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Abstract

Biomass burning, particularly from forest fires and crop residue burning during the dry
season, is a major source of particulate pollution across many Asian countries. However,
accurately identifying these emissions remains challenging due to uncertainties in burned
area estimation and the limited availability of country-specific emission factors. This study
quantified the spatiotemporal distribution of emissions from biomass burning using
satellite imagery. Burned areas were classified using a random forest (RF) algorithm
implemented on the Google Colaboratory (Colab) platform. The RF model showed strong
performance, with a kappa coefficient of 0.85 and an average accuracy of 0.81. Emission
estimates for the period 2020-2024 showed that the largest burned area, exceeding
74,908.50 km?, occurred in 2023. Particulate matter-bound polycyclic aromatic
hydrocarbons (PM-bound PAHs) were consistently highest in March, when forest fires are
most prevalent. Chrysene (Chr) emerged as a dominant compound during the burning
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period across all particle size fractions, particularly in the PM, ., and PM, ., ranges. In contrast, emissions from
crop residue burning remained relatively stable throughout the year, reflecting the multiple harvesting cycles typical
of agricultural activities.

INTRODUCTION
Atmospheric pollution is fundamentally defined by particulate matter (PM) across distinct aerodynamic
dimensions of coarse PM, 10 um or less (PM, ), and fine PM, 2.5 um or less (PM, .)!?!. Coarse PM mostly

comes from mechanical processes such as road dust and soil resuspension, whereas fine PM is mostly
PM with

sizes of 0.1 pm or less (PM, ), often referred to as ultrafine particles (UFPs), is typically less common in the

10?

produced by combustion-related activities and secondary formation. Compared to PM, , and PM

atmosphere™. However, due to their tiny size and large specific surface area, UFPs can penetrate deeply into
the alveolar spaces, enter the systemic circulation, and induce a range of adverse biological responses!™*..
Exposure to atmospheric PM is a major global public health concern, as numerous epidemiological studies
have demonstrated strong associations between PM levels and increased morbidity and mortality”..

Recent studies have linked PM , PM
including asthma, chronic obstructive pulmonary disease (COPD), and lung cancer!"***/. For source

,» PM, ,and PM_ "' to respiratory and cardiovascular diseases,
apportionment, it is very important to accurately measure particle sizes down to PM, . This is especially true
when evaluating hazardous chemicals such as polycyclic aromatic hydrocarbons (PAHs) in public health
assessments. PAHs pose a significant air quality concern due to their toxicity, carcinogenicity, and
bioaccumulation*'*l. Coarse and fine particles accumulate in the upper and middle airways, while UFPs
(< 100 nm) reach the tracheobronchial and alveolar regions"”'®. This increases mutagenic risks by causing
oxidative DNA damage"**.

In northern Thailand, haze episodes (January-April) are mainly due to crop residue burning and forest fires.
In upper northern Thailand, most forest fires are human-induced’. These fires contribute significantly to
emissions. Farming activities, specifically the cultivation of rice, maize, and sugarcane, also add to emissions.
Additionally, industrial biomass combustion, such as burning bagasse, plays a major role. The complex
mountainous terrain in northern Thailand limits air circulation, thereby intensifying local pollutant
exposure. Topographical confinement also impedes fire-spot detection, potentially accelerating fire spread.
Therefore, remote sensing is essential for rapid and cost-effective monitoring. Improvements in remote
sensing, such as Sentinel-2 multispectral imaging (MSI), provide high-resolution spatial data (10-20 m),
enabling more accurate burned-area classification compared with coarser-resolution products such as
moderate resolution imaging spectroradiometer (MODIS)™®"), When combined with machine learning
algorithms such as random forest (RF), classification accuracy can be further improved.

Although remote sensing technologies have been widely used, earlier emission inventories in Thailand have
mostly relied on low-resolution satellite data or the differenced normalized burn ratio (ANBR), which
requires paired pre- and post-fire images. Additionally, most regional studies have focused on total PM, . or
PM,, mass, often neglecting the toxicological implications of UFPs and the size-resolved distributions of
carcinogenic chemicals. This work aims to fill these gaps by utilizing Google Colaboratory (Colab) to
interpret Sentinel-2 MSI images for high-resolution spatiotemporal quantification of emissions. In addition,
an RF algorithm is employed to map burned regions (defined as the “GSR procedure” in this work) in
northern Thailand from 2020 to 2024. The study encompasses forested regions and major agricultural fields,
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Figure 1. Flowchart of the methodology. GISTDA: Geo-Informatics and Space Technology Development Agency; PAHs: polycyclic aromatic
hydrocarbons.

with a notable innovation being the assessment of PM-bound PAH emissions across six particle-size
fractions, ranging from coarse particles (> 10 pm) to UFPs (< 0.1 pm). By mapping these distributions across
forested and agricultural lands, this work provides useful information on particle-bound PAHs and informs
strategies for their control and reduction, thereby contributing to combating PM pollution in tropical
biomass-burning regions.

