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ABSTRACT

Indonesia is recognized as the country with the highest level of Particulate Matter (PM) 2.5 pollution
in Southeast Asia. This study aims to investigate the spatial and temporal variations of PM2.5
concentrations in the Indonesian maritime continental region (IMC) over a span of 38 years (1980-
2018), based on seasonal and El Nifio-Southern Oscillation (ENSO) phenomena. The data used are
surface PM2.5, rainfall, wind components at 850 hPa pressure, and fire hotspot points in the IMC region.
The results showed higher PM2.5 anomalies in summer (JJA) compared to winter (DJF). There is a
positive PM2.5 anomaly during the JJA period and a negative anomaly during the DJF period in the
IMC region, which is caused by particle deposition by rain. Seasonal wind patterns carry pollutants
from urban areas and hotspots towards the countryside, significantly increasing PM2.5 concentrations
in rural areas. Riau and South Sumatra provinces show the highest hotspot density on Sumatra Island,
Central Kalimantan and West Kalimantan provinces show the highest hotspot density on Kalimantan
Island, and southern Papua has the highest hotspot density on Papua Island. The peak number and
density of hotspots in Sumatra, Kalimantan, and Papua occurred in September. The rainfall patterns in
IMC are closely linked to ENSO years. During El Nifio years, rainfall decreases, and the atmosphere
tends to become drier, leading to an increase in hotspots. These hotspots contribute to elevating the
concentrations of PM2.5, as observed in 1997/1998 and 2015/2016 when the region experienced its
highest hotspot density and a corresponding rise in PM2.5 levels. This association underscores the
complex interplay between climatic phenomena, atmospheric conditions, and air quality dynamics in
the Indonesian context.
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INTRODUCTION

Air pollution has become a significant global issue that requires serious attention due to its impact on
human health and environmental quality. Air pollution is widely recognized as a cause of environmental,
health, and social problems in several countries, including Indonesia. Particulate matter (PM) is a
ubiquitous air pollutant, consisting of a mixture of solid and liquid particles suspended in the air. PM
can be classified based on its size into PM10 and PM2.5 with mass median aecrodynamic diameters less
than 10 um and 2.5 pum, respectively. Incoming solar radiation will be scattered and absorbed by PM as
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a direct effect on climate. PM can also modify the amount and properties of clouds by increasing cloud
condensation nuclei and cloud albedo as an indirect effect on climate. PM is the sixth leading cause of
premature death worldwide (Hadei et al., 2020).

In Europe, the United States, and China, PM2.5 has been extensively measured for several years.
Studies on PM2.5 have focused mainly on its chemical composition, including elemental constituents,
major inorganic ions, and organic compounds (He et al., 2001; Ye et al., 2003; Geng et al., 2021; Wang
et al., 2022). High concentrations of fine particles in the air can have significant adverse effects on
visibility and health. Several investigations have been conducted on the chemical composition and
emission sources of PM2.5 (Juda-Rezler et al., 2020; Pan et al., 2022; Zhang et al., 2022). These studies
have revealed that S OLf', NO3, NHJ, organic matter, crustal materials, and carbon elements are the
dominant species that constitute PM2.5 (Li et al., 2023; Wang et al., 2020). The primary sources of
PM2.5 are identified as dust, secondary aerosol, coal combustion, motor vehicle exhaust, and biomass
burning (Dahari et al., 2021; Ghosh et al., 2024; Hassan et al., 2021; Istiqomah & Marleni, 2020).

Jakarta is a megacity in Indonesia, surrounded by industrial areas that are0-30 km from the city center
(Hobbie & Grimm, 2020). Kusumaningtyas et al. (2018) measured suspended particulate matter (SPM)
from 1980 to 2016 and short-term PM10 and PM2.5 data. Santoso et al. (2020) measured the ambient
air quality of Jakarta for 2010-2017 as part of the urban air quality reporting in 17 locations across
Indonesia. However, research in Indonesia has only focused on short-term events and is limited to urban
areas (Amin et al., 2021; Hobbie & Grimm, 2020). Relevant information and actions are still insufficient
to control fine particulate pollution fully.

