
Observed compound heat–particulate pollution events in an Amazonian city during the extreme 2023 drought: evidence from a low-cost monitoring network
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ABSTRACT

	Heatwaves are intensifying globally under anthropogenic climate change and increasingly co-occur with degraded air quality, forming compound environmental hazards with amplified impacts on human health. While such heat–pollution interactions have been widely documented in mid-latitude regions, observational evidence from tropical rainforest environments remains scarce. This study examines the relationship between heatwaves and particulate matter (PM₂.₅ and PM₁₀) in Santarém, an urban center in the central Amazon, using continuous observations from a low-cost monitoring network and meteorological data collected throughout 2023. Heatwaves were identified using the CTX90pct index based on long-term maximum temperature records, and daily particulate concentrations were analyzed through descriptive statistics, categorical classification, and regression modeling. Both PM fractions exhibited substantially higher concentrations during heatwave periods, particularly in the late dry season under severe drought and biomass-burning conditions. Mean PM₁₀ increased from 17.1 to 25.4 µg m⁻³ and PM₂.₅ from 9.5 to 15.8 µg m⁻³ on heatwave days, accompanied by a shift toward higher pollution categories. Multiple linear regression identified air temperature as the dominant driver of particulate variability, while relative humidity exerted a mitigating effect. Heatwave occurrence was significantly associated with increased PM₁₀ concentrations, whereas PM₂.₅ responded mainly through enhanced extremes. Logistic regression further indicated that elevated PM₁₀ concentrations on the preceding day increased the probability of heatwave onset, suggesting that coarse particles act as indicators of pre-heatwave atmospheric stagnation Overall, the results demonstrate that heatwaves in the Amazon are embedded within broader periods of atmospheric degradation characterized by dry, stagnant conditions that promote particulate accumulation. These findings provide the first observational evidence of compound heat–pollution events in an Amazonian city and highlight the need for integrated heat and air-quality monitoring and early-warning strategies to reduce public-health risks in tropical regions.
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1. INTRODUCTION 

Heatwaves have emerged as one of the most critical climate-related hazards of the twenty-first century, with increasing frequency, duration, and severity driven by anthropogenic climate change (Hoegh-Guldberg et al., 2018; Haines & Ebi, 2019; Perkins-Kirkpatrick & Lewis, 2020; Martinez-Villalobos et al., 2025). These extreme thermal events exert profound impacts on human health, ecosystems, agriculture, and urban systems, especially in tropical regions where baseline temperatures are already high and physiological thresholds are frequently exceeded (Luber & McGeehin, 2008; Xu et al., 2016; Smith et al., 2023; Tasan et al., 2025). Globally, heatwaves have been linked to escalating economic losses, amplified wildfire activity, and unprecedented mortality during compound climate extremes in Europe, China, Australia, and North America (Williams et al., 2019; Xu et al., 2024; Du et al., 2024; PoshtMashhadi et al., 2025).

In Brazil and South America, a growing body of literature has documented significant increases in heatwave frequency, duration, spatial extent, and intensity over recent decades. National-scale analyses reveal a widespread intensification of heat extremes across multiple Brazilian climatic regions since the late twentieth century (Bitencourt et al., 2016; Geirinhas et al., 2018; Bitencourt et al., 2020; Oliveira et al., 2021; Medeiros et al., 2025). Regional studies have further highlighted exceptional heatwave episodes in central and southern South America, including the October 2020 event and the unprecedented winter and spring heatwaves of 2023, which were associated with large-scale circulation anomalies and extreme dryness (Marengo et al., 2022; Costa et al., 2022; Marengo et al., 2025). At the city scale, Brazilian urban areas have experienced increasingly frequent and intense heatwaves, with documented impacts on human thermal comfort and excess mortality (Geirinhas et al., 2019; Oliveira et al., 2021; Mandú et al., 2020a; Souza et al., 2025).

Concurrently with the intensification of heat extremes, ambient air pollution — particularly fine (PM₂.₅) and coarse (PM₁₀) particulate matter — has become a major global environmental and public-health concern (Tran et al., 2023). Numerous studies have demonstrated that particulate pollution increases cardiovascular, respiratory, and all-cause mortality, with health risks substantially amplified under extreme heat conditions (Bell et al., 2008; Liu et al., 2016; Jacobs et al., 2018; Kinney & Pinkerton, 2022; Yan et al., 2024; He et al., 2025). In tropical regions, particulate concentrations are strongly modulated by seasonal biomass burning, atmospheric stagnation, and boundary-layer dynamics, rendering the interaction between heatwaves and air pollution particularly complex (Bherwani et al., 2021).

Recent international studies emphasize that heatwaves and elevated particulate matter often occur simultaneously, mutually reinforcing atmospheric stability, photochemical activity, and pollutant accumulation (Gong et al., 2024; Xu et al., 2024; Tseng et al., 2024; Ma et al., 2025). Such compound heat-pollution episodes were documented during the 2022 megadrought and heatwave events in China, when extreme heat enhanced PM₂.₅ formation and severely limited pollutant dispersion (Liu et al., 2023; Zhou et al., 2023a). These findings underscore that heatwaves are not isolated thermal extremes but are often embedded within broader periods of atmospheric degradation characterized by dry, stagnant, and poorly ventilated conditions (Sun et al., 2025).