EXPERIMENTAL

Overviews

This study examines PM-bound PAH emissions from biomass combustion in forested and agricultural
regions through satellite-based analysis. Figure 1 presents the conceptual framework, outlining the steps
from data processing to emissions estimation. We applied the GSR procedure, combined with the
soil-adjusted vegetation index (SAVI) and the modified normalized difference water index (MNDWTI), to
improve classification accuracy and reduce errors. After accurately measuring the burned area, spatial data
were used to estimate PAH emissions using emission factors (EFs) specific to each of the six particle size
fractions, thereby quantifying the total emissions.

Data collections

The GSR procedure was utilized to delineate burned areas during the dry seasons (January-May) from 2020
to 2024. We chose the B4, BSA, and B11 spectral bands of Sentinel-2 imagery to identify burned areas and
reduce analysis errors. The SAVI, which is specifically designed to measure plant density in areas with sparse
vegetation or very bright soil background, was also estimated based on the normalized difference vegetation
index (NDVT)"***], originally developed by Huete (1988)"**, as shown in Equation (1).

SAVI = ((NIRRed)/(NIR + Red + L)) x (1 + L) (1)
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Figure 2. Study area characteristics: (A) Geographic location; (B) Topography; and (C) Land use and land cover.

The Land Development Department (LDD) of Thailand provided land use and land cover (LULC) data to
support the classification of emission sources. The study focused on forested regions and agricultural lands,
particularly rice, maize, and sugarcane plantations, which are major factors affecting regional air quality.
Finally, due to the limited availability of local data, the EFs required to estimate PAH concentrations were
derived from a comprehensive literature review.

The location of the study area

This study focuses on the upper northern part of Thailand, which includes nine provinces: Chiang Mai,
Chiang Rai, Lamphun, Lampang, Nan, Phrae, Mae Hong Son, Phayao, and Uttaradit. One of the main
contributing factors to air pollution in this region is open biomass burning, especially forest fires and crop
residue burning, particularly from maize plantations, which is a key economic crop in the area. Maize
plantations have rapidly expanded to meet the demand of the livestock feed industry in neighboring
countries, resulting in forest encroachment for monoculture farming and the burning of post-harvest crop
residues®, which is a significant source of transboundary haze pollution. Additionally, the mountainous
terrain in the region facilitates the occurrence of forest fires and exacerbates air pollution due to limited air
circulation in valley areas [Figure 2].

Identification of burned areas

This study developed an integrated analytical workflow combining cloud-based computing, multispectral
satellite imagery, and machine learning algorithms to classify burned areas across a large, diverse
landscape”™. Google Colab was employed as the primary computational environment for data preprocessing
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Figure 3. Training datasets and reference burned area polygons: (A) Spatial distribution; (B) Burning and unburning points; and (C)
Reference burned area polygons.

and model execution?”?*, Its scalable cloud computing resources, such as graphics processing unit
(GPU)/tensor processing unit (TPU) acceleration, support efficient data handling. Additionally, seamless
integration with Google Drive allows the rapid implementation of analytical workflows, making it ideal for
processing large remote sensing datasets™®.

Reference burned-area information from the Geo-Informatics and Space Technology Development Agency
(GISTDA), derived from 60 m Landsat-8 imagery, was used to develop the training dataset. To manage
computational complexity, the study area was divided into four sections. Using the GIS Point Sampling Tool,
16,000 training samples were generated, evenly split between burned and unburned classes. The RF
algorithm was selected after a comparative performance analysis with other machine learning methods in a
representative sub-area, showing superior performance in assessing burned scars. The model was configured
with 1,000 trees using the smileRandomForest algorithm on the Google Earth Engine (GEE) platform. For
model training and validation, the dataset was randomly split into 80% training and 20% testing sets to
ensure high classification reliability. The spectral bands B4, BSA, and B11 were primarily used to generate
color composites for visual validation against GISTDA reference data. Furthermore, SAVI and MNDWI
were implemented in Google Colab as post-classification filters rather than input variables. SAVI was applied
to distinguish burned areas from high-reflectance soil or sparse vegetation, while MNDWTI was used to filter
out wetlands and inundated agricultural areas, particularly rice paddies, to minimize evaluation errors. This
approach improved classification performance and provided a strong foundation for further analyses,
including emissions estimation and environmental impact assessment [Figure 3],
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Table 1. Interpretation of Cohen's kappa () values