In this study, PM2.5 mass concentration has been measured using daily MERRA satellite data from
1980 to 2018 covering the Indonesian maritime continent (IMC). Using these observations, we analyze
the seasonal and intraseasonal variations in PM2.5, the difference in PM2.5 behaviour between urban
and rural areas, and the influence of meteorological conditions on PM2.5 behaviour.

METHODOLOGY
Data

The data used is the MERRA-2 M2RINXAER reanalysis data, which is a data product from the NASA
Global Modeling and Assimilation Office (GMAQO). The MERRA-2 reanalysis data product has a
spatial resolution of 0.5° % 0.625° and a temporal resolution of one hour. The data source can be obtained
via:https://disc.gsfc.nasa.gov/datasets/M2TINXAER 5.12.4/summary (DOL:
10.5067/KLICLTZ8EM9D). The PM2.5 analysis will be carried out to see the average PM2.5
throughout the year from 1980 to 2018. The concentration data from the MERRA-2 reanalysis with
units of ug m can be found using the following equation:

[PM,5]1=1375x[S0,] +1.8x[0C]+ [BC] +[DS35] +[SS25] (1)
S0, is the reanalysis sulfate parameter; OC is the reanalysis organic carbon parameter; BC is the
reanalysis black carbon parameter; DS, 5 is the reanalysis 2.5 pm dust parameter; SS, 5 is the reanalysis
2.5 um sea salt parameter.

Multi-Source Weighted-Ensemble Precipitation (MSWEP) data with a spatial resolution of 0.1° X 0.1°
and a temporal resolution of one day was used to obtain rainfall data (mm day™') in Indonesia from 1980
to 2018. Rainfall data is obtained from http://www.gloh20.org/mswep/ (DOI: 10.1175/BAMS-D-17-
0138.1.). Wind at 850 pa every 6 hours with a spatial resolution of 0.125° X0.125° from 1980 to 2018
was obtained from ERAS (DOI: 10.24381/cds.adbb2d47). This study is conducted in the Indonesian
Maritime region (Figure 1), involving the selection of measurement points that represent significant
geographical variations. The study area includes major islands and coastal areas with considerations for
diversity of weather, topography, and anthropogenic activities.
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Figure 1: Study area in IMC
Empirical Orthogonal Function

Empirical Orthogonal Function (EOF) analysis aims to transform the original correlated variables into
orthogonal (uncorrelated) components (Quang et al., 2023). Suppose the X in Equation 2.
[xl 1 cee xlp
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X is a matrix of size (n X p) containing a dataset with n variables and m time points (Khandani &
Mikhael, 2021). SVD of X with Rank(X) = r is the factorization as shown in Equation 3

X=uXvT 3)
and therefore:
= Yi=1uo;v;(k) 4)

The V matrix from equation 3 is the EOF matrix and UX is the matrix of principal component scores

(Amrhein et al., 2024). The variance of the i principal component (i = 1,2, ...,7) is obtained from:
2
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where i = 1,2, -+, 7 is the singular value of the X matrix. In practice, k mode of EOF; or principal
component with k" r explains the largest proportion of variance (Sharma et al., 2020). EOF, mode is a
linear combination of all observed variables that is orthogonal to the EOF; mode and has the second
largest variance (Nagi et al., 2023). EOF analysis is used to find the matrix of component scores (n X
k) with p time on k component which loads the matrix V containing the EOF coefficients of n variable

on the k component (Hannachi, 2004).

RESULTS AND DISCUSSION
Monthly Variation of PM 2.5 in Indonesia

Based on the results of PM2.5 calculations from MERRA-2 in Maritime Indonesia from 1980 to 2018,
the seasonal average PM2.5 for the DJF rainy season and the JJA dry season is shown in Figure 2. The
average PM2.5 is higher in JJA than in DJF. This is thought to be due to the flushing process of PM2.5
by rainwater in the atmosphere during the rainy season. The highest PM2.5 is dominant in Sumatra and
Kalimantan with concentrations exceeding 35 pg m~, while in other regions, especially the eastern part
of Indonesia (Sulawesi, Papua, East Nusa Tenggara, West Nusa Tenggara, and Maluku), the average



concentration value is quite low at around 5-15 pg m, while most of Java has an average concentration
value of around 10-25 pg m?. The differences in PM2.5 in each region of Indonesia are thought to be
influenced by differences in human activities in each region and by meteorological factors that affect
each region.
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Figure 2: Climatological of PM2.5 in the IMC