In the Amazon Basin, however, empirical evidence linking heatwaves and particulate pollution remains remarkably scarce, despite the region’s pronounced vulnerability to fire-driven aerosol emissions and extreme thermal anomalies during El Niño years. Severe droughts associated with oceanic warming and land-use change have intensified biomass burning and smoke transport across vast areas of the basin, leading to substantial increases in PM₂.₅ and PM₁₀ concentrations with implications for visibility, radiative forcing, cloud microphysics, and population exposure (Tian et al., 2022). Recent studies indicate that the most extreme Amazonian heatwaves tend to occur under exceptionally dry conditions, characterized by suppressed convection, weak surface winds, and reduced atmospheric ventilation (Costa et al., 2022; Medeiros et al., 2025). Yet, the extent to which heatwaves modulate air quality in Amazonian cities — or whether degraded air-quality conditions precede and signal heatwave onset — remains largely unexplored.

Understanding these interactions is particularly relevant for mid-sized Amazonian cities such as Santarém, where rapid urban expansion, regional smoke transport, and increasing thermal extremes converge to create environments of elevated environmental and health risk. While many cities in the Northern Hemisphere benefit from long-term reference-grade air-quality monitoring networks, most Amazonian municipalities lack such infrastructure, limiting the assessment of pollutant dynamics and population exposure. Recent local initiatives based on low-cost sensor networks have begun to address these gaps, enabling continuous measurements of particulate matter and meteorological variables and providing unprecedented observational coverage during the extreme climatic conditions of 2023.

Scientific evidence from other regions suggests that heatwaves promote particulate accumulation by enhancing atmospheric stability, shallowing the boundary layer, accelerating photochemical reactions, and reducing wet removal processes (Gong et al., 2024; Yan et al., 2024). Conversely, elevated particulate levels — particularly coarse-mode particles — may precede heatwave onset by signaling dry, stagnant, and high-pressure conditions favorable to extreme thermal anomalies (Zhou et al., 2023a). Given that Amazonian heatwaves are frequently associated with severe drought and suppressed ventilation, the potential for compound heat-pollution events represents a major environmental and public-health concern in the region.

Despite substantial advances in the characterization of heatwaves in Brazil and South America, no previous study has quantitatively examined the relationship between heatwaves and particulate matter in the Brazilian Amazon using continuous, ground-based observations. The year 2023—marked by one of the strongest warming anomalies of recent decades and severe regional drought linked to El Niño—therefore provides a critical natural laboratory for investigating these interactions.

Based on this context, the present study tests the following hypotheses: (i) heatwave days are associated with systematically higher concentrations of PM₂.₅ and PM₁₀ compared to non-heatwave conditions; (ii) particulate matter concentrations, particularly PM₁₀, increase preferentially during heatwave periods due to enhanced atmospheric stagnation and dry conditions; and (iii) elevated particulate levels on the preceding day act as indicators of atmospheric conditions conducive to heatwave onset. Accordingly, this study aims to (1) characterize the temporal behavior of PM₂.₅ and PM₁₀ during heatwave and non-heatwave periods in Santarém throughout 2023; (2) quantify the response of particulate pollution to extreme heat conditions using regression-based approaches; and (3) assess whether antecedent aerosol concentrations contribute to the onset of heatwaves. By integrating local observations with established conceptual frameworks, this work provides the first observational assessment of compound heat-pollution interactions in an Amazonian city and addresses a critical knowledge gap in climate-risk research for tropical rainforest environments.

2. material and methods 
2.1 STUDY AREA

Santarém is situated in the western part of Pará State, in northern Brazil, located along the right bank of the Tapajós River, near its confluence with the Amazon River. The municipality lies roughly midway between the region’s two major metropolitan centers, Manaus and Belém, at approximately 800 km from each. Santarém is the third largest urban center in the state, following Belém and Ananindeua. The municipality covers an area of 17,898.389 km² and has an estimated population of 331,937 inhabitants. Its geographic coordinates are 2°24’52’’ S and 54°42’36’’ W, and its location is shown in Figure 1. 

According to the Köppen–Geiger climate classification updated by Peel et al. (2007), Santarém presents an Am-type tropical monsoon climate characterized by two well-marked annual seasons. The wettest months extend from December to May, when rainfall peaks, while the June–November period corresponds to the regional dry season (Reboita etal., 2010; Alvares et al., 2013). The annual mean air temperature exceeds 26 °C, and large-scale atmospheric systems strongly influence the distribution of precipitation. During austral autumn, the Intertropical Convergence Zone (ITCZ) plays a dominant role (Souza et al., 2009; Santos et al., 2024), while the South Atlantic Convergence Zone (SACZ) is more active during the austral summer (Carvalho et al., 2004; Laureanti et al., 2024). Transitional months frequently experience the passage of Squall Lines (SLs), commonly triggered by sea-breeze interactions along the northern coastal zone (Tapajos et al., 2013; Sousa et al., 2021).
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Fig.1. Study area. 

2.2 DATA COLLECTION AND INSTRUMENTATION

Data used in this study were obtained from the environmental monitoring kits developed under the Pilot Innovation Network for Air Quality Monitoring in the Western Region of Pará – Guardians of the Air project. Each kit integrates low-cost atmospheric sensors designed to measure variables relevant to air-quality assessment, including the AM2302 (air temperature and relative humidity) and the SDS011 (PM₂.₅ and PM10). Figure 2 illustrates the configuration adopted in the field. The AM2302 was installed on the outer side of the protective enclosure to ensure direct exposure to ambient atmospheric conditions. To facilitate a constant inflow of air toward the particulate matter chamber, a narrow plastic tube was attached to the device, directing airflow to the SDS011 inlet located inside the compartment. All sensors were connected to an Arduino Uno microcontroller housed within the enclosure and linked via jumper wires responsible for the power supply and signal transmission.

