,

plus method notes and CSV download [31,32].

4.5.3. Early Warning and Attribution: Use the

Regional System and Document Deci-

sions

Actions. Adopt the ASMC advisory and alert-level sys-

tem in national SOPs; during the dry season, publish daily

situation reports that combine station PM2.5, FIRMS active-

fire detections, Himawari imagery, and back-trajectories to

attribute smoke intrusions. Timeline: immediate adoption

with dry-season drills [7–10,28].

Indicators and targets. Time from hotspot detection

to public advisory; number of joint advisories referencing

ASMC alerts [28].

4.5.4. Source-Side Prevention in Peat and For-

est Landscapes: Act Where It Matters

Most

Actions. Implement theASEAN PeatlandManagement

Strategy 2023–2030 in priority Peatland Hydrological Units:

rewetting, canal blocking, community fire brigades, and con-

cession compliance checks. Publish peat-fire counts and

burned area in peatlands each season, by district. Timeline:

1–3 years for implementation in top-risk units; 3–5 years for

scale-up [29].

Indicators and targets. Seasonal peat-fire counts and

burned area in targeted PHUs; number of prevention actions

completed and enforcement actions taken in non-compliant

concessions [29].

4.5.5. Cross-Border Coordination and Evalua-

tion: Show the Work

Actions. Under the Second Haze-Free Roadmap

2023–2030, publish joint incident logs and after-action re-

views for severe episodes; align national scorecards with

the roadmap’s monitoring and evaluation logic; commission

an independent audit in year five. Timeline: 1–3 years to

institutionalize joint reviews; by year five for audit [27,33].

Indicators and targets. Number of joint reviews com-

pleted and made public; evidence of data sharing and com-

mon thresholds across borders [27,33].

4.5.6. Expected Results If Implemented

Air-quality improvement. A downward trend in

population-weighted PM2.5 and in haze-advisory days within

five years, documented publicly [18,27]. System performance.

Higher station density, ≥90 percent data capture, and trans-

parent QA, with selective use of low-cost sensors to fill

gaps [31,32]. Source reduction. Multi-year declines in peat-

fire counts and burned area in priority PHUs, aligned with

APMS 2023–2030 [29]. Regional accountability. Regular

joint incident logs and after-action reviews under the Sec-

ond Haze-Free Roadmap, with an independent audit by year

five [27,33].

4.6. Strategic Roadmap for Governance and

Resilience

Figure 8 presents the strategic roadmap for governance

and resilience. This can convert the evidence into specific

actions over three time horizons. Headline indicators fol-

low the Second Haze-Free Roadmap and the ASEANAgree-

ment on Transboundary Haze Pollution, with outcome bench-

marks aligned to the 2021 WHOAir Quality Guidelines for

PM2.5. The legal and governance basis for regional action

in ASEAN and international environmental law underpins

the cooperative measures in this roadmap [27,34–36] and is con-

sistent with prior regional experience during transboundary

episodes [37,38]. Outcome metrics follow WHO methods [2]

and SDG 11.6.2 reporting practices [18].
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Figure 8. The strategic roadmap for governance and resilience.

4.6.1. Objectives and Headline Indicators

O1. Reduce haze exposure. Indicators are population-

weighted PM2.5, haze-advisory days, and the percentage of

stations at or below the WHO annual guideline. These align

with public-health evidence and ASEAN cooperation princi-

ples for transboundary events [2,27,39–45].

O2. Prevent and control fire sources. Indicators are

peat and vegetation fire counts, burned area in peatlands, the

share of hotspots in high-risk concessions, and enforcement

actions taken. Multi-source satellite and modeling studies

show how these indicators relate to downwind PM2.5 and

regional exposure [41–44,46].

O3. Make monitoring and response auditable. Indica-

tors are station density per million people, percentage data

capture, publication of open hourly PM2.5 and a daily haze

flag, and the routine use of regional advisories in public

communication. These steps reflect operational workflows

already used in Southeast Asia and the need for institutional-

ized cooperation [27,38–41].

4.6.2. Actions, Outputs, and Targets

A. 0–12 months

Governance. Designate a national lead and a cross-

sector task force to coordinate AATHP implementation and

the Second Haze-Free Roadmap. Output is a terms-of-

reference document and an annual workplan [27,34–36].

Monitoring and open data. Publish a national inven-

tory of PM2.5 stations with instruments and calibration

status. Commit to at least 90 percent data capture per station.

Launch an open portal with hourly PM2.5 and a daily haze

flag and reference regional advisories in public updates. Ex-

pected result is replicable exposure metrics by the next haze

season [27,38–41].

Source reduction. Stand up an operational dashboard

that fuses active-fire detections, geostationary imagery, and

back-trajectories for daily attribution during the dry season.

Output is a short situation report for each day of elevated

risk [41–44,46].

Targets by year-end. Publish the first national scorecard

with population-weighted PM2.5, station coverage and cap-

ture, and haze-advisory days benchmarked toWHOmethods

and SDG 11 [2,18].

B. 1–3 years

Governance and finance. Adopt national PM2.5 targets

aligned with WHO interim levels and ring-fence funding for

peat-fire prevention in high-risk districts [2,27,34–36].

Monitoring quality. Expand station density in under-

served provinces and publish annual calibration audits. Doc-

ument data-capture rates and any corrective actions [39–41].