Cohen's kappa () value Interpretation

0 No agreement
0.11-0.20 Slight agreement
0.21-0.40 Fair agreement
0.41-0.60 Moderate agreement
0.61-0.80 Substantial agreement
0.81-0.99 Near-perfect agreement
1 Perfect agreement

Table 2. Summary of parameters used for estimating the emission inventory

Types
Parameters
Rice Maize Sugarcane Forest
Burn efficiency (n) 0.9581 0.9261 0.9561 0.798¢
Biomass density (kg/km?) (B) - - - 3.76 x 10°3¢)
Biomass load (BL) (t/ha) 7.6287 5.2638 9.4009
Combustion completeness (CC) 0.348B7 0.8568 0.6483

Accuracy assessment

Cohen’s kappa coefficient was used to assess the accuracy of the burned area identified from the reference
data. This coefficient is widely employed to evaluate the degree of agreement between two categorical
datasets beyond that expected by chance'®”. A kappa value of 1.0 indicates perfect agreement, whereas a value
of 0.0 signifies no agreement beyond chance. The detailed results are presented in Table 1.

Assessment of the air emission inventory

Air emissions from biomass burning, specifically forest fires and crop residues, were calculated using the
equation derived from Giglio et al. (2006)"”, as shown in Equation (2). Both categories were quantified using
this Equation.

n
EM,'JZZM/XEFL"/ )
J

where EM,; (ton) is the emission of pollutant (i) from area (j) and M; (kg) is the amount of burned biomass
in area (j). EF,; is the emission factor for pollutant (i) from area (j) (g/kg of dry matter), taken from the report
by Samae et al. (2020)"*. M, (kg) for forest fires and crop residues was calculated using the Equations (3) and

(4).

M;=AxBxC 3)

where M, (kg) is the amount of burned biomass in forest areas, A is the burned area (km?), B is the biomass
density (kg,,, ,../km*), and C is the burning efficiency. The values of biomass density and burning efficiency

for forest fires are shown in Table 2.

M;=AxBxE (4)

where M, (kg) is the amount of burned biomass from crop residues, A is the burned area in crop areas (km?),

and B is the biomass density in crop areas (kg,,, . /km?). Distinct parameters were applied for forest and
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Table 3. Classification of selected PAHs according to IARC

Types of PAHs IARC classification Status

BaP Group 1 Carcinogenic to humans

DBahA Group 2A Probably carcinogenic to humans
BaA Group 2B Possibly carcinogenic to humans
BbF Group 2B Possibly carcinogenic to humans
BkF Group 2B Possibly carcinogenic to humans
Chr Group 2B Possibly carcinogenic to humans

PAHs: Polycyclic aromatic hydrocarbons; IARC: International Agency for Research on Cancer; BaP: benzo[alpyrene; DBahA:
dibenzo[a,h]anthracene; BaA: benzo[a]anthracene; BbF: benzo[b]fluoranthene; BkF: benzo[k]fluoranthene; Chr: chrysene.

agricultural areas, as detailed in Table 2. E is the burning efficiency, and the corresponding values for crop
residues are also provided in Table 2.

The carcinogenicity of PAHs

PAHs are a class of organic compounds composed of multiple fused benzene rings, primarily generated
during the incomplete combustion of organic materials such as biomass, coal, petroleum products, and
organic waste!”*). Many PAHs have been classified as carcinogenic by the International Agency for Research
on Cancer (IARC)"">*! as shown in Table 3. Benzo[a]pyrene (BaP) has been designated as a Group 1
carcinogen (carcinogenic to humans), whereas dibenzo[a,h]Janthracene (DBahA) has been classified as
Group 2A (probably carcinogenic). Compounds including benzo[a]anthracene (BaA), benzo[b]fluoranthene
(BbF), benzo[k]fluoranthene (BkF), and chrysene (Chr) are categorized as Group 2B (possibly
carcinogenic)*!. According to the World Health Organization (WHO) Air Quality Guidelines, the annual
average concentration of BaP in ambient air is set at 1 ng/m®, above which an increased lifetime cancer risk
has been reported*>**). To quantitatively assess human exposure in this study, the toxicity equivalent
concentration (TEQ) was evaluated, which estimates the carcinogenic potential of the measured PAH
mixture relative to BaP. During the smoke haze season, local BaP-equivalent levels (TEQ) exceeded the
WHO guideline, ranging from 0.46 to 2.06 ng/m” in rural areas, and from 0.38 to 1.33 ng/m’ in urban
areas'””. These results demonstrate that during intensive burning episodes, carcinogenic PAH concentrations
can exceed the WHO safety limit by up to 2-fold in rural environments and 1.3-fold in urban environments,
confirming a high respiratory health risk for local populations'*’!. In this study, although direct ambient
concentrations were not measured, the estimated emissions, particularly from forest fires, suggest that local
BaP levels during burning episodes could exceed this guideline.