The monitoring network comprises 25 fixed sampling locations distributed throughout the municipality, among the available monitoring sites within the network, one urban location was selected based on the availability of a continuous daily time series throughout the entire year of 2023, with no significant data gaps. This criterion was essential to ensure a consistent comparison between heatwave and non-heatwave days. The selected site is located in a densely occupied urban area, representative of typical population exposure conditions. It is emphasized that the analysis focuses on relative contrasts associated with extreme events, rather than on absolute compliance with regulatory air quality thresholds. Results should therefore be interpreted as representative of temporal dynamics rather than spatial variability. The initiative began in 2022 and was funded by the Fundação Amazônia de Amparo a Estudos e Pesquisas (FAPESPA) in partnership with the Federal University of Western Pará (UFOPA). The project aims to expand the availability of local air-quality indicators for Santarém, addressing regional gaps in environmental monitoring infrastructure. This dataset is presented and described by Almeida et al., (2025). The atmospheric variables selected—temperature, relative humidity, PM₂.₅ and PM10 concentrations are key parameters for evaluating air-quality conditions and their potential impacts on human exposure.

For this study, we used hourly measurements collected between January and December 2023, corresponding to the period in which the monitoring kits operated continuously and produced complete daily records suitable for analysis.
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Fig. 2. Monitoring kit from the project “Pilot Innovation Network for Air Quality Monitoring in the Western Region of Pará – Guardians of the Air”. Source: Almeida et al., (2025)

The use of low-cost sensors represents a practical alternative for air-quality monitoring in regions where reference-grade stations are scarce or absent, such as the Amazon Basin. Nevertheless, these instruments are subject to known limitations that must be acknowledged. The SDS011 optical particle sensor may exhibit reduced accuracy under conditions of very high relative humidity, which can affect light scattering and lead to particle overestimation, as well as potential saturation during extreme pollution episodes. Similarly, the AM2302 sensor is sensitive to radiative heating and local ventilation conditions.

To mitigate these limitations, this study relies on daily aggregated values rather than high-frequency measurements, a widely adopted procedure to reduce random noise and short-term sensor instability. In addition, the analysis focuses on relative contrasts between heatwave and non-heatwave periods, rather than absolute concentration thresholds, which minimizes the influence of systematic sensor bias. Previous validation and intercomparison analyses conducted within the monitoring network indicate that, despite their limitations, the sensors reliably capture temporal variability and pollution episodes at daily timescales (Almeida et al., 2025).

Therefore, while absolute concentration values should be interpreted with caution, the observed patterns and statistical relationships are considered robust for assessing relative changes in particulate matter associated with heatwave conditions.

This study employed daily records of maximum air temperature from the conventional meteorological station no. 82246, located in Belterra, Pará (2°37'48"S; 54°57'00"W), for the period from January 1990 to December 2024. The data were obtained from the Brazilian National Institute of Meteorology (INMET) through the Meteorological Database for Teaching and Research (BDMEP).

Following Phase I of the Quality Assurance (QA) and Quality Control (QC) framework proposed by Faybishenko et al. (2022), raw time series were inspected for timestamp consistency, duplicated records, and temporal ordering. All timestamps were converted to a uniform time standard (UTC), and duplicated or non-ordered entries were flagged before further analysis. Physical plausibility checks were first applied to all variables. PM₂.₅ and PM₁₀ concentrations were constrained to non-negative values, while temperature and relative humidity were limited to physically meaningful ranges. Outliers and extreme values were identified using a rolling quantile approach, consistent with Faybishenko et al. (2022), which allows the detection of anomalous values while preserving seasonal variability. Values exceeding the upper and lower empirical quantiles were flagged but not automatically removed. Rather than removing anomalous observations, all suspect values were flagged and retained, ensuring transparency and enabling subsequent sensitivity analyses. To minimize the influence of short-lived spikes and measurement noise inherent to low-cost sensors, all analyses were conducted on daily aggregated values, which is consistent with the post-QA/QC processing recommended by Faybishenko et al. (2022). The proportion of flagged observations was below 3% for all variables, indicating overall data stability. No gap-filling or statistical imputation was applied, as the analyses focused on daily aggregated values with sufficient data coverage.

The meteorological station of Belterra was used as the reference for heatwave identification due to data availability and regional climatic representativeness. The percentile-based heatwave definition adopted in this study requires a minimum of 30 years of continuous temperature records to ensure statistical robustness and climatological consistency, a criterion widely applied in Brazil and internationally (Bitencourt et al., 2016; Geirinhas et al., 2018; Bitencourt et al., 2020; Medeiros et al., 2025). However, the automatic meteorological station of Santarém was established only in 2007, providing an insufficient temporal record for the reliable estimation of long-term temperature percentiles necessary for heatwave counts.

Previous studies have demonstrated that the western Pará region exhibits no significant spatial differences in temperature variability at the regional scale. Using cluster analysis, Araújo et al. (2022) and Mandú et al. (2022) showed that Santarém, Belterra, and surrounding areas belong to the same climatic cluster, characterized by homogeneous thermal variability and shared synoptic controls. These findings support the use of the Belterra station—located in proximity to Santarém and possessing a long, continuous temperature record—as a representative reference for heatwave detection in the study area.

Therefore, the adoption of the Belterra station ensures methodological consistency with established heatwave definitions while preserving the regional climatic representativeness necessary for the analysis of extreme thermal events affecting Santarém.

