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Abstract

Brazil presents a distinctive convergence of continental-scale climatic diversity, extensive

urbanization, large-scale biomass burning, rapid land-use change, persistent air-quality

Atmosphere 2026, 17, 797

https:/ /doi.org/10.3390/atmos17080797


https://crossmark.crossref.org/dialog?doi=10.3390/atmos17080797&domain=pdf&date_stamp=2026-08-19
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/atmosphere
https://www.mdpi.com
https://orcid.org/0000-0003-2436-4186
https://orcid.org/0000-0002-4075-4013
https://orcid.org/0000-0002-5581-9844
https://orcid.org/0000-0002-0991-7347
https://orcid.org/0000-0002-1923-6617
https://orcid.org/0000-0003-2356-7774
https://orcid.org/0000-0001-6798-9130
https://orcid.org/0009-0000-8614-2138
https://orcid.org/0000-0002-1209-6076
https://orcid.org/0000-0002-6905-8767
https://orcid.org/0000-0003-1058-0179
https://orcid.org/0000-0002-7606-7944
https://orcid.org/0000-0002-3833-9726
https://orcid.org/0000-0003-3829-3075
https://orcid.org/0000-0002-5559-2854
https://orcid.org/0000-0002-8623-5200
https://orcid.org/0000-0002-8363-4329
https://orcid.org/0000-0002-5315-5650
https://orcid.org/0000-0001-7423-0982
https://orcid.org/0000-0001-8783-2747
https://orcid.org/0000-0002-7344-4679
https://doi.org/10.3390/atmos17080797

Atmosphere 2026, 17, 797

20f21

monitoring gaps, and deep social inequalities, producing highly heterogeneous and com-
pound environmental health risks. In this context, treating air pollution and climate change
as parallel environmental crises obscures their structural interconnections through shared
emission sources, mutually reinforcing exposure pathways, and overlapping health and
social consequences. In this narrative review, we critically synthesize scientific and in-
stitutional lines of evidence and argue that air pollution and climate risks can be more
effectively addressed in Brazil through a single strategic agenda for science, public health,
and governance. We first discuss why these challenges cannot be managed in isolation,
emphasizing the effects of heat, drought, stagnation events, biomass burning, and extreme
weather on pollutant formation, dispersion, and health burden. We then examine Brazil
as a critical case where recent regulatory advances coexist with structural limitations in
monitoring, data integration, and territorial coverage. Based on this diagnosis, we propose
an integrated national agenda organized around five mutually reinforcing priorities: moni-
toring through hybrid networks; predictive science through climate-informed modeling
and early warning; public health through the convergence of epidemiology, toxicology, and
mechanistic research; equity-oriented research and action through the explicit incorporation
of vulnerability, inequality, and climate justice; and policy appraisal through the assessment
of disease burden, economic costs, mitigation co-benefits, and trade-offs. We further discuss
the governance mechanisms needed to connect these priorities and translate evidence into
coordinated action and adaptive public policies. We also argue that the Amazon should be
approached not as an isolated ecological exception but as a central component of a broader
Brazilian and Global South discussion on environmental health, land-use change, and
climate justice. In this scenario, Brazil has the scientific capacity and regulatory momentum
to become a reference in the integrated management of air pollution and climate risks,
but this will depend on replacing fragmented approaches with a coordinated framework
capable of linking exposure, mechanism, burden, inequality, and action.

Keywords: air quality; Brazil; climate change; extreme events; early warning systems;
environmental justice; predictive modeling; public health

1. Introduction

Air pollution remains one of the most important environmental threats to health world-
wide. Recent global assessments indicate that air pollution contributed to approximately
7.9 million deaths in 2023 and ranked as the second leading risk factor for early death
globally, while particulate matter pollution continues to be one of the most consequential
components of this burden [1,2]. At the same time, recent studies and reports have identi-
fied that harmful effects occur at lower concentrations than previously assumed, which
has important implications for national standards, risk communication, and health pro-
tection strategies [3,4]. The health burden extends well beyond classical cardiorespiratory
outcomes, encompassing neurological diseases, metabolic disorders, adverse pregnancy
outcomes, and cancers, which means that its public-health relevance is deeper and more
systemic than a narrow sectoral interpretation would suggest [5-8]. Despite this expanding
evidence base, air pollution and climate risks continue to be examined through separate
research and governance frameworks, particularly in territorially heterogeneous middle-
income settings such as Brazil. This disconnect limits the translation of current knowledge
into coordinated research, public health and policy responses capable of addressing their
combined risks.
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Climate change is itself an escalating health, environmental, and development crisis.
It is no longer restricted to a future scenario of projected harms but is already reshaping
exposure patterns, disease risks, food and water security, labor capacity, ecosystem stability,
and the resilience of health systems across regions [9-13]. Heatwaves, droughts, floods,
wildfires, sea-level rise, and other climate-related hazards have become more frequent,
intense, or prolonged in many settings, with particularly severe consequences for socially
and territorially vulnerable populations [10,12,13]. These climate-related changes can also
worsen air quality by promoting atmospheric stagnation, enhancing temperature-sensitive
ozone formation, intensifying wildfire emissions, and altering particulate transport [14-16].
These impacts extend beyond direct mortality and morbidity to include mental health
burdens, displacement, pressure on health services, nutritional insecurity, and losses in
social and economic productivity [10,11,13]. Importantly, every additional increment of
warming magnifies these risks, reinforcing the need to understand climate change not
only as an environmental issue but also as a central determinant of population health and
societal stability [9-13].

Despite this evidence, air pollution and climate change are still frequently approached
as separate governance problems. Air-quality regulation is commonly treated as a local
or regional matter focused on pollutant concentrations and compliance, whereas climate
policy is often framed around greenhouse gas accounting, energy transition, and long-term
mitigation targets [17,18]. This administrative separation is no longer scientifically defensi-
ble. The same fossil fuel combustion processes, transport systems, industrial emissions, and
land-use dynamics that drive climate change also shape air pollution exposure [14,15,17,18].
Moreover, climate change alters the atmospheric conditions that control pollutant forma-
tion, dispersion, transport, and deposition, intensifying the frequency and severity of
compound exposure scenarios [14-16].