BaP has been classified as a Group 1 carcinogen by the IARC!*»*’, with strong evidence supporting its
carcinogenicity in humans***°\. It is primarily produced during the incomplete combustion of organic
materials, such as cigarette smoke, vehicle exhaust, and open biomass burning. Smaller PM was found to
carry higher levels of carcinogens than larger particles. The highest PAH emissions were recorded in 2023. It
followed by 1.21 g in PM

was found that BaP was present at 2.08 g in PM The lowest concentration

1.0-2.5 0.1-1.0°

(0.11 g) was detected in PM smaller than 0.1 pm. However, studies suggest that BaP can significantly increase
the risk of lung and other cancers, even at low concentrations*/, particularly when accumulated in PM, ,
where it can induce oxidative stress and DNA damage, factors associated with cardiovascular, respiratory,
and other diseases'™..

RESULTS AND DISCUSSION

To provide a comprehensive understanding of the impacts of burning, this study presents analyses of the
temporal and spatial dynamics of burned areas, evaluates data reliability, and assesses pollutant emissions
and their associated health risks, as discussed below.
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Figure 4. DN values of SAVI and MNDW!I: (A) SAVI values greater than 3,000; (B) SAVI values between 0 and 2,000; (C) MNDWI
values greater than 1,000; (D) MNDWI values exceeding 1,000, differentiated by color-coded thematic classes. SAVI: Soil-adjusted
vegetation index; MNDW!I: modified normalized difference water index.

Time-series changes in burned areas during the dry seasons and identification of burned areas

The integration of the GSR procedure with SAVI and MNDWT proved essential for accurate detection. In
terms of spectral response, SAVI digital numbers exceed 3,000 in characterized forest areas, while values
between 0 and 2,000 indicate rice plantations during the pre-cultivation phase. Applying these thresholds
yielded MNDWTI values surpassing 10,000, enabling effective identification of burned areas [Figure 4]. These
results align with reference datasets, confirming the accuracy of the classification method.

Analysis of the spatiotemporal dynamics reveals that the extent of burned areas peaked in 2023
(74,908.50 km?), followed by 2024 (74,606.43 km?), 2020 (72,347.33 km?), and 2022 (72,192.36 km?). The
minimum extent was recorded in 2021 (56,066.36 km?). This decline was likely due to the combined effects of
the COVID-19 pandemic and La Nifia [Table 4]. During this period, regional meteorological data indicated
significantly higher-than-average precipitation and humidity levels consistent with La Nifia conditions,
which naturally suppressed open burning activities. Simultaneously, socioeconomic restrictions and reduced
agricultural labor mobility during the pandemic served as extrinsic factors that further limited the incidence
of fire ignitions. These observations align with recent statistical analyses in the region, which report strong
correlations among increased rainfall indices, economic slowdowns, and reduced aerosol loading during
2021. Overall, variability in burned area patterns was predominantly governed by meteorological anomalies,
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Table 4. Burned areas during the dry seasons from 2020 to 2024
Month
Year Land use types
January February March April All
Maize 1,862.62 1,289.43 933.97 2,265.58 6,351.60
Sugarcane 150.90 89.03 35.47 0.00 275.40
2020  Rice 3,823.49 1,180.15 590.40 2,872.79 8,466.82
Forest 9,769.80 17,570.49 19,786.99 10,126.23 57,253.50
All 15,606.80 20,129.09 21,346.83 15,264.60 72,347.33
Maize 1,288.29 1,459.25 549.51 1,982.52 5,279.57
Sugarcane 0.39 101.73 25.58 137.00 264.70
2021 Rice 2,973.42 1,474.98 25115 1,943.20 6,642.74
Forest 6,358.47 13,966.73 14,221.68 9,332.46 43,879.35
All 10,620.56 17,002.69 15,047.93 13,395.18 56,066.36
Maize 2,059.36 1,688.65 1,207.58 1,780.33 6,735.92
Sugarcane 184.48 15.68 52.55 167.25 519.95
2022 Rice 4,011.57 1,435.97 898.72 2,152.70 8,498.96
Forest 9,893.93 17,108.20 21,048.74 8,386.67 56,437.53
All 16,149.34 20,348.49 23,207.59 12,486.95 72,192.36
Maize 2,192.43 1,706.90 1,129.61 2,105.63 7134.57
Sugarcane 219.33 N4.36 48.82 188.19 570.70
2023  Rice 4,614.72 1,460.03 732.89 2,154.05 8,961.68
Forest 10,202.39 18,325.05 21,318.15 8,395.97 58,241.55
All 17,228.87 21,606.33 23,229.46 12,843.84 74,908.50
Maize 2,068.03 1,792.56 1,092.37 2,147.01 7,099.97
Sugarcane 194.35 14.81 38.11 250.00 597.27
2024  Rice 4,352.25 1,416.58 777.84 2,510.92 9,057.60
Forest 10,004.26 18,355.31 21,239.70 8,252.31 57,851.59
All 16,618.90 21,679.27 23,148.02 13,160.24 74,606.43