Heatwave events were identified using daily maximum temperature records from the local conventional meteorological station. Detection followed the CTX90pct index proposed by Perkins & Alexander (2013), widely applied in Brazilian climatological studies (e.g., Geirinhas et al., 2019; Bitencourt et al., 2020). Under this criterion, a heatwave corresponds to any period of at least three consecutive days in which the daily maximum temperature exceeds the 90th percentile of the local climatological distribution.

To address the pronounced annual cycle of maximum temperature in the central Amazon, percentile thresholds were calculated separately for each calendar day using a 15-day moving window. The climatological reference period used to compute percentiles spans 1991–2020, which is the last climatological period used in Brazil by INMET. For a given day d, the threshold was derived from all maximum temperature values recorded within a ±7-day interval around d across all years of the reference period:

,

Where irepresents the maximum temperature observed on day i of year y.
This method smooths the seasonal cycle and provides more stable percentile estimates, as recommended by Perkins & Alexander (2013).

· C5L scheme, with categories 0–5
· WHO/COMS categories, based on global health guidelines.
Relative frequencies of each category were computed for heatwave and non-heatwave periods, enabling comparison of pollution severity under different thermal conditions.

Table 1.  Categorization of PM2.5.
	Categorization 5 limits (C5L)
	Categorization WHO (COMS)

	Categories
	Concentration (µg m⁻³)
	Categories
	Concentration
 (µg m⁻³)

	 0
	 1 – 3
	
 0
	
Below 15

	1
	4 – 6
	
	

	2
	7 – 10
	
	

	3
	11 – 14
	
1
	
Above 15

	4
	15 – 18
	
	

	5
	≥ 19
	
	



Table 2. Categorization PM10
	Categorization 5 limits (C5L)
	Categorization WHO (COMS)

	Categories
	Concentration (µg m⁻³)
	Categories
	Concentration 
(µg m⁻³)

	 0
	1–5
	
 0
	
Below 45

	1
	6–12
	
	

	2
	13–20
	
	

	3
	21–30
	
1
	
≥ 45

	4
	31–40
	
	

	5
	≥ 41
	
	



Although the WHO/COMS air-quality categories provide an internationally recognized framework for health-based assessment, their limited number of concentration thresholds may constrain the characterization of pollution variability in regions with highly dynamic particulate regimes. Previous studies conducted in the eastern Amazon have shown that particulate matter concentrations frequently fluctuate within and between the WHO guideline intervals, particularly during biomass-burning and extreme-dryness periods (Almeida et al., 2025). In such contexts, a finer categorical resolution is required to adequately capture shifts in pollution severity. Therefore, the C5L classification scheme, which subdivides particulate matter concentrations into five ordinal categories, was adopted as the primary framework for regime analysis, allowing a more sensitive discrimination of pollution conditions across heatwave and non-heatwave periods. The WHO/COMS categories were retained as a complementary reference to facilitate comparison with global health guidelines and existing international studies.

All statistical analyses were conducted using daily aggregated variables. After quality control proposed by Faybishenko et al., (2022), the daily means of PM₂.₅, PM₁₀, air temperature (T), and relative humidity (RH) were computed. These variables formed the basis for the descriptive, categorical, and regression analyses described below.

To quantify the influence of meteorological conditions and heatwave occurrence on particulate matter levels, separate multiple linear regression models were fitted for daily PM₂.₅ and PM₁₀ concentrations. Each model used temperature, relative humidity, and a binary heatwave indicator (HW = 1 for heatwave days; 0 otherwise) as predictors.

The general form of the linear regression model can be written as:


Where:

= PM₂.₅ or PM₁₀ concentration on the day t,

= daily mean air temperature (°C),

= daily mean relative humidity (%),

= heatwave indicator (0/1), 

= intercept,

,,= regression coefficients,

= random error term.

Model parameters were estimated using ordinary least squares (OLS). Assumptions of linearity, homoscedasticity, and normality of residuals were inspected through standard diagnostic procedures (Hu et al., 2019).

To investigate whether atmospheric and pollution conditions on the previous day influence the start of a heatwave, a logistic regression model was fitted (DelSole & Tippett, 2022). The response variable indicated whether a given day represented the first day of a heatwave:



The logistic model takes the form:



Where:

.

Thus, the probability of a heatwave starting on day tis:



Parameters were estimated via maximum likelihood, and model adequacy was evaluated using the residual deviance and Akaike Information Criterion (AIC).

All statistical processing, visualization, and modeling were performed using R free software, employing the tidyverse, lubridate, and broom packages. Statistical significance was assessed at p < 0.05 (Wilks, 2011). All statistical analyses are designed to assess associations rather than causal relationships, given the observational nature of the data.

3. results and discussion

Figure 3 presents the daily mean concentrations of PM₁₀ (top panel) and PM₂.₅ (bottom panel) throughout 2023, with gray shaded areas marking the periods in which heatwave events occurred, 8 heatwave events were identified. Overall, PM₁₀ concentrations remained mostly between 5 and 25 µg m⁻³ during the wet season and early dry season, increasing substantially from September onward and reaching values above 40 µg m⁻³ in late October and early November. PM₂.₅ followed a similar seasonal pattern, with relatively low values (typically 2–12 µg m⁻³) in the first half of the year and a pronounced peak during the same late-dry-season interval. The shading of heatwave periods allows for a clear temporal comparison between extreme thermal conditions and variations in particulate matter.