The spatial analysis of PM2.5 in Maritime Indonesia also reflects the important role of natural factors,
such as topography and wind patterns, in the distribution of air pollution (Liu et al., 2021). Areas with
flatter topography, such as Java, tend to have higher PM2.5 because of urbanization and local pollution
generated by human activities, such as transportation and industry (Liu et al., 2021). On the other hand,
areas with more hilly or mountainous topography, such as Sulawesi and Papua, may have a more limited
distribution of air pollution due to natural influences that limit particulate dispersion (Latif et al., 2018).

In addition, the presence of small islands and differences in area in Maritime Indonesia also affect the
distribution of PM2.5. Small islands with dense populations and high human activity tend to have higher
PM2.5, especially around urban centers (Othman et al., 2018). On the other hand, islands that are more
remote or less affected by human activity may have lower PM2.5. Further analysis of these distribution
patterns can provide deeper insights into the factors that influence air pollution in the region.

Seasonal differences in PM2.5 also reflect environmental dynamics and human activities (Kusuma et
al., 2019). In addition to weather influences, such as rainfall and wind speed, land burning activities for
agriculture, land clearing and industrial activities can also contribute to seasonal variations in air
pollution. This analysis demonstrates the complexity of interactions between natural and human factors
that shape the spatial and temporal patterns of PM2.5 in Maritime Indonesia, requiring a holistic
approach in air pollution mitigation and control efforts (Yang et al., 2023).

Monthly Variations of Rainfall and Wind in IMC

PM2.5 variations are influenced by weather factors such as wind speed, relative humidity, and rainfall,
so understanding these variations can provide insight into the complex relationship between
meteorological factors and air pollution levels. Climatological analysis of wind speed at 850 hPa and
rainfall anomalies along the IMC provides insight into regional climate patterns (Figure 3a). Wind speed
anomalies are often associated with changes in atmospheric pressure. Wind speed anomalies can be
indicative of weather changes and are often studied in the context of teleconnections, which link global
climate anomalies (Domeisen et al., 2019). The IMC experiences a variety of wind speed anomalies



due to its geographical location and the dynamic nature of the atmosphere. These anomalies can vary

seasonally and are influenced by both local and long-range factors (Seo et al., 2016).
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Figure 3: Climatological of (a) Precipitation (shaded) and wind (streamlines, with the pressure
of 850 hPa); (b) Rainfall anomaly in the IMC. Average of (c) rainfall and (d) wind velocity in six

regions area study



Precipitation anomalies, particularly rainfall anomalies, are commonly analyzed to understand climate
variations (Figure 3b). Rainfall data is collected through various means, including station records and
satellite measurements, to assess anomalies. The Indonesian Maritime Islands have experienced
significant rainfall anomalies, which can lead to a variety of weather outcomes, including heavy rainfall
events. Wind speed anomalies can signal pressure changes and potentially influence rainfall patterns
(Figures 3a, 3b), while rainfall anomalies deficits or surpluses can cause direct weather impacts and
contribute to long-term climate trends.

In Sumatra, the monsoonal wind (from the southeast) brings rainfall surpluses across the region during
the wet season and peaking on December, January, February (DJF), while the dry season is characterized
by deficits or negative rainfall anomalies across the region that peaks on June, July, August (JJA) and
winds from the northwest following the monsoon pattern (Figures 3a, 3b). In February, Sumatera
precipitation begins to fall, especially in North Sumatera where rainfall deficits take place, starts to rise
in March, and transitioning to dry season in May throughout the period (Figures 3b, 3c). This pattern
also happens in Kalimantan, Java, and Bali areas. In contrast, despite the decreased average rainfall
Java and Bali in February, there are no deficit areas across the region. Java and Bali experience
fluctuating rainfall across the region, peaking in DJF and driest condition happen in JJA. Similarly,
Nusa Tenggara shows a steadier monsoonal pattern, peaking in DJF and driest time in August,
September, October.