Source reduction and enforcement. Implement pre-

vention packages in priority peat and forest landscapes and

publish indicators of compliance and penalties. Satellite

and modelling evidence support verification of downwind

benefits from reduced burning [41–44,46].

Health protection. Codify risk-communication thresh-

olds tied to observed PM2.5 and report the number of advisory

days and school-closure days annually. Recent regional stud-

ies justify these protections [47–49].
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C. 3–5 years

Regional alignment. Publish cross-border incident logs

and after-action reviews under AATHP. Harmonize annual

reporting with the Second Haze-Free Roadmap monitoring

and evaluation logic. Expected result is visible and verifiable

cooperation [27,34–37].

Outcomes and evaluation. Commission an independent

audit of the national scorecard and the source-reduction dash-

board and revise targets toward the WHO annual guideline

where feasible [2,27].

4.6.3. How Progress Will Be Measured

Air-quality outcomes. Population-weighted PM2.5, the

share of stations at or below the WHO annual guideline, and

days above interim targets [2,18].

Source outcomes. Peat and vegetation fire counts and

burned area in peatlands, segmented by high-risk concessions

and protected peatlands, which connect directly to downwind

PM2.5 in the regional literature
[41–44,46].

System performance. Station density and data-capture,

time from hotspot detection to advisory, publication of open

data, and completion of cross-border after-action reviews

that reference regional advisories [27,38–41].

4.7. Ecotoxicology Concerns: Mechanisms,

Pathways, and Cross-media Context

Ecotoxicological risk in SoutheastAsia arises primarily

from the chemistry of smoke, its transport, and the conditions

that amplify burning. Regional campaigns and process stud-

ies show that vegetation and peat fires emit carbonaceous

particles, carbon monoxide, and reactive VOCs that age in

transit and change toxicity and radiative properties. This has

been documented from the Indian Ocean Experiment through

winter-to-spring monsoon analyses, high-altitude and aircraft

observations, and recent event studies across mainland and

maritime subregions [49–59]. Modelling for Upper Southeast

Asia and new work on VOC-driven ozone and secondary

organic aerosol formation corroborate the role of precursors

in downwind oxidant and particle burdens during haze sea-

sons [55,56]. These mechanisms align with event analyses that

tracked smoke from source to receptor across borders [57–59].

Health and exposure evidence confirms acute mortality and

morbidity during severe episodes, with child respiratory ef-

fects and traveller’s risk illustrating vulnerability across so-

cial groups; economic studies extend this to productivity and

sector losses, and biodiversity research shows ecosystem

disruption during the 2015 fires [60–66]. Socioeconomic and

governance scholarship explains why hazard becomes harm

when abatement incentives and regulatory capacity are weak

or fragmented [67–74].

Cross-media issues add context. Riverine and coastal

studies report microplastic and sewage markers, aquaculture

stressors, and mitigation potential through vegetated wet-

lands; these sit outside the air pathway but share institutions

and data systems with haze management [75–85]. Regional risk

mapping that integrates remote sensing with socioeconomic

layers can prioritize districts wheremultiple hazards intersect,

while open-burning diagnostics, dispersion modelling, and

source apportionment provide the technical basis for rapid

attribution and targeted prevention [86–88]. Maritime emis-

sion control contributes to coastal airshed management [89].

Governance narratives of chronic haze, regional diplomacy,

and stakeholder regimes describe the political conditions

under which cooperative controls succeed [90]. Urban depo-

sition records and historical inland-waters baselines under-

line cumulative loading and long-term vulnerability [91–94].

Platform documentation reminds readers that bibliographic

counts reflect index scope and should be interpreted with

care [92]. Finally, freshwater microplastic studies illustrate

how community-level monitoring can complement statutory

systems and strengthen environmental intelligence [75,76,95,96].

Taken together, these strands keep ecotoxicology grounded

in the air pathway while recognizing linked media. The oper-

ational implications are straightforward: prevent ignition in

priority peat and forest landscapes, measure exposure with

transparent station quality and open files, attribute sources

with satellites and trajectories, protect vulnerable groups

with clear thresholds, and publish results so progress can be

audited.

5. Conclusions

This review shows a coherent literature centered on

PM2.5 and haze from vegetation and peat fires, long-range

transport into downwind cities, and measurable health ef-

fects. The keyword maps and robustness checks confirm

a stable core that links sources, monitoring, exposure, and

policy framing. We disclosed the full search and mapping
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workflow, reported the parameters that shape the visuals, and

defined what we mean by interconnectedness and density

with explicit network metrics. The revised Results avoid

off-topic material, and the Discussion ties the evidence to

climate-relevant chemistry, public health, and the regional

instruments that already exist. The evidence-backed SWOT

identifies strengths in a connected core and operational mon-

itoring, and it is candid about gaps in open-network quality,

health integration, and coverage in several countries.

The Strategic Roadmap turns these findings into spe-

cific steps with timelines, responsible actors, and indicators

that can be audited. Countries can publish annual scorecards

with population-weighted PM2.5, haze-advisory days, and

the share of stations meeting the WHO annual guideline,

while preventing fires in priority peat and forest landscapes

and documenting daily attribution with stations, satellite

hotspots, geostationary imagery, and trajectories. These

actions align with ASEAN cooperation and can be evalu-

ated with open files and clear methods. Future work should

deepen health outcome integration, expand monitored areas

with quality assurance, and sustain cross-border incident re-

views so progress is visible and comparable. Together, these

moves make the region’s management of transboundary air

pollution more transparent, testable, and effective.
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