Brazil is a strategically important setting in which to rethink that separation. The
country combines very large urban centers, industrial corridors, agribusiness expansion,
recurrent biomass burning, strong regional climatic contrasts, and profound socioeconomic
inequalities [19]. It also combines two apparently contradictory realities. On one hand,
Brazil has recently made relevant advances in its legal and regulatory architecture for air
quality management [20-23]. On the other hand, the country still faces major limitations
in monitoring coverage, territorial representativeness, data transparency, and integrated
risk governance [24-26]. Accordingly, the objective of this narrative review is to critically
synthesize scientific and institutional evidence, identify recurrent knowledge and imple-
mentation gaps, and, on this basis, define research priorities and policy opportunities
for integrating air pollution and climate governance in Brazil, thereby outlining future
directions for environmental health research and policy implementation. The novelty of the
proposed framework lies in treating Brazil's territorial, climatic, and social heterogeneity
not only as a source of risk but also as the basis for an implementation-oriented model inte-
grating air pollution and climate governance. For this reason, Brazil is not only a national
case of urgency; it is also a conceptual test for how the relationship between air pollution
and climate change should be studied and governed in middle-income countries with
heterogeneous exposure landscapes. Rather than merely calling for more studies, we argue
for a reorganization of the research and policy agenda itself. This does not mean dissolving
the specificities of air-quality science and climate policy into a single undifferentiated field.
Rather, it means integrating evidence streams, institutions, and decision tools wherever the
same sources, exposure pathways, and affected populations overlap.

To this end, this narrative review adopts a focused and policy-oriented approach,
drawing on peer-reviewed studies, national legislation, technical reports, and institutional
documents relevant to the intersections among air pollution, climate change, and health in
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Brazil. Sources were selected to encompass the principal scientific, public-health, regulatory,
and governance dimensions of these interconnections, with emphasis on recent evidence
and authoritative national and international sources. Figure 1 provides an overview of the
integrated agenda. It links the shared emission sources, climate-related hazards, exposure
processes, and social inequalities examined throughout the manuscript to analytically
distinct dimensions of compound risk, five mutually reinforcing scientific and policy
priorities, and the governance mechanisms needed to translate evidence into anticipatory
and coordinated action.
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Figure 1. Conceptual framework for an integrated research and policy agenda on air pollution,

climate change, and health in Brazil. The framework links shared emission sources, climate-related
hazards, exposure processes, and social inequalities to distinct dimensions of compound risk, five
mutually reinforcing scientific and policy priorities, coordinated action, and a continuous governance
and evaluation feedback loop responsive to Brazil’s territorial and institutional heterogeneity.

2. Why Air Pollution and Climate Change Require
Integrated Governance

The interaction between air pollution and climate change is not incidental. It is
mechanistic, epidemiological, and political. From an atmospheric perspective, climatic
conditions influence chemical transformation, boundary-layer dynamics, transport path-
ways, humidity, and the persistence of stagnation events [14-16,27]. In practical terms,
this means that rising temperatures and more frequent extreme events can enhance ozone
formation and increase population exposure, thereby amplifying the associated health
burden [14-16,27]. Altered rainfall regimes and prolonged drought can increase dust re-
suspension and wildfire activity, leading to higher PM; 5 emissions and downwind health
risks. Furthermore, atmospheric stagnation can further limit pollutant dispersion in densely
populated regions [14-16,27].

At the same time, some of the most important sources of greenhouse gases are
also major sources of population exposure to harmful air pollutants. Fossil fuel use in
transport, electricity generation, and industry emits not only carbon dioxide but also
particulate matter precursors, nitrogen oxides, sulfur compounds, and a range of toxic
co-pollutants [17,18,28,29]. Likewise, land-use change and fire regimes influence both
short-lived climate forcers and locally or regionally relevant air pollutants [28,29]. These
shared sources also highlight an important distinction between long-lived greenhouse
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gases, such as carbon dioxide, and short-lived climate pollutants (SLCPs), including black
carbon, methane, and tropospheric ozone. Because SLCPs influence both near-term climate
forcing and air quality, mitigation strategies targeting them can generate relatively rapid
health benefits while complementing long-term carbon dioxide reductions [17,18]. Together,
these linkages mean that mitigation actions can produce co-benefits, whereas policy failures
can create double penalties [30-32]. A poorly designed energy and mobility system does
not only worsen long-term climate risk; it also increases daily morbidity, mortality, and
health-system pressure in the present [30-32].

The converse is equally true. Policies that improve air quality may also strengthen
climate resilience and climate mitigation when they reduce dependence on combustion-
based systems, protect vegetation, improve urban form, and lower vulnerability to extreme
heat [30-32]. These co-benefits, however, are not automatic. Although bioenergy can con-
tribute to fossil fuel substitution, its expansion may, depending on the feedstock, scale, and
land management practices, increase competition for land and water, affect food produc-
tion and food security, and generate additional greenhouse gas emissions through direct
and indirect land-use change [33,34]. More broadly, poorly designed interventions may
shift emissions or exposure across sectors and territories, create environmental or social
trade-offs, or distribute costs and benefits unevenly [33]. Their appraisal should therefore
consider local conditions, life-cycle effects, and possible unintended consequences. The
problem, therefore, is not only scientific fragmentation but also a missed opportunity. If air
pollution is handled without climate change, interventions risk being narrow, reactive, and
short-lived. If climate change is handled without air pollution, a large part of the immediate
and measurable health return of mitigation is ignored. The strongest rationale for inte-
gration is not rhetorical convenience. It is that the same intervention can simultaneously
reduce emissions, prevent disease, increase resilience, and generate political legitimacy
through visible public health gains [30-32].