Sulawesi shows a different pattern with rainfall peaks throughout the region during DJF-MAM,
followed by a dry season during JJA-SON in accordance with the equatorial pattern. Kalimantan
experiences peak rainfall in some areas during DJF-MAM and drier conditions in most areas during
JJA-SON. The patterns vary, some following the monsoon pattern, others having a constant local
pattern, and some following the equatorial pattern. Papua experiences similar variations, with peak
rainfall in some areas during DJF-MAM and dry season in others during JJA-SON. Some areas,
especially in southern Papua, maintain a constant local pattern throughout the year, while other areas
follow an equatorial pattern.

The topography of the region plays an important role. Topographic features such as mountains can affect
rainfall distribution and wind patterns. Areas protected by mountains may experience higher rainfall,
while areas located behind mountains experience rain shadow effects that result in lower rainfall.
Equatorial patterns, such as those observed in Sulawesi, Papua, and parts of Kalimantan, can be
explained by their geographical proximity to the equator. These areas may experience the direct
influence of equatorial wind convergence, which results in equatorial conditions.

Spatial and temporal analysis of PM2.5 is an important step in understanding air pollution in Maritime
Indonesia. By looking at anomalies in wind speed, rainfall, and regional climate patterns, we can
identify spatial and temporal patterns in PM2.5 distribution. For example, during times of significant
rainfall anomalies, we may see increases or decreases in PM2.5 depending on factors such as dry
deposition and air movement. Understanding these spatial and temporal patterns can help develop more
effective mitigation strategies to reduce PM2.5 exposure in the region.

In addition, the interaction between meteorological and geographical factors also plays a role in
determining the distribution of PM2.5. For example, coastal areas may experience different impacts
from air pollution compared to inland areas, due to the influence of ocean and land air flows and local
wind patterns. By looking at geographic and topographic variability, we can better understand how local
conditions can affect PM2.5 in different regions along Maritime Indonesia.

Effect of Rainfall and Wind Direction on PM2.5 in Indonesia

Weather conditions can affect the distribution and concentration of PM2.5 (Reiminger et al., 2020; Xu
et al., 2018, 2020). The relationship between rainfall and PM2.5 can be seen in Figure 4a. Rainfall acts
as a cleaner of pollutants from the air through the clear or wet deposition process (Pu et al., 2011). In
the clear deposition process, falling raindrops will bind pollutant particles in the air. Meanwhile, in the
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wet deposition process, pollutant particles dissolve in rainwater and fall with the water. Both processes
can clean the air of pollutants like PM2.5 in the atmosphere. The correlation between rainfall and PM2.5
shows negative values in most parts of Indonesia. This shows an inverse relationship: when rainfall
increases, PM2.5 levels decrease, and conversely, when rainfall decreases, PM2.5 levels tend to
increase. This pattern is consistent with the understanding that rainfall acts as a natural cleaner of the
atmosphere, clearing particulate matter including PM2.5.

2.5°s
5°s
7.5°5

10°s

100°E 110°E 120°E 130°E 140°E

Correlation

100°E 110°E 120°E 130°E 140°E

100°E 110°E 120°E 130°E 140°E
(©

Figure 4: Correlation values between (a) rainfall, (b) zonal component of the wind (u), and (c)

meridional component of the wind (v)with PM2.5 in the IMC

However, an interesting deviation from this trend is observed in the eastern part of Java and western
Papua, where there is a positive correlation between rainfall and PM2.5. This shows that in these areas,
higher rainfall is associated with increased PM2.5. This phenomenon can be attributed to various local



factors such as industrial activities, motor vehicle emissions, or geographical features that can
contribute to the release or accumulation of PM2.5 even in the presence of rainfall.