Bold is mean all types of biomass burning.

specifically the El Nifio-Southern Oscillation (ENSO). The impact of the El Niiio phase was pronounced
during the 2023-2024 period, characterized by elevated temperatures and precipitation deficits. However, the
persistence of extensive burning in 2024, despite the onset of La Nifia conditions (typically associated with
higher rainfall), suggests that meteorological drivers were not the sole determinants. Anthropogenic factors,
particularly socioeconomic recovery following the COVID-19 pandemic, played a critical modulating role.
Economic deceleration during the pandemic dampened demand for agricultural products, thereby
suppressing open residue burning. Further quantitative details are provided in Table 4.

Moreover, the time series of burned area, as illustrated in Figure 5, indicates that February and March
experienced the largest burned areas, influenced by meteorological conditions, particularly high
temperatures and low relative humidity. In addition, terrain characteristics, such as surrounding mountains,
were found to increase burning activity””'. These factors also hinder fire suppression efforts, allowing fires to
spread rapidly. The combination of steep terrain and unfavorable meteorological conditions was found to
increase combustion efficiency, leading to the release of large amounts of pollutants.
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Figure 5. Monthly changes in burned area: (A) 2020; (B) 2021; (C) 2022; (D) 2023; and (E) 2024.

The spatial distribution of burned area

Figures 5-7 display the spatial distribution of burned areas in forests, as well as rice, maize, and sugarcane
plantations. From these figures, the characteristics and distribution patterns of burned areas were identified.
Throughout the study period, a consistent temporal variation in burned area distribution was observed. To
effectively highlight this spatial pattern, data from 2023, when the highest total burned area was recorded,
were selected. The resulting map indicates that geographical characteristics strongly influence the
distribution of burned areas. As shown in Figure 5, forest areas exhibit recurring concentrations of burned
zones across all provinces. This trend is likely related to the large proportion of forest area in northern
Thailand, which accounts for approximately 63.66% of the total land area'.

In contrast, the extent of burned areas associated with crop residues is lower than that observed in forests,
particularly in rice plantations, as illustrated in Figure 6. This discrepancy is mainly due to differences in
planting and harvesting schedules among agricultural systems. The dry season generally does not coincide
with the rice harvesting period”***, as most farmers in northern Thailand plant rice during the rainy season.
Specifically, rice is typically planted between May and October and harvested between November and
December. Consequently, rice straw burning usually occurs in November and December. However, a rise in
burned area is observed in April, which is associated with land preparation for off-season rice cultivation in
certain regions.

In maize plantation areas, burned areas are widely distributed across the region, in contrast to other
agricultural regions, as shown in Figure 7. This widespread distribution can largely be attributed to the
agronomic advantages of maize, particularly its ability to thrive without irrigation®"!. As a result, this
characteristic increases the likelihood of forest encroachment. In contrast, burning in sugarcane plantation
areas is relatively limited, primarily because sugarcane farming is less prevalent in northern Thailand. This is
partly due to the lack of sugarcane processing facilities in the region. Consequently, fires in
sugarcane-growing areas are recorded at very low levels, with crop-specific economic and infrastructural
factors strongly influencing agricultural burning across different farming systems.
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Figure 6. Burned areas in forest regions in 2023: (A) January, (B) February, (C) March, and (D) April.

Consistent with previous findings"”>*”, many studies in Thailand continue to rely on dNBR for burned area
detection**"). However, the popular ANBR method depends heavily on the selection of appropriate pre- and
post-fire imagery, limiting its applicability for monthly or high-frequency monitoring'***. In contrast,
machine learning approaches such as the GSR procedure can process large, continuous datasets more
effectively and provide scalable, high-resolution results.

Accuracy assessment of the activity data

The accuracy assessment of the burned area classification is illustrated in Figure 8, which compares the
classification results with the reference burned area data and the GSR procedure. The visual comparison
shows strong correspondence between the detected burned areas and the reference datasets in both
full-scene and close-up views [Figure 9].