A marked seasonal behavior is evident, with both PM fractions showing lower concentrations during the wet months due to enhanced wet scavenging and reduced biomass burning activity. As the region transitions into the dry season, concentrations begin to rise steadily, culminating in the highest values during October–November, months typically associated with severe drought and intense fire activity in the Amazon. Notably, many heatwave episodes coincide with periods of increasing particulate concentrations, particularly from August onward. This temporal alignment indicates that heatwave conditions favor the buildup of atmospheric pollutants through atmospheric stagnation, weakened ventilation, reduced humidity, and the persistence of smoke from regional fires. The strongest PM peaks occur during the most intense heatwave of 2023, highlighting the potential for extreme heat to exacerbate air pollution through both meteorological mechanisms and emission-related processes.

Although PM₁₀ and PM₂.₅ exhibit similar seasonal cycles, the fine fraction (PM₂.₅) shows greater relative variability during heatwave periods, consistent with its sensitivity to secondary aerosol formation and biomass burning emissions. Taken together, the results illustrate that heatwaves and elevated particulate matter often co-occur in this Amazonian environment, suggesting a synergistic interaction in which extreme heat and poor air quality reinforce each other. These findings underscore the importance of integrated monitoring strategies, particularly during years affected by regional drought or El Niño conditions, when both thermal stress and pollution levels are likely to intensify simultaneously.
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Fig. 3. Daily mean PM10 (top panel) and PM2.5 (bottom panel) concentrations in 2023. Grey shaded areas indicate heatwave periods.

Table 3 summarizes the daily mean concentrations of PM₂.₅, PM₁₀, temperature, and relative humidity during heatwave and non-heatwave days in 2023. Overall, heatwave days exhibited substantially higher particulate matter levels compared with non-heatwave conditions. Daily mean PM₂.₅ increased from 9.50 µg m⁻³ on non-heatwave days to 15.8 µg m⁻³ during heatwaves, while PM₁₀ rose from 17.1 µg m⁻³ to 25.4 µg m⁻³. These increases were accompanied by slightly higher temperatures (32.4 °C vs. 31.6 °C) and lower relative humidity (69.4% vs. 71.7%), consistent with the expected meteorological environment that favors heatwave formation (Choi & Lee, 2019).

The larger standard deviations observed for PM₂.₅ (21.1 µg m⁻³) and PM₁₀ (22.9 µg m⁻³) during heatwaves indicate greater day-to-day variability, reflecting rapid changes in atmospheric stability, boundary-layer dynamics, and regional fire activity. Together, these results show that heatwaves in Santarém during 2023 were systematically associated with degraded air quality, characterized by higher concentrations of fine and coarse particulate matter and meteorological conditions conducive to atmospheric accumulation of pollutants. Although the number of heatwave days is limited, these events correspond to the most extreme thermal conditions of the year, which are precisely the focus of this study.

Table 3. Daily mean PM2.5, PM10, temperature, and relative humidity during non-heatwave and heatwave days.
	Period
	n days
	PM2.5 mean (µg/m³)
	PM2.5 SD
	PM10 mean (µg/m³)
	PM10 SD
	Temp mean (°C)
	RH mean (%)

	Non-heatwave
	338
	9.50
	10.70
	17.10
	12.90
	31.6
	71.7

	Heatwave
	27
	15.80
	21.10
	25.40
	22.90
	32.4
	69.4



Table 4 presents the mean concentrations of PM₂.₅ and PM₁₀ on the previous day (lag-1) for heatwave and non-heatwave periods. Both pollutants exhibit substantially higher values on the days preceding heatwave events. Lag-1 PM₂.₅ increases from 9.50 µg m⁻³ during non-heatwave conditions to 16.0 µg m⁻³ before heatwaves, while lag-1 PM₁₀ rises from 17.0 µg m⁻³ to 25.9 µg m⁻³.

This systematic elevation in antecedent pollution suggests that atmospheric conditions conducive to heatwave onset—such as reduced ventilation, stagnant boundary-layer dynamics, and persistent dry weather—also favor the accumulation of particulate matter. The results imply that deteriorating air quality often precedes heatwaves, reinforcing the notion of compound meteorological-air pollution stressors in the region.

Table 4.  Daily mean lag-1 (previous-day) PM2.5 and PM10 concentrations by period.
	Period
	Lag-1 PM2.5 (µg/m³)
	Lag-1 PM10 (µg/m³)

	Non-heatwave
	9.50
	17.00

	Heatwave
	16.00
	25.90



The boxplots in Figure 4 compare the distributions of daily mean PM₂.₅ and PM₁₀ concentrations during heatwave and non-heatwave days in 2023. For PM₂.₅, the median concentration during heatwave periods is slightly higher than during non-heatwave periods, although the interquartile ranges overlap considerably. However, heatwave days exhibit a noticeably broader spread of values, with several high-end outliers exceeding 25–30 µg m⁻³ and one extreme event surpassing 40 µg m⁻³. This indicates that while typical PM₂.₅ levels do not differ drastically between the two regimes, the probability of extreme fine-particle pollution increases substantially during heatwaves. This behavior is consistent with meteorological conditions commonly associated with heatwaves—such as reduced atmospheric ventilation, stagnant air masses, and enhanced photochemical activity—which favor the accumulation and formation of fine aerosols.

For PM₁₀, the contrast between periods is more pronounced. The median and interquartile range are both higher during heatwave days, indicating systematically elevated concentrations of coarse and fine particulate material. Outliers also reach higher values during heatwaves, with maximum concentrations approaching 45–50 µg m⁻³. These results suggest that heatwave conditions contribute to both increased baseline PM₁₀ levels and a greater likelihood of extreme pollution events. The enhancement of PM₁₀ during heatwaves may reflect a combination of factors, including increased soil and dust resuspension under drier conditions, intensified biomass burning activity in the region, and reduced wet scavenging due to prolonged dry weather (Kalisa et al., 2018).