3. Brazil as a Strategic and Understudied Case

Brazil deserves particular attention because it concentrates many of the tensions
that define the air pollution—climate nexus [35-37]. Its continental dimension is reflected
in several climatic zones (tropical, semi-arid, and subtropical) and extensive biome di-
versity, including the largest national share of the Amazon, the world’s largest tropical
forest [38,39]. This climatic and ecological heterogeneity generates highly variable meteoro-
logical conditions and exposure profiles, ranging from prolonged Amazonian droughts and
smoke transport to semi-arid heat and water scarcity in the Caatinga, recurrent floods in
the South, and humid coastal atmospheres that interact with dense urban emissions [35-37].
Large metropolitan areas are affected by transport emissions, secondary pollutant forma-
tion, industrial activity, and urban heat [19,37]. Agricultural frontiers and forest edges
experience fire, smoke, dust, and land-use transitions [28,29]. The coexistence of urban-
industrial and rural land-use sources across these climatic and ecological settings, combined
with pronounced environmental inequality, makes Brazil a particularly informative setting
for examining how climate modifies emissions, exposure, and health risk [35-37]. A na-
tional strategy based only on conventional urban monitoring logic is therefore insufficient
by design [24,37].

This diversity is amplified by the scale of emission-related activities in the country.
Recent national indicators show that Brazil has a vehicle fleet of approximately 124 million
vehicles; harvested approximately 292.7 million tonnes of cereals, legumes, and oilseeds
in 2024; recorded more than 278,000 fire hotspots in the same year; and emitted roughly
2.1 GtCOgye in 2024 [40-43]. Demographic data further show that 87.4% of the Brazilian
population lived in urban areas in 2022 [44], while the 15 metropolitan regions analyzed
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using data from the same Census comprised approximately 74.6 million residents, equiva-
lent to 36.7% of the national population [45]. In the Metropolitan Area of Sao Paulo, road
vehicles accounted for 60% of NOx and 37% of PM; 5 emissions in 2022 [46]. Together, these
figures illustrate that Brazil is not simply exposed to the air pollution—climate nexus; it is
also a large-scale producer, receiver, and redistributor of the processes that sustain it.

3.1. Regulatory Progress Amid Structural Monitoring Gaps

Brazil has recently taken important legal steps by approving the National Air Quality
Policy through Law No. 14850/2024 and, shortly thereafter, by updating national air-
quality standards through National Council for the Environment (CONAMA) Resolution
No. 506/2024 [20,21]. These measures represent a meaningful shift because they strengthen
the legal basis for monitoring, inventories, models, information systems, and long-term
planning [20,21]. They also help move air quality from a fragmented regulatory niche
toward a broader governance framework that explicitly recognizes public health, access to
information, and the need for national coordination [20,21]. This was widely recognized as
a milestone in the Brazilian debate on air quality [22,23].

However, regulatory progress does not automatically solve the historical problem
of territorial invisibility. Brazil’s monitoring network has long been sparse, spatially
concentrated, and uneven in quality and public accessibility, with coverage historically
focused on a limited number of states and urbanized regions [24-26,47]. The monitoring
infrastructure has recently expanded: the latest report from the Brazilian Ministry of the
Environment and Climate Change (MMA), based on 2024 data, registered 570 stations,
representing a 44% increase from the 395 reported for 2022 [26,48]. Nevertheless, this
increase should be interpreted according to the type and operational status of the equipment.
The report distinguishes reference or equivalent stations from indicative monitors, the
latter corresponding to low-cost sensors. Between 2022 and 2024, the number of indicative
low-cost monitors increased from 37 to 194, whereas the number of reference or equivalent
stations remained virtually unchanged, increasing from 358 to 359 [26,48]. Thus, the recent
expansion was driven predominantly by low-cost sensors rather than by a corresponding
expansion of the reference network. Moreover, 75 of the stations registered in 2024 were
classified as inactive, and 21 had no reported operational status, demonstrating that the
number of registered stations does not correspond directly to continuous and quality-
assured data coverage [26].

The territorial distribution of the reference network also remained markedly unequal.
Of the 359 reference or equivalent stations characterized in 2024, 265 (73.8%) were located in
the Southeast, compared with 48 in the South, 31 in the Northeast, 12 in the Center-West, and
only three in the North, all located in Pard [26]. Conversely, the North had 137 indicative
low-cost monitors. Acre, Amapd, Amazonas, Ronddnia, Roraima, and Tocantins therefore
had only indicative monitoring, as did Mato Grosso, which had 23 indicative monitors
and no reference or equivalent station [26]. This pattern shows that low-cost sensors have
improved spatial detection; however, this gain has not been accompanied by a comparable
expansion of reference monitoring, leaving large areas without the infrastructure required
for calibration, multipollutant assessment, and reliable long-term surveillance.

The limited coverage of the formal monitoring network remains evident in national
assessments. A 2021 assessment estimated that only approximately 1.6% of Brazilian mu-
nicipalities had air-quality monitoring stations and that 41% of the existing stations were
privately operated, limiting consistent public access to part of the monitoring data [25,47].
In 2024, an IEMA assessment considering active automatic stations and explicitly excluding
low-cost sensors reported that 10 of the country’s 23 urban localities with more than one
million inhabitants lacked an automatic monitoring station, including Brasilia, Goiania, and
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Manaus, and identified low or absent PM; 5 monitoring by active reference stations in sev-
eral states [24]. Brazil also maintains complementary meteorological, satellite, fire-detection,
and disaster-monitoring systems operated by the National Institute of Meteorology (IN-
MET), National Institute for Space Research (INPE), National Center for Monitoring and
Early Warning of Natural Disasters (CEMADEN), and environmental authorities; however,
although these systems substantially extend environmental situational awareness, they
do not replace continuous, ground-based, multipollutant monitoring, and their public
health value depends on effective integration with air-quality and health-surveillance
systems [42,49,50]. Even where monitoring exists, continuity, pollutant scope, public re-
porting, and health-oriented use of the data are not always adequate [24-26]. This matters
because exposure cannot be managed where it is not measured, and it cannot be incorpo-
rated into climate adaptation or health planning where it is not translated into actionable
indicators [24,25,47]. In a country of Brazil’s size, under-monitoring is not a technical in-
convenience. It is a structural form of inequity because it leaves many populations outside
the field of environmental surveillance [24,37,47].