In addition to visual interpretation, the quantitative accuracy assessment confirms strong performance. The
average kappa coefficient values were 0.82 in January, 0.80 in February and March, 0.85 in April, and 0.88 in
May, indicating consistently high classification reliability throughout the fire season. The accuracy
assessment is further summarized in Table 5, which presents the confusion matrix and corresponding
performance metrics.

The PM-bound PAHS emissions
The estimation of PM-bound PAH emissions, presented in Tables 6 and 7, was derived by integrating
high-resolution burned area data generated in this study with specific EFs and combustion parameters (e.g.,

34-39

fuel density and combustion completeness) sourced from established literature”* ). An assessment of



Page 12 of 22 Paluang et al. J. Environ. Expo. Assess. 2026, 5, 15

Rice burned area. 3 Rice burned area.

Rice burned area.

Legend
[ ] Not Burned
I Burned

Figure 7. Burned areas in rice plantations in 2023: (A) January, (B) February, (C) March, and (D) April.

PM-bound PAH emissions from forest fires showed that Chr was the most prevalent PAH across all
size-fractionated PM, particularly in PM, , and PM

1.0-2.5 2.5-10°

These particle size ranges are critical because they
can penetrate deeply into the human respiratory system, increasing the risk of adverse health effects!*>**).
PM , exhibited a different trend compared with smaller particles, with naphthalene (Nap) identified as the
dominant compound. This result indicates that PAH compounds attach differently to particles of varying
sizes. It is important to note that PM-bound PAH emissions during the dry seasons from 2020 to 2024
showed similar trends. Consequently, the results from 2023 were used to represent the overall findings, as
this year recorded the highest emissions. Detailed information on PM-bound PAH emissions from forest
fires during the 2023 dry season is shown in Table 6. The results are categorized into high-molecular-weight
(HMW) and low-molecular-weight (LMW) PAHs.

From Table 6, a significant presence of Chr was observed in both the PM,  , and PM, _  fractions. This may
be attributed to condensation processes and the absorption behavior of these compounds during
combustion. This dominance is primarily driven by volatility distribution and gas-particle partitioning
mechanisms. As a HMW semi-volatile PAH, Chr undergoes rapid condensation from the gas phase onto the
surfaces of pre-existing particles as the combustion plume cools. This process preferentially occurs on
accumulation-mode particles, which provide a large surface area for adsorption and facilitate the adsorption
of HMW PAHs such as Chr. In particular, PM, _ has a relatively large surface area, which enhances its ability
to adsorb semi-volatile organic compounds'*’. PM , was found to contain compounds with HMW and
specific chemical properties. In crop residues [Table 7], Chr was also identified as the dominant PAH,
although it was released in lower amounts than in forest fires. The highest PAH emissions were recorded in
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Figure 8. Burned areas in maize plantations in 2023: (A) January, (B) February, (C) March, and (D) April.
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Figure 9. Map of the burned area as of March 2024 in Mae Hong Son: (A) Overall view; (B) Close-up of the area outlined by the black box

in (A); and (C) Detailed view of the same area, including reference data and Sentinel-2 imagery.



Page 14 of 22 Paluang et al. J. Environ. Expo. Assess. 2026, 5, 15

Table 5. Confusion matrix and performance metrics for the burned area assessment in Mae Hong Son, Thailand

Predicted Performance metrics

Confusion matrix

Burned Not burned Accuracy Precision Recall F1score
Actual
Burned 1534 54 96.60 93.03 96.60 97.78
Not burned 15 684 85.61 92.68 85.61 89.00
Overall accuracy (%) 92,91
Kappa coefficient 0.83

Bold is mean the value of summary accuracy and performance metrics.

Table 6. PM-bound PAH emission from forest fires during the dry season in 2023

Chemical mass concentration of each particle size (g)
Group Type of PAHs

<01 0.1-0.5 0.5-1.0 1.0-2.5 2.5-10 >10
Nap 277 9.17 8.30 28.20 60.55 10.90
Act 4.33 4.84 3.63 24.57 86.67 6.92
LMW Ace + Fle 536 5.71 7.61 15.40 26.64 2.60
Phe 10.38 13.67 24.39 19.55 58.99 6.40
Ant 6.57 9.86 3.46 10.21 12.63 0.87
Flu 6.75 571 536 32.87 24.57 0.87
Pyr 433 1.90 3.98 24.74 35.81 0.87
BaA 4.50 3.29 4.67 6.40 2353 0.69
Chr 26.99 28.89 56.92 184.07 275.59 277
BbF 6.23 5.88 121 48.09 28.72 4.33
HMW
BkF 3.98 415 12.98 12.98 37.71 2.25
BaP 1.21 1.90 0.87 2.08 1.04 017
DBA 2.08 1.04 3.81 294 1.04 0.17
BghiPe 294 2.25 3.63 2.25 3.63 -
IDP 277 2.60 3.98 225 3.29 0.69