Together, the two boxplots show that both PM₂.₅ and PM₁₀ tend to increase during heatwaves, but the effect is more systematic and robust for PM₁₀, whereas PM₂.₅ shows a stronger increase primarily in its upper tail (extreme events). This pattern highlights a potentially important interaction between thermal extremes and air quality in the Amazonian environment, in which heatwaves not only elevate thermal stress but also amplify exposure to hazardous particulate matter. Such co-occurrence reinforces the need for integrated environmental monitoring and early-warning systems during periods of extreme heat.
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Fig. 4. Distribution of daily mean PM2.5 (top) and PM10 (bottom) concentrations during heatwave and non-heatwave days.

The C5L distribution of daily PM₁₀ concentrations shows a pronounced shift toward higher pollution categories during heatwave periods compared with non-heatwave days. Under non-heatwave conditions, the majority of days fall within C5L 1 (6–12 µg m⁻³) and C5L 2 (13–20 µg m⁻³), with very few occurrences in the highest categories. In contrast, heatwave days display a substantial increase in the frequency of C5L 2 and C5L 3 (21–30 µg m⁻³), together accounting for more than half of all heatwave observations. Notably, the upper categories—C5L 4 (31–40 µg m⁻³) and C5L 5 (≥41 µg m⁻³)—are predominantly associated with heatwave events, with minimal representation during non-heatwave periods. This distribution highlights that heatwaves not only elevate the central tendency of PM₁₀ concentrations but also substantially increase the likelihood of high- and very high-pollution days. The shift toward higher C5L classes during heatwaves aligns with meteorological conditions that promote pollutant accumulation, such as stagnant air masses, reduced boundary-layer mixing, and enhanced regional emissions during dry and hot periods. These findings emphasize that heatwaves constitute a compounded environmental hazard, intensifying both thermal stress and particulate pollution exposure.
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Fig. 5. Relative frequency of daily PM10 concentrations classified under the C5L.

The C5L classification of daily PM₂.₅ concentrations reveals clear differences between heatwave and non-heatwave periods. During non-heatwave days, the distribution is more dispersed across the lower categories, with a substantial proportion of days falling in C5L 0 (1–3 µg m⁻³) and C5L 1 (4–6 µg m⁻³). In contrast, heatwave days exhibit a strong shift toward higher PM₂.₅ categories. Nearly half of all heatwave days fall in C5L 2 (7–10 µg m⁻³), compared with only about one-third of non-heatwave days. More importantly, the highest categories—C5L 4 (15–18 µg m⁻³) and C5L 5 (≥19 µg m⁻³)—are markedly more frequent during heatwaves. Category 5, which represents the most polluted conditions in this classification, occurs roughly three times more often during heatwaves than during non-heatwave days.

This pattern indicates that heatwaves are not only associated with increased median PM₂.₅ levels but also substantially elevate the likelihood of days with moderate to high pollution. Such a shift is consistent with the meteorological characteristics of heatwaves—reduced atmospheric mixing, persistent dry conditions, and enhanced local and regional emissions—which collectively favor the accumulation of fine particulate matter. The increased frequency of high-category PM₂.₅ during heatwave events highlights a potentially important compound hazard, in which extreme heat and air pollution co-occur and may jointly intensify risks to public health (Zhou et al., 2023b).
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Fig. 6. Relative frequency of daily PM2.5 concentrations according to the C5L classification.

Table 6 presents the multiple linear regression model developed to estimate daily PM₂.₅ concentrations as a function of local meteorological conditions and the occurrence of heatwaves. The model explains approximately 22% of the daily variability in PM₂.₅ (R² = 0.228; adjusted R² = 0.221) and is statistically significant overall (p < 0,001). Temperature exhibited the strongest positive association with PM₂.₅, with an estimated increase of 2.295 µg m⁻³ per 1 °C rise (p < 0,001), indicating that warmer days tend to favor higher fine particulate concentrations, possibly due to enhanced atmospheric stability and pollutant accumulation.

Relative humidity showed a significant negative effect (estimate = −0.324; p = 0.009), consistent with humidity-induced particle removal mechanisms such as deposition and hygroscopic growth followed by sedimentation. The heatwave indicator displayed a positive but marginally non-significant coefficient (estimate = 3.701; p = 0.080), suggesting that PM₂.₅ concentrations may increase during heatwave days, although the evidence does not reach the 5% significance threshold. Taken together, these results highlight temperature as the dominant driver of short-term PM₂.₅ variability in the region, while humidity and extreme heat events exert secondary but meaningful influences.

Model diagnostics indicated that the residuals exhibited an approximately normal distribution and no systematic patterns, suggesting an adequate model fit. Multicollinearity among predictor variables was assessed and remained within acceptable limits.









Table 5. Regression model predicting daily PM2.5 concentrations.
	Variable
	Estimate
	Std. Error
	t-value
	p-value

	Intercept
	−39.70
	21.61
	−1.84
	0.067

	Temperature (°C)
	2.295
	0.458
	5.01
	< 0,0001

	Relative humidity (%)
	−0.324
	0.124
	−2.62
	0.009

	Heatwave (binary)
	3.701
	2.109
	1.75
	0.080



Table 5 summarizes the multiple linear regression model used to predict daily PM₁₀ concentrations based on meteorological variables and heatwave occurrence. The model explains approximately 27% of the day-to-day variability in PM₁₀ (R² = 0.274; adjusted R² = 0.268) and is statistically significant overall (p < 0,0001). Temperature again emerges as the dominant predictor, with PM₁₀ increasing by 3.364 µg m⁻³ for each 1 °C rise in air temperature (p > 0,001). This strong positive association suggests enhanced particulate accumulation under warmer and likely more stagnant atmospheric conditions. Relative humidity shows a negative and statistically significant effect (estimate = −0.293; p = 0.040), consistent with physical mechanisms that promote particle removal at higher moisture levels.