3.2. The Amazon, Deforestation, Biomass Burning, and Long-Range Exposure

The Amazon is central to this discussion, but it should not be treated as a distant or
exceptional frontier disconnected from the rest of the country. Fire emissions in the Amazon
and other Brazilian biomes affect local communities directly, but they also have regional
and long-range consequences [51-55]. Economic and epidemiological evidence from Brazil
has linked wildfire-related air pollution, particularly PMj; 5, to increased mortality and
hospital admissions, with stronger impacts on cardiorespiratory outcomes, vulnerable
age groups, and populations living in regions where access to health services is often
more limited [51-55]. More recent work focusing on the seven Amazonian capitals further
quantified long-term PM; 5 exposure and its cardiorespiratory mortality burden, reinforcing
the need to treat Amazonian smoke exposure as a central component of national air-quality
policy [56].

The importance of fire-related pollution in Brazil cannot be understood through a
single national pattern. In the Amazon, fire remains closely linked to deforestation and
forest degradation, producing persistent smoke exposure during the dry season [57]. The
Cerrado is a fire-adapted savanna, but its contemporary fire regime is increasingly shaped
by human ignitions, agricultural expansion, pasture management, and burning late in the
dry season [57,58]. In the Pantanal, extreme drought and heat can interact with human
ignitions to transform seasonal fires into extensive wildfire crises [59]. In southeastern
Brazil, agricultural burning, including sugarcane residue burning, can combine with smoke
transported from forest and savanna fires and with dense urban emissions, extending
exposure into major metropolitan areas [46]. Because fuel type, moisture conditions, and
combustion characteristics differ across these settings, the resulting plumes also vary in
chemical composition, intensity, seasonality, and persistence [60]. These effects are not
confined by national borders: large fire episodes can generate transboundary smoke plumes
that affect neighboring South American countries, reinforcing the need for coordinated
regional monitoring, forecasting, and public-health responses [61].

These findings are important for two reasons. First, they show that land-use change,
deforestation, and fire are not only conservation or climate issues; they are public health
determinants [51-56,62]. Second, they reveal that an air-quality agenda centered exclusively
on traffic and industry in major cities is conceptually incomplete in Brazil [37,47,63,64].
The country cannot claim to have a climate-aware air-pollution strategy if fire emissions
remain analytically or institutionally peripheral [63,64]. The Amazon is not merely a
place where air pollution happens under unusual conditions. It is one of the clearest
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examples of how environmental degradation, climate stress, and health inequity converge
in Brazil [51-56,62-65].

3.3. Heat, Drought, Floods, and Compound Risk

Brazil is also a relevant case because climate hazards do not operate independently
from pollution exposure. Long-term changes in meteorological conditions have already
been associated with changes in concentrations of major air pollutants in different Brazilian
settings, consistent with broader international evidence that climate-related shifts can mod-
ify air quality profiles over time [14-16,35,36,66,67]. This is not a marginal point. It means
that climate change should not be viewed only as a future modifier of air quality but also
as a present driver of exposure dynamics [14-16,27,66]. Heatwaves, cold spells, stagnation
episodes, prolonged droughts, and large-scale smoke events can produce compound risks
that are not captured by single-hazard frameworks [10,16,27,68].

Within this broad framework, four analytically distinct processes should be sep-
arated. Atmospheric interactions refer to meteorological influences on pollutant for-
mation, transport, and dispersion and can be examined using temperature, humidity,
wind, boundary-layer, and pollutant-concentration data in process-based or statistical
models [14-16,27,35,36,66]. Concurrent heat-pollution exposure refers to the temporal and
spatial co-occurrence of elevated temperatures and pollutant concentrations and can be
characterized using joint-exceedance days, cumulative exposure indices, or population-
weighted exposure estimates [10,16,27,68]. Health-effect modification concerns whether
the association between air pollution and a health outcome varies according to temper-
ature and can be evaluated using interaction terms, stratified concentration-response
functions, or distributed-lag models [69-72]. Social vulnerability, in turn, refers to differ-
ences in exposure, susceptibility, and response capacity and can be assessed using demo-
graphic, housing, occupational, healthcare-access, and territorial indicators in stratified,
spatial, or multilevel analyses [13,69,73,74]. Although these processes may converge during
the same event, they represent different mechanisms and require distinct indicators and
analytical approaches.

These distinctions have practical implications, and the magnitude and unequal dis-
tribution of these risks are already measurable in Brazil. Across 14 of Brazil’s most pop-
ulous urban areas, annual heatwave frequency increased from 0-3 events in the 1970s to
3-11 events in the 2010s, and an estimated 48,075 excess deaths were attributed to heat-
waves between 2000 and 2018. Mortality was disproportionately higher among older
adults, women, Black and Brown populations, and individuals with lower educational
attainment [69]. The implications are substantial. Early warning systems that focus only
on temperature or only on air pollution may fail to identify the real public-health burden
of simultaneous exposure [10,13,27,68]. Hospital systems and local governments often
organize preparedness in separate institutional channels, one for climate-related disasters
and another for routine environmental management. This separation weakens prevention
because the populations most at risk during extreme events are frequently the same popula-
tions already burdened by chronic pollution, poor housing, occupational exposure, mobility
constraints, and limited access to care [13,69,73,74]. Compound risk is therefore not only a
physical interaction in the atmosphere; it is a social interaction in the territory [13,69,73,74].