Rainfall and wind direction are two closely related meteorological parameters. To investigate the
relationship between wind direction and PM2.5, a correlation analysis was conducted between the u
and v wind components and PM2.5 (Figures 4b, 4c). The results of the analysis show that the u wind
direction component shows a significant negative correlation in most parts of Indonesia. This indicates
that when the wind blows from the west, the PM2.5 tends to decrease. This phenomenon occurs because
the westerlies carry wet water vapor that increases rainfall in Indonesia, making it easier for PM2.5
particles to be deposited from the atmosphere. This finding is consistent with the DJF seasonal pattern,
where windrose data (Figure 5a) shows the dominance of winds from the west and northwest.
Conversely, when the dominant wind comes from the east, the PM2.5 tends to increase. This is because
the easterlies carry dry water vapor which reduces the intensity of rainfall in Indonesia, making it
difficult for PM2.5 particles to be deposited. This pattern is mainly observed during the JJA period, by
the results of the windrose analysis which shows the dominance of wind direction from the southeast.
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Figure 5: Windrose diagram of seasonal wind velocity at (a) Indonesian Continent Maritime; (b)
Sumatera; (¢) Java-Bali; (d) Kalimantan; (e) Sulawesi-Maluku; (f) Papua; and (g) Nusa
Tenggara

In addition, an analysis of the v wind direction component was also conducted to examine its effect on
PM2.5. The findings show a positive correlation between the v-component wind and PM2.5. When the
wind moves from the south, the PM2.5 tends to increase. Winds from the south carry dry water vapor,
which causes PM2.5 particles not to be deposited efficiently in the atmosphere. This phenomenon is
mainly observed in the JJA season, where the dominant wind is dominated by the Southeast wind
direction.

According to research by Pu et al. (2011), wind direction has a significant influence on the movement
of PM2.5 (Figure 5). Satellite observations of particle movement show a large spread of PM2.5 in the
JJA-SON months in the Kalimantan region, as shown in the seasonal PM2.5 image. In June, the highest
PM2.5 levels were recorded in Central Kalimantan, followed by a continuous increase and expansion
of PM2.5 distribution to the northeast and north. This finding is consistent with the dominant wind
pattern blowing from the Southeast to the South during the JJA-SON.

Overall, the complex interaction between wind direction and PM2.5 and other regional factors
contribute to the observed variation in the correlation between wind components and PM2.5 in different
regions of Indonesia. However, some areas, such as eastern Java and eastern Kalimantan, show different
correlations. Therefore, further research is needed to understand these complex dynamics fully.

Intraseasonal Variation of PM2.5 in Indonesia

Indonesia's forests have been worrying due to frequent disruptions, one of which is forest fires. Forest
fires occur every year in various regions with different intensity, frequency, and extent (Figure 6). In
fact, a huge fire during the 1997/1998 El Nifio (ENSO) event burned a massive 25 million hectares of
forests worldwide (Miettinen et al., 2011). In the IMC, most hotspots were detected in Sumatra,



Kalimantan, and southern Papua. The annual time series graph indicates that the highest hotspot
occurrences occurred in 2015, coinciding with a strong El Nifio event. The forest and land fires in 2015,
particularly in provinces like Riau, Jambi, and South Sumatra, resulted in severe air pollution across
several Southeast Asian countries (Yin et al., 2020). This event led to dense smoke covering
approximately 80% of Sumatra and Kalimantan (Endrawati, 2016). The peak number of hotspots for
the entire IMC region occurred in August, September, and October.
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Figure 6: Distribution of hotspots in IMC in 2001-2018

8 ] 10 1 12

Analyzing PM2.5 dynamics due to variations in rainfall and wind involves understanding the complex
interactions between these factors that affect PM2.5 in the air. Forest fires are a frequent phenomenon
in Indonesia (Gellert, 1998)and have become a local and global concern (Herawati & Santoso, 2011).
Historical records indicate the long-standing occurrence of forest fires in Kalimantan dating back to the
19th century (Barber & Schweithelm, 2000; Levine & D'Antonio, 1999). In addition to economic losses,
the impact of forest and land fires is the emergence of haze that disrupts health and land, sea and air
transportation systems. The impact of forest fires on agricultural production is not expected to be too
great because burning is done for land preparation unless the fires reach productive agricultural land.
Forest fires produce carbon emissions that are released into the atmosphere (Cahyono et al., 2015). The
characteristics of forest fires in Southeast Asia are closely related to peatland status and land
management status (S. A. Cahyono et al., 2015). This leads to high variations in fire activity in the
region each year over longer time frames (Miettinen et al., 2011).