Notably, unlike the PM₂.₅ model, the heatwave indicator is significant at the 5% level (estimate = 4.957; p = 0.041), indicating that PM₁₀ concentrations tend to increase during heatwave days. This result supports the notion that extreme heat conditions can exacerbate particulate pollution, potentially through increased resuspension of coarse particles, enhanced emissions, or reduced atmospheric dispersion. Overall, the model reinforces temperature as the primary driver of coarse particulate variability, with humidity and heatwaves acting as secondary contributors.

Table 6. Regression model predicting daily PM10 concentrations.
	Variable
	Estimate
	Std. Error
	t-value
	p-value

	Intercept
	−68.13
	24.73
	−2.76
	0.006

	Temperature (°C)
	3.364
	0.525
	6.41
	< 0,001

	Relative humidity (%)
	−0.293
	0.142
	−2.07
	0.040

	Heatwave (binary)
	4.957
	2.414
	2.05
	0.041



Table 7 presents the lag-1 predictors of heatwave onset derived from a logistic regression model expressed in odds ratios. The model evaluates whether atmospheric and particulate conditions on the previous day influence the likelihood of a heatwave beginning on the following day. Among the predictors, PM₂.₅ lag-1 exhibits a statistically significant negative association (estimate = −0.172; p = 0.032), indicating that higher fine-particle concentrations on the previous day are associated with slightly reduced odds of heatwave initiation. In contrast, PM₁₀ lag-1 shows a significant positive effect (estimate = 0.181; p = 0.015), suggesting that elevated coarse particulate levels on the preceding day increase the probability of a heatwave starting.

This divergent behavior between fine and coarse fractions may reflect differences in their meteorological sensitivity or emission processes, with coarse particles often enhanced under dry and stagnant pre-heatwave conditions. Temperature and relative humidity at lag-1 display no statistically significant effects (p = 0.928 and p = 0.867, respectively), indicating that previous-day meteorological conditions alone do not substantially predict the onset of a heatwave. The model shows reasonable performance (residual deviance = 180.32; AIC = 190.32), highlighting PM₁₀ as the most relevant early-day atmospheric indicator of forthcoming heatwave events in the study region.

In the logistic regression analysis, lagged PM₁₀ concentrations were associated with an increased probability of heatwave onset, as indicated by the estimated odds ratios. Overall model performance was evaluated using goodness-of-fit metrics, indicating a consistent predictive capability.

Table 7. Lag-1 predictors of heatwave onset (odds ratios).
	Variable
	Estimate
	Std. Error
	z-value
	p-value

	Intercept
	−2.950
	9.647
	−0.31
	0.760

	PM2.5 lag-1
	−0.172
	0.080
	−2.14
	0.032

	PM10 lag-1
	  0.181
	0.074
	  2.45
	0.015

	Temperature lag-1
	−0.019
	0.213
	−0.09
	0.928

	RH lag-1
	−0.009
	0.054
	−0.17
	0.867



[bookmark: _GoBack]The results reveal a direct compound interaction between extreme heat and degraded air quality in Santarém during 2023, consistent with the growing scientific evidence that heatwaves and particulate pollution frequently co-occur and mutually intensify their impacts on human health and atmospheric processes. Numerous studies have demonstrated that extreme heat alters atmospheric stability, suppresses boundary-layer mixing, and enhances stagnation, thereby facilitating the accumulation of pollutants near the surface (Haines & Ebi, 2019; Yan et al., 2024; Gong et al., 2024). Our findings align with this framework, both PM₂.₅ and PM₁₀ showed substantial increases during heatwave days, particularly in the late dry season, when drought conditions and biomass burning were most intense—an environmental configuration typical of Amazonia during years influenced by El Niño and regional fire activity (Zhou et al., 2023a; Han et al., 2024). This approach is consistent with previous regional studies and minimizes potential biases associated with short observational records, ensuring robust heatwave characterization in data-scarce tropical regions (Pascal et al., 2021; Ren et al., 2024).

The C5L categorical analysis reinforces this interpretation by showing a pronounced shift toward higher pollution classes during heatwaves for both PM₁₀ and PM₂.₅. Similar categorical transitions toward high-risk air-quality states during heatwaves have been widely reported, particularly in rapidly urbanizing or biomass-burning regions (Huang et al., 2024; Singh et al., 2020). These compound events—where high temperatures and high particulate levels occur simultaneously—are known to pose disproportionate health risks, leading to elevated cardiopulmonary morbidity and mortality (Haines & Ebi, 2019; Liu et al., 2016). For Amazonian populations, where exposure to smoke during the dry season is recurrent, the superposition of thermal stress and particle pollution represents a critical environmental and public-health challenge.

Regression results show that temperature is the dominant predictor of both PM fractions, a pattern consistent with mechanistic studies linking heat to enhanced atmospheric stagnation and reduced dilution (Gong et al., 2024; Zhou et al., 2023a). The negative role of humidity in reducing particulate concentrations also matches global findings showing that higher moisture increases deposition and reduces particle lifetime (Yan et al., 2024). Importantly, the heatwave indicator was significant for PM₁₀, suggesting that coarse particles—such as dust and mechanically resuspended material—respond strongly to the extremely dry and stable conditions preceding and during heatwaves. Similar dynamics have been reported in studies of the 2022 heatwave in China, where PM₁₀ increased sharply under extreme dryness (Xu et al., 2024).