In territorial terms, compound risk means that an extreme event can activate multiple
vulnerabilities simultaneously. During dry and hot periods, smoke exposure, dehydration,
outdoor work, reduced access to primary care, and the need to keep schools and economic
activities operating may converge in the same communities [10,13,51-55,68,69,73,74]. Dur-
ing floods, disruption of transport, interruption of healthcare access, displacement, and
deterioration of indoor environmental conditions can increase susceptibility and reduce
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the capacity for timely response [13]. Therefore, the health impact of a climate—pollution
episode depends not only on pollutant concentration or meteorology but also on housing,
mobility, work, warning capacity, and the speed of local response [13,69,73,74].

4. The Integrated Scientific Agenda Brazil Still Needs

If air pollution and climate change are to be addressed together, Brazil needs more
than additional datasets or isolated case studies. It needs a different organizing logic for
science. The traditional progression from exposure description to health association to
policy recommendation remains useful, but it is too linear for the current challenge. What is
needed is an integrated platform capable of linking monitoring, forecasting, epidemiology,
mechanistic evidence, social vulnerability, and governance response. This is where the
country still lacks coherence. Important groups already produce high-quality work in each
of these areas, yet the national architecture remains fragmented across institutions, biomes,
exposure types, and disciplinary traditions. This fragmentation is particularly paradoxical
because Brazil already has visible scientific production in both fields. Exploratory biblio-
metric searches conducted separately in April 2026 in Web of Science and Scopus, covering
the full period available in each database up to the search date and using the terms “air
pollution” OR “air quality” and “climate change*”, without restrictions on document type
or language, indicated that Brazil ranked 19th in Web of Science and 20th in Scopus for
publications related to air pollution or air quality and 15th in Web of Science and 14th in
Scopus for publications related to climate change. Country rankings were obtained directly
from the country/territory analysis available in each database, based on author-affiliation
information. Because the databases and topics were analyzed separately and the records
were not combined, duplicate removal was not applicable. The problem is therefore not
the absence of scientific production but the limited conversion of this production into
coordinated national systems for monitoring, prevention, and response.

On this basis, we propose five mutually reinforcing priorities for an integrated Brazil-
ian agenda: hybrid monitoring networks; climate-informed predictive modeling and early
warning; convergence between epidemiology, toxicology, and mechanistic evidence; in-
corporation of vulnerability, inequality, and climate justice; and assessment of disease
burden, economic costs, and mitigation co-benefits. These priorities are not intended as
an exhaustive catalogue of research and policy needs. They were selected because they
address the most immediate and recurrent bottlenecks along the pathway from evidence
to action in Brazil: insufficient territorial observation, limited anticipation of compound
events, weak integration of population-level and mechanistic evidence, inadequate con-
sideration of differential vulnerability, and incomplete translation of health impacts into
economic and policy appraisal. Their urgency follows from the gaps documented in the
preceding sections, while their feasibility is supported by approaches already applied in
Brazil or internationally and discussed within each subsection. Together, they connect
hazard detection and forecasting to causal interpretation, equity-oriented prioritization,
policy appraisal, and implementation.

4.1. Hybrid Monitoring Networks as a National Priority

The first priority is to rethink what monitoring means in a country with vast ter-
ritorial heterogeneity. Reference-grade stations remain indispensable, but they cannot
alone provide the spatial density required to understand exposure in smaller cities, peri-
urban zones, fire-affected regions, or under-monitored biomes [24,47,75-80]. Brazil should
adopt hybrid monitoring networks that combine reference stations, calibrated low-cost
sensors, satellite-derived products, and chemical transport or statistical models in a sin-
gle operational framework [24,47,75-81]. International guidance already recognizes that
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low-cost sensor systems can support policy-relevant air-quality applications when they
are properly integrated, calibrated, quality-controlled, and interpreted as complements
rather than substitutes for reference infrastructure [75-80]. Nevertheless, their effective
incorporation requires operational plans that explicitly provide for calibration against
reference-grade instruments and periodic performance evaluation, because humidity and
temperature sensitivity, sensor aging and drift, and maintenance limitations can compro-
mise data quality. Such plans must also incorporate robust quality-assurance procedures
while standardization and intercomparison protocols continue to evolve [75-80].

This hybrid model is especially suitable for Brazil because it can improve territorial
coverage without reproducing the false choice between scientific rigor and geographic
reach. A dense but poorly validated sensor network is not sufficient, but neither is a small
number of high-quality stations concentrated in already visible territories [24,47,75-81]. The
goal should be a layered observation system capable of supporting exposure assessment,
community information, school and workplace protection, episode detection, and forecast
validation [24,47,75-81]. Such a system would also make the legal instruments created
by recent regulation more operational, particularly with regard to public information and
coordinated air quality management [20,21,24-26,47].

4.2. Climate-Informed Predictive Modeling and Early Warning

The second priority is predictive integration. Air-quality management in Brazil still re-
lies too heavily on retrospective assessment, while climate risk management often advances
without pollutant-specific exposure modeling. These two traditions need to converge. Pre-
dictive models should combine emissions, meteorology, land-use information, atmospheric
chemistry, and health-sensitive thresholds in order to anticipate critical exposure scenarios
rather than merely document them after the fact [14-16,27,66,82]. A Brazilian initiative
already provides a concrete example of this integration by combining nationwide emis-
sions, meteorological, and modeled air-quality data within a common platform [83]. The
strong interconnection between air quality and climate emphasized by the WMO should be
translated into operational systems able to detect and communicate risk before the health
burden peaks [27,75,82]. At the same time, recent developments in predictive and modeling
science extend beyond conventional machine learning to include physics-informed Al and
hybrid models that incorporate atmospheric-process constraints, as well as digital twins
that integrate continuously updated observations with scenario simulation [84,85]. These
approaches may strengthen forecasting, but their added value should be assessed against
transparent and interpretable baselines and under real-world operational data constraints.