PM: Particulate matter; PAH: polycyclic aromatic hydrocarbon; LMW: low-molecular-weight; HMW: high-molecular-weight; Nap: naphthalene; Act:
acenaphthylene; Ace: acenaphthene; Fle: fluorene; Phe: phenanthrene; Ant: anthracene; Flu: fluoranthene; Pyr: pyrene; BaA: benzo[alanthracene;
Chr: chrysene; BbF: benzo[blfluoranthene; BkF: benzo[k]lfluoranthene; BaP: benzo[alpyrene; DBA: dibenz[a,h]anthracene; BghiPe:
benzo[g,h,ilperylene; IDP: indeno[1,2,3-cd]pyrene.

the PM

particularly rice straw, maize stalks, and sugarcane leaves, released Chr within the PM

fraction (0.9829 g) and the PM_,  , fraction (0.6699 g). These results indicate that crop residues,

voasand PM, .
fractions. These PM size ranges can remain airborne for extended periods and disperse over large areas,
thereby increasing their potential impact on air quality and public health*”. However, for crop residues, the
emission characteristics were consistent with those of forest fires, but the quantities were significantly lower,

as shown in Table 7.

1.0-2.5 0.5-1.0

From Table 7, Chr exhibited the highest emissions across most size-fractionated PM, except for PM, , where
the maximum value was only 0.0111 g. In this fraction, Act was the most abundant compound (0.2629 g).
This finding contrasts with forest fire emissions, where PM , typically shows the highest Nap concentration.
In crop residues, however, Act was the dominant compound in this size fraction. This difference is mainly
attributed to variations in biomass fuel types and combustion conditions””. In forest areas, biomass materials
such as wood debris and dry leaves, when burned under variable temperatures, commonly produce PAHs.
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Table 7. PM-bound PAH emissions from crop residues during the dry season in 2023

Chemical mass concentration of each particle size (g)

Group Type of PAHs
<01 0.1-0.5 0.5-1.0 1.0-25 2.5-10 >10

Nap 0.0285 0.0168 0.0372 0.1181 0.1336  0.2087
Act 0.0425 0.1229 0.0521 0.3801 0.2979 0.2629
LMW  Ace + Fle 0.0081 0.0736 0.0575 0.0754 0.1233 0.0189
Phe 0.0122 0.0200 0.0568 0.1374 01918  0.0157
Ant 0.0359 0.0487 0.0504 0.0614 0.0709 0.0124
Flu 0.0254 0.0396 0.0341 0.692 0.0929 0.0066
Pyr 0.0286 0.0388 0.0455 0.2197 0.2184 0.0042
BaA 0.0798 0.0942 01430 0.2427 0.2465 0.0023
Chr 0.3602 0.3156 0.6699 0.9829 0.7627 0.01M
BbF 0.3424 0.0852 0.2478 05966 0.6028 0.0053
M BkF 01551 0.0299 0.0795 03699 0.1275 0.0025
BaP 0.0557 0.0631 0.0200 0.0822 0.0358 0.0048
DBA 0.0252 0.0403 0.0672 0.0385 0.0676 0.0047
BghiPe 0.0242 0.0120 0.0722 0.0525 0.0787 0.0029
IDP 0.0139 0.0142 0.0660 0.0431 0.0651 0.0030

PM: Particulate matter; PAH: polycyclic aromatic hydrocarbon; LMW: low-molecular-weight; HMW: high-molecular-weight; Nap: naphthalene;
Ace: acenaphthene; Fle: fluorene; Phe: phenanthrene; Ant: anthracene; Flu: fluoranthene; Pyr: pyrene; BaA: benzo[alanthracene; Chr: chrysene; BbF:
benzo[blfluoranthene; BkF: benzo[kIfluoranthene; BaP: benzo[alpyrene; DBA: dibenz[a,hlanthracene; BghiPe: benzo[g,h,ilperylene; IDP:
indeno[1,2,3-cd]pyrene.

Although Nap is classified as an LMW PAH, it has been found to associate with larger particles, such as
PM,,, under specific combustion conditions'®. Conversely, in crop residues, combustion of different biomass
types leads to higher emissions of Chr, including in larger particle sizes. In addition, BaP concentrations were
influenced by landscape characteristics, with areas of dense forest cover presenting higher pollution
levels'®”, as shown in Figure 10.