The lag-1 logistic regression provides a crucial temporal perception; elevated PM₁₀ levels on the previous day increased the likelihood of a heatwave starting. This reinforces the argument that coarse particles are linked to pre-heatwave atmospheric stagnation. Zhang et al. (2024) observed increases in aerosols before major heatwave events in China during 2022, suggesting that pollution can act as an early atmospheric signal of deteriorating meteorological conditions. The weak negative association of PM₂.₅ lag-1 with heatwave onset may reflect its dependence on fire emissions, which are not uniformly synchronized with heatwave initiation.

The moderate coefficients of determination obtained for the regression models are consistent with expectations for atmospheric systems influenced by multiple interacting processes, including emissions, regional transport, boundary-layer dynamics, and synoptic-scale circulation. Such values are commonly reported in observational air-quality studies and do not undermine the robustness of the identified associations. Model diagnostics indicated no critical multicollinearity among predictors and no evidence of residual autocorrelation affecting the main results.

Furthermore, the relationships identified in this study should be interpreted as statistical associations rather than direct causal links. Although the temporal structure of the lag-1 analysis provides insight into pre-heatwave atmospheric conditions, the observational nature of the dataset precludes definitive causal inference. Nevertheless, the consistency of the results across multiple analytical approaches supports the interpretation of compound heat-pollution dynamics in the study region.

Although the associations identified here are not intended to imply direct causality, the consistency of the results across descriptive, categorical, and regression-based analyses supports the interpretation of compound heat–pollution dynamics operating under dry and stagnant atmospheric conditions.

This study presents several strengths, including the use of continuous, ground-based observations during an exceptionally warm and dry year, the application of a rigorous QA/QC framework, and the explicit focus on compound heat-pollution interactions in an Amazonian urban environment, a region that remains largely underrepresented in the literature. The comparative design adopted here, contrasting heatwave and non-heatwave conditions, enhances the robustness of the results by reducing the influence of systematic sensor biases. Nevertheless, some limitations should be acknowledged. The analysis is based on a single urban monitoring site and relies on low-cost sensors, which may introduce measurement uncertainties and limit spatial representativeness. In addition, the absence of boundary-layer observations and the observational nature of the data prevent direct causal inference. Despite these constraints, the consistency of the observed patterns and their agreement with established physical mechanisms support the relevance of the findings and their contribution to advancing the understanding of compound climate hazards in tropical rainforest cities.

Overall, the findings demonstrate that heatwaves in Santarém are not isolated meteorological extremes but occur within a broader framework of degraded atmospheric conditions, aligning with international literature showing that climate change is amplifying the frequency, duration, and intensity of compound heat-pollution events (Hoegh-Guldberg et al., 2018; Haines & Ebi, 2019; Williams et al., 2019; Wang et al., 2025; Cardone et al., 2025). Given the expected intensification of heat extremes under continued warming, alongside increasing fire vulnerability in Amazonia, these compound hazards demand integrated monitoring strategies and predictive systems that jointly consider thermal stress and particulate pollution. Such approaches will be essential for protecting public health in the region.

4. Conclusion

This study provides evidence that heatwaves in Santarém during 2023 were systematically associated with degraded air quality, characterized by substantial increases in both PM₂.₅ and PM₁₀ concentrations. The strong temporal alignment between extreme heat and elevated particulate levels indicates the presence of compound heat-pollution events driven by shared meteorological and environmental processes. Warmer and drier conditions favored atmospheric stagnation, reduced boundary-layer ventilation, and the persistence of biomass-burning emissions, creating an environment conducive to simultaneous thermal stress and air-quality deterioration.

Regression analyses identified air temperature as the dominant driver of daily particulate variability, while relative humidity exerted a mitigating influence consistent with enhanced removal processes. Heatwave occurrence showed a significant association with increased PM₁₀ concentrations, suggesting that coarse particles respond particularly strongly to the extremely dry and stable conditions prevailing during heatwaves. Moreover, the lagged analysis revealed that elevated PM₁₀ concentrations on the preceding day increased the probability of heatwave onset, highlighting the potential role of coarse particulate matter as an early indicator of atmospheric stagnation conducive to extreme thermal events.

These findings highlight the growing vulnerability of Amazonian urban populations to compound climate hazards, especially during years marked by severe drought and intensified biomass burning. In regions where reference-grade air-quality monitoring remains limited, the integration of low-cost sensor networks with meteorological observations offers a viable pathway for identifying periods of heightened environmental risk. The results emphasize the need for integrated monitoring and early-warning systems that jointly consider thermal extremes and air pollution, rather than treating these stressors in isolation.

In this context, the observed coupling between extreme heat and particulate pollution highlights the practical value of integrating air-quality indicators into heatwave monitoring and early-warning frameworks for Amazonian cities.

While this analysis is based on a single year of observations, the exceptional climatic conditions of 2023 provide valuable insight into processes likely to become more frequent under continued warming. Future research should extend this approach to multi-year datasets, incorporate additional pollutants and boundary-layer diagnostics, and explore direct links with health outcomes. Such efforts will be essential for informing climate-adaptation strategies and protecting public health in tropical rainforest cities increasingly exposed to compound heat-pollution hazards. These findings highlight the relevance of integrating heatwave monitoring with air-quality observations to support early-warning systems and public-health strategies in Amazonian cities.
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