For Brazil, this implies building forecast systems that are not limited to large metropoli-
tan ozone episodes, but that also include smoke transport, extreme heat combined with
particulate matter, seasonal biomass-burning dynamics, and region-specific thresholds for
susceptible populations [51-55,66,82]. Forecasting should be explicitly health-oriented. A
model is useful not only when it reproduces concentration fields accurately, but when it
helps define where schools need contingency plans, when primary-care services should
reinforce surveillance, and how local authorities should communicate behavioral guidance
during compound events [82]. In that sense, predictive modeling is not an atmospheric
luxury. It is a public health infrastructure [27,75,82].

4.3. Convergence Between Epidemiology, Toxicology, and Mechanistic Evidence

A third priority is to reduce the distance between population-level evidence and
mechanistic understanding. Brazil has a strong tradition in epidemiological studies of air
pollution and health, and the broader Latin American context now includes increasingly ro-
bust multicity evidence. For example, recent work in 337 cities across nine Latin American
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countries found that short-term increases in PM; 5 were associated with higher cardiovas-
cular and respiratory mortality, offering regionally relevant evidence that should inform
burden assessment and regulation [70]. At the same time, methodological discussions
in air pollution epidemiology have highlighted the importance of choosing appropriate
concentration—response functions and outcome definitions if health impact assessment is
to become more robust and policy useful [70,71].

Yet epidemiology alone cannot answer all the questions that climate-aware air-quality
governance now faces. Brazil also needs stronger integration with experimental, toxico-
logical, and exposure-science approaches capable of clarifying how different pollutant
mixtures, fire-derived particles, thermal stress, and repeated exposure episodes affect
inflammatory, oxidative, mutagenic, and systemic pathways [6-8,86,87]. This matters be-
cause climate change is likely to alter not only concentrations but also source mixtures,
particle composition, exposure duration, and the timing of risk [14-16,27,66]. A forward-
looking research agenda should therefore connect field exposure, hospital and mortality
data, toxicological assays, and mechanistic biomarkers instead of treating them as parallel
studies [6-8,70,71,86,87]. The point is not disciplinary accumulation for its own sake; it is
to make causal inference more actionable [70,71,86,87].

4.4. Vulnerability, Inequality, and Climate Justice Are Core Analytical Dimensions

A fourth priority is methodological and interpretive rather than mainly technologi-
cal. Social vulnerability, race, territory, gendered exposure, and uneven adaptive capacity
should not appear only at the end of the discussion as normative concerns. They must
be built into study design, monitoring strategy, and policy interpretation from the out-
set [13,69,73,74]. In Brazil, environmental exposure is profoundly unequal, and climate-
sensitive harms are often concentrated in populations that already face precarious housing,
occupational risk, limited mobility, and weak institutional protection [13,69,73,74]. Gender
can also shape exposure and adaptive capacity, particularly when outdoor work, caregiving
responsibilities, mobility constraints, and unequal access to warnings, cooling, healthcare,
or protective resources influence who can avoid or respond to heat, smoke, and other
compound events [13]. Recent Brazilian work on urban heat has shown that non-White
populations, low-income residents, and older adults are disproportionately associated
with higher heat risk in metropolitan space [69,74]. This is directly relevant to the air
pollution—climate nexus because heat, urban form, and pollutant exposure often overlap in
the same socially vulnerable territories [13,69,73,74].

Indigenous populations require explicit attention within this framework because envi-
ronmental exposure is closely connected to territorial, cultural, and livelihood conditions.
Proximity to fire, limited access to monitoring and healthcare, and reliance on land-based
food, water, and livelihood systems can make smoke exposure and land-use change in-
terconnected threats to health, food security, and the continuity of traditional ways of
life [13,88]. In Amazonian Indigenous territories, estimated smoke-attributable mortality
rates were approximately twice those observed across the South American population [89].
At the same time, Indigenous knowledge and community-based fire management can con-
tribute to context-specific strategies for reducing wildfire risk and strengthening territorial
resilience [88]. Monitoring, warning, and fire-management strategies should therefore be
co-designed with Indigenous organizations rather than treating these populations only as
recipients of protection [88].

A climate-aware air-pollution agenda must therefore move beyond average effects.
National means and citywide compliance statistics can obscure who is most exposed, who
is least protected, and who bears the cumulative burden of multiple stressors [69,73,74].
The policy consequence is clear: monitoring expansion, alert systems, school protection,
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occupational guidance, and healthcare preparedness should be prioritized not only where
concentrations are highest in absolute terms but also where exposure intersects with social
fragility and institutional neglect [24,47,69,73,74,80]. In Brazil, climate justice is not a
parallel discourse to air-quality science. It is one of the conditions for interpreting the
science correctly [13,69,73,74].

4.5. From Disease Burden to Economic Burden and Co-Benefits

A fifth priority is to expand the evaluative frame. The public-health case for integrating
air pollution and climate change is already strong, but it becomes even stronger when
burden is expressed in economic and social terms that are relevant for public finance and
development planning [90-92]. Recent nationwide Brazilian evidence has shown that high
temperatures increase hospital admissions and generate substantial direct and indirect
economic costs, with projected annual heat-related costs reaching USD 228-264 million
by the 2050s in scenarios without adaptation [91]. These kinds of analyses should be
broadened to include pollution episodes, smoke events, and compound exposure scenarios,
especially in places where climate-sensitive sectors such as transport, energy, agriculture,
and health services already operate under fiscal pressure [51-55,65,90-92].