Crop residues were found to release lower levels of carcinogenic PAHs compared with forest fires. Moreover,

BaP recorded a maximum emission of only 0.0822 g in the PM | ,. fraction, compared with 2.08 g emitted by

forest fires. While Chr remained the most prevalent PAH within the HMW group resulting from the

combustion of crop residues, its concentration in PM, ,. was only 0.9829 g, which was 180 times lower than

1.0-2.5

that emitted by forest fires. Similarly, BbF, which showed emissions of 48.09 g from forest fires in the PM

1.0-2.5
fraction, was detected at only 0.5966 g from crop residues. The analysis indicated that forest fires were the

primary source of carcinogenic PAHs, especially in PM, _, which can penetrate deeply into the human

2.5%
respiratory system and accumulate within the body. Consequently, the management and control of forest
fires were identified as critical for reducing public health risks during the dry season. The spatial distribution

of these emissions is presented in Figure 11.

The analysis of PAH emissions revealed that Chr was the dominant PAH in most particle size fractions,
particularly in the PM, ,_ and PM, _  ranges, whereas Nap was the dominant compound in the > 10 pm
fraction. This pattern aligns with the combustion characteristics of mixed biomass in the region but differs
from those reported in other contexts” 7. These differences can be attributed to variations in biomass type,
combustion temperature, moisture content, and chemical composition, all of which influence PAH
profiles®®”!). Forest fires released higher amounts of PAHs across almost all compounds and particle size

fractions. This is due to the larger biomass fuel load and the higher content of woody material and dry leaves,
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Figure 10. Spatial distribution of BaP from (A) PM_,, (B) PMg;,,, and (C) PM, o, in 2023 following a forest fire. BaP: Benzo[alpyrene; PM:
particulate matter.

which are rich sources of HMW PAHs!*”). Chr was identified as the dominant PAH from crop residue
burning, such as rice straw and maize stalks, but was released in lower amounts due to the smaller fuel mass
and lower carbon density of the biomass'™. In terms of health impacts, the high levels of Chr and BaP in the
PM, . fraction were identified as a significant concern. Their persistence in the atmosphere increases the
potential for long-range transport, contributing to both local and transboundary air pollution””. Emissions
and accumulation of PAHs were strongly influenced by landform and meteorological conditions. In
northern Thailand, mountainous terrain and valley structures were shown to restrict pollutant dispersion!”..
During the dry season, low relative humidity and high temperatures were found to enhance combustion

efficiency, thereby increasing pollutant emissions'™.

To quantitatively assess human exposure, we calculated the TEQ of PAHs using BaP as a reference. During
the biomass burning period, the estimated BaP-equivalent concentrations ranged from 0.86 to 2.76 ng/m’
across different size fractions. These values exceeded the WHO air quality guideline for BaP (1 ng/m®, annual
average) by approximately 2-3 times. This indicates that during intense burning episodes, populations in the
study area are exposed to carcinogenic PAH levels that significantly exceed international health-based
thresholds, highlighting substantial inhalation risk. The results indicate that PAHs attach to particles varying
from PM_ to PM, . PM_, particles are larger and more likely to remain in the upper respiratory tract. In
contrast, PM, . and PM, , particles are smaller and can get deeper into the lungs. Some PAHs, such as BaP
and DahA, can bind to PM, , and enter the bloodstream, where they can induce carcinogenic and mutagenic

effects. Therefore, long-term exposure to PAHs attached to PM, _ and PM, | may cause their accumulation in
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Figure 11. Spatial distribution of BaP from (A) PM_,,, (B) PM, ., and (C) PM, o, in 2023 from crop residue burning. BaP: Benzo[a]pyrene;
PM: particulate matter.

the lungs and bloodstream, leading to oxidative stress, inflammation, and DNA damage. These repeated
exposures significantly elevate the risk of non-communicable diseases (such as lung cancer, cardiovascular
disease, and COPD), particularly among vulnerable populations, including children, pregnant women, older
adults, and individuals with pre-existing health conditions.

CONCLUSIONS

This study investigated the contributions of open biomass burning to the emission of PM-bound PAHs in
Northern Thailand through an integrated spatial analysis approach. The compositional profiles of PAHs in
this study are consistent with established EFs reported in the literature. However, the main contribution of
this work lies in the novel, high-resolution (10 m) spatiotemporal quantification of total emissions from
size-resolved PAH-bearing particles. The integration of Sentinel-2 MSI imagery with the RF algorithm on the
Google Colab platform, as part of the GSR procedure, proved highly effective for detecting burned areas and
accurately estimating emissions. This approach enables detailed spatial and temporal analyses that go beyond
the limits of ground-based monitoring. The findings confirm that forest fires are the predominant source of
toxic compounds that accumulate in both fine and coarse particulate fractions, posing severe long-term risks
to human health. To address these environmental challenges, future management should prioritize rigorous
fire prevention strategies and alternative land management practices to reduce biomass combustion and
improve regional air quality.
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