Estimating economic burden and appraising policy options are related but distinct
tasks [93,94]. Health impact assessment can estimate the number of cases, deaths, or
disability-adjusted life years that could be avoided under alternative air-pollution and
climate scenarios [93], while cost-effectiveness analysis compares interventions according
to the resources required to achieve these health gains [94]. Cost—benefit analysis further
compares implementation costs with monetized health, productivity, and other social
benefits [93]. For Brazil, these evaluations should also incorporate distributional effects
because interventions with similar aggregate returns may differ substantially in how
their costs and benefits are shared across regions and social groups [95]. Applying these
approaches jointly would provide a clearer basis for prioritizing investments in monitoring,
early-warning systems, cleaner transport and energy, fire prevention, and health-system
preparedness [90-96].

Beyond quantifying avoidable losses, economic evaluation can also make the opportu-
nity dimension of integrated action more visible. A recent systematic review of strategies
consistent with net-zero emissions concluded that such policies are associated with sub-
stantial public-health co-benefits, especially through cleaner air, better diets, and increased
physical activity [32]. For Brazil, this implies that climate mitigation should not be defended
only as a long-term planetary necessity but also as an immediate health investment [30—
32,96]. Electrified mobility, cleaner household and industrial energy, urban greening, better
public transport, and reduced burning can all be framed as interventions that simulta-
neously reduce emissions, prevent disease, and lower avoidable costs [30-32,96]. This is
strategically important because health co-benefits can help build political coalitions that are
often unavailable when climate policy is discussed only in abstract carbon terms [30-32,96].

5. From Fragmented Evidence to Governance

The governance implication of this narrative review is straightforward: Brazil needs an
integrated national agenda, outlined in Figure 1, in which air pollution and climate change
are treated as mutually constitutive dimensions of environmental health [20,21,26,27]. The
country already has important legal instruments that can support this shift, including
monitoring, inventories, modeling tools, information systems, and national planning mech-
anisms under the National Air Quality Policy [20]. What remains insufficient is the degree
of operational linkage between environmental surveillance, meteorological intelligence,
epidemiological analysis, health system preparedness, and social protection [24-27,47,75].

https:/ /doi.org/10.3390/atmos17080797


https://doi.org/10.3390/atmos17080797

Atmosphere 2026, 17, 797

13 of 21

Climate change has gained greater political visibility in Brazil in recent years, in-
cluding through the current designation of the federal environmental portfolio as the
Ministry of Environment and Climate Change. However, visibility is not the same as
operational articulation. The links between climate policy and the ministries responsible
for health, science and technology, cities, planning, and economic development remain
limited and uneven [20,21,97]. For air pollution, the gap is even more pronounced: be-
yond VIGIAR and isolated state initiatives, Brazil still lacks a consolidated mechanism
capable of connecting federal guidance, state monitoring, municipal preparedness, and
health-system response [24-26,97]. The problem is therefore not necessarily the absence
of centralization but the absence of coordination among actors that already hold partial
responsibilities [20,21,24-27,97].

Operationally, the integration of air-quality and climate governance should be formal-
ized through an intersectoral mechanism jointly coordinated by the Ministry of Environ-
ment and Climate Change, responsible for national air-quality and climate policy, and the
Ministry of Health, responsible for environmental health surveillance and health-system
preparedness. The Ministry of Science, Technology and Innovation, through INPE and
CEMADEN, would provide satellite, fire, meteorological, atmospheric-modeling, and risk-
forecasting information. State environmental and health agencies would connect air-quality
monitoring and climate indicators with epidemiological surveillance, while the National
Secretariat for Protection and Civil Defense, municipal governments, and state and mu-
nicipal civil defense authorities would translate integrated alerts into local preparedness
and response. Academic institutions would contribute methodological development, work-
force training, and independent evaluation. This mechanism should establish defined
responsibilities for data sharing, integrated alert issuance, response protocols, and periodic
evaluation. It could build on and expand existing institutional arrangements, including
the integrated protocol between CEMADEN and the National Secretariat for Protection
and Civil Defense, by incorporating air-quality surveillance and associated health-response
functions [50].

A coordinated agenda should contain at least six elements. First, it should guaran-
tee territorially representative monitoring with strong public transparency [20,21,24-27,47].
Second, it should institutionalize climate-informed air-quality forecasting and episode
response protocols [27,75,82]. Third, it should support national and regional health im-
pact assessments capable of incorporating Brazilian exposure patterns rather than relying
exclusively on imported assumptions [70,71,91,92]. Fourth, it should define vulnerability-
sensitive action thresholds for schools, primary care networks, outdoor workers, and
socially deprived communities [69,73,74,97]. Fifth, it should connect the Amazon and
other fire-prone regions to the national air-quality debate as central, not peripheral,
priorities [51-56,62-65]. Sixth, it should finance interdisciplinary research programs designed
around integrated questions instead of isolated disciplinary outputs [70,71,75-82,86,87].

Translating these elements into practice also depends on conditions that an inte-
grated framework cannot take for granted. Interoperability requires common metadata,
compatible temporal and spatial resolutions, quality-control rules, and governance ar-
rangements for data exchange across federal, state, municipal, academic, and private
systems. Reference-grade and low-cost sensor networks require sustained financing, main-
tenance, calibration, and trained local personnel, and these capacities vary substantially
across regions [24-27,47,75-80]. Linking environmental and health records further requires
privacy-preserving data access, appropriate spatial aggregation, secure linkage procedures,
and compliance with Brazil’s General Data Protection Law [98]. Priorities should therefore
be implemented in stages and adapted to local technical capacity rather than imposed
through a single uniform model. To make this staged approach explicit, Table 1 presents an
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indicative timescale for implementing the proposed integrated research and policy agenda
across short-, medium-, and long-term horizons.

Table 1. Indicative timescale for implementing the integrated research and policy agenda on air
pollution, climate change, and health in Brazil.

Priority

Short-Term (0-2 Years)

Medium-Term (3-5 Years)

Long-Term (6-10 Years)

Hybrid monitoring
networks

Map territorial and
pollutant-specific gaps;
establish common
calibration,
quality-assurance,
metadata, and data-sharing
protocols; initiate pilots in
under-monitored and
fire-prone territories.

Expand reference stations
and calibrated low-cost
sensors; integrate ground
observations with satellite
products, models, and
health-surveillance data;
strengthen local technical
capacity.

Consolidate a territorially
representative and
interoperable national
network with sustained
maintenance, routine
quality control, and
transparent public
reporting.

Climate-informed
predictive modeling and
early warning

Integrate available
emissions, meteorological,
land-use, air-quality, and
health data; define regional
risk indicators and pilot
compound-event alerts.

Validate and operationalize
regional forecasting
systems for heat, smoke,
and critical air pollution
episodes; connect alerts
with health services,
schools, civil defense, and
local governments.

Establish an integrated
national forecasting and
early-warning system with
routine performance
evaluation and adaptation
to changing climatic and
exposure conditions.

Epidemiological,
toxicological, and
mechanistic evidence

Harmonize health
outcomes, exposure
metrics, and study
protocols; establish
multicenter and
interdisciplinary research

Conduct multicenter
studies linking
environmental,

epidemiological,

toxicological, and
mechanistic evidence

across regions, air

Maintain an integrated
national evidence platform
capable of periodically
updating
concentration-response
relationships, causal
understanding, and

Vulnerability, inequality,
and climate justice

collaborations. pollutants, and population health-protection
groups. recommendations.
Define common Develop Institutionalize

vulnerability indicators;

identify priority
populations and territories;

incorporate community
and Indigenous

participation into study
design and risk
communication.

vulnerability-sensitive alert
thresholds and protection
protocols for schools,
outdoor workers, primary
care networks, Indigenous
populations, and socially
deprived communities.

equity-based criteria in
monitoring expansion,
resource allocation,
adaptation planning, and
evaluation of
environmental health
policies.

Disease burden, economic
costs, co-benefits, and
trade-offs

Define methodological
standards and baseline
scenarios for health-impact
and economic assessments.

Produce national and
regional estimates of health
burden, economic costs,
mitigation co-benefits,
trade-offs, and
distributional effects.

Incorporate these
assessments routinely into
regulatory review, public
budgeting, infrastructure
planning, climate
adaptation, and mitigation
decisions.
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Table 1. Cont.

Priority

Short-Term (0-2 Years) Medium-Term (3-5 Years) Long-Term (6-10 Years)

Governance and
evaluation across all
priorities

Maintain an adaptive

Establish an intersectoral Institutionalize sustained overnance cvele with
coordination mechanism financing, workforce e%io dic evaluai]ion olic
with defined training, operational perio on, pOTicy
o qeis . revision, stable financing,
responsibilities for data protocols, and independent and adiustment to
sharing, financing, alerts, evaluation across territ]orial and
and response. government levels.

technological change.

Note: The short-, medium-, and long-term phases are overlapping rather than strictly sequential and
should be adapted to territorial needs, institutional capacity, and available resources.

This transition also requires a change in language. Air pollution cannot continue
to be communicated only as an environmental parameter, and climate change cannot
continue to be communicated only as a long-term planetary trend. For populations and
decision-makers, both are experienced through concrete events: smoke in the dry season,
heat in dense neighborhoods, hospital overcrowding, work interruption, school exposure,
and the erosion of everyday well-being [10,51-56,62-66,68,69,73,74]. Governance becomes
more effective when it is organized around these lived intersections rather than around
disconnected administrative categories [20,21,24-27,97]. In this sense, integration is not
just a scientific recommendation. It is a condition for more intelligible and more democratic
public action [20,21,24-27,97].

6. Conclusions

Brazil is at a decisive moment. The country has scientific expertise, institutional
diversity, growing regulatory momentum, and a uniquely important territorial position
in the global debate on climate and environmental health. But it also faces a persistent
risk of fragmentation. If air pollution remains confined to narrow compliance logic and
climate change remains confined to abstract mitigation discourse, Brazil will miss the
opportunity to build a truly preventive and equitable agenda. The evidence now supports a
different path.

Air pollution and climate change should be understood as interacting determinants
of health, not as adjacent topics. This requires a research architecture able to connect
hybrid monitoring, forecasting, epidemiology, toxicology, inequality analysis, and economic
evaluation. It also requires a governance architecture able to transform that knowledge into
anticipatory policies, early warnings, public communication, and territorial prioritization.
In Brazil, the most important question is no longer whether air pollution and climate
change are related. It is whether institutions are prepared to govern that relationship with
the speed, scale, and integration that the current moment demands.

Although developed around the Brazilian context, this integrated research and gover-
nance framework is directly relevant to other middle-income countries and Global South
contexts where rapid urbanization, under-monitoring, biomass burning, climatic instability,
land-use change, and social inequality interact to shape exposure and health burden. The
value of the Brazilian case lies not in offering a fixed model for replication but in providing
a transferable structure that connects hybrid monitoring, climate-informed forecasting,
integrated health evidence, vulnerability-sensitive action, economic appraisal, and intersec-
toral governance and can be adapted to local emission profiles, institutional capacities, and
social conditions. For this reason, the integration of air pollution and climate challenges
should not be viewed merely as an academic refinement. It should be treated as one of the
central environmental-health imperatives of the coming decade.
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CEMADEN  National Center for Monitoring and Early Warning of Natural Disasters
CONAMA  Brazilian National Council for the Environment

GtCO2e Gigatonnes of carbon dioxide equivalent
INMET National Institute of Meteorology
INPE National Institute for Space Research
MMA Ministry of the Environment and Climate Change
PM; 5 Particulate matter with aerodynamic diameter <2.5 um
SLCPs Short-lived climate pollutants
VIGIAR Brazilian Surveillance of Populations Exposed to Air Pollutants
WMO World Meteorological Organization
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