During the dry season, the number of hotspots in the Sumatra and Kalimantan regions will increase
significantly (Figure 7). Almost every year, hotspots always appear in Sumatra and Kalimantan,
especially in peatlands with the highest concentration(Albar et al., 2016). This is certainly a special
concern for the region, especially when entering the peak of the dry season. In recent years, fires in
Sumatra and Kalimantan have often occurred in areas with peatland cover. On the island of Sumatra,
these areas are mostly along the east coast of Sumatra Island, such as the provinces of South Sumatra,
Jambi, and Riau. Meanwhile, on the island of Kalimantan, areas often affected by forest and land fires
are on the west and south coasts, not infrequently, forest and land fires are centred in the central part of
Kalimantan Island (Mizuno et al., 2023). The emergence of hotspots on the islands of Sumatra and
Kalimantan will historically begin at the end of the rainy season until it reaches its peak during the dry
season (Hein et al., 2022).
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Figure 7: EOF analysis of PM2.5 in (a) Kalimantan, (b) Sumatera, and (c) Java-Bali. (d) PC-1

overlayed with total hotspots in Kalimantan, Sumatera, and Java-Bali

The islands of Sumatra and Kalimantan are regions in Indonesia that have large areas of peatland.
Peatlands are scattered along the eastern coast of Sumatra and in the southern part of Kalimantan. The
nature of peatland is that it can store a lot of water, but the surface dries very quickly and burns easily
during the dry season (Yin et al., 2020).

Based on the graph of the number of hotspots over the past eighteen years from 2001 to 2018 as
represented in Figure 7, PM2.5 values and hotspots in the Sumatra and Kalimantan regions in 2006 and
2015 were relatively high, exceeding 50,000 hotspots. This is because in 2006 and 2015 El Nifio
occurred, which caused a decrease in rainfall in most parts of Indonesia (Prayoga et al., 2017). The
decrease in rainfall in Indonesia due to El Nifio was strongest in the southern regions of Sumatra, Java,
Kalimantan, South Sulawesi, Southeast Sulawesi, North Sulawesi, North Maluku, and West Papua
which occurred in September-October-November (Mulyana, 2002). In El Nifio years, the dry season
becomes longer with lower rainfall. Very low Southern Oscillation Index (SOI) values in 2006 and
2015, especially during the dry months, caused minimal rainfall in most parts of Indonesia. This
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condition causes peatlands to become drier and highly flammable, resulting in a relatively high number
of hotspots in 2006 and 2015 compared to other years. Based on the map analyzing the distribution and
density of hotspots in the Sumatra and Kalimantan regions represented in Figure 7, over the last ten
years the concentration of hotspots in the Sumatra region has been high.

The average monthly rainfall (Figure 2) shows the rainfall pattern in the Sumatra and Kalimantan
regions. Based on the processed TRMM data, it can be observed that rainfall in the Sumatra and
Kalimantan regions will reach a minimum value in the July-October period. This pattern is opposite to
the number of hotspots in the Sumatra and Kalimantan regions (Yamanaka, 2016). Previously, in Figure
8, it was explained that hotspots in Sumatra and Kalimantan will reach their peak in the same period.
Rain conditions that reach their lowest value will trigger the emergence of many hotspots in the Sumatra
and Kalimantan regions. Based on the visualization of the spatial distribution of average rainfall, the
number, distribution, and concentration/destination of hotspots each month in the Sumatra and
Kalimantan regions are also negatively correlated with the average monthly rainfall in the region
(Afghani et al., 2023).

High PM2.5 in Palangka Raya, Central Kalimantan, occurred during the forest fires in October 2015.
The observed PM2.5 reached 377 pg m™ (Lestiani et al., 2019). The impact of the 2015 forest fires on
air quality in Palangka Raya, Central Kalimantan, was much higher than normal values. Similar results
were reported by (Sulong et al., 2017). In October 2015, PM2.5 in Kuala Lumpur reached 180 pg m=.
The degradation of air quality during these haze episodes not only impacts on human health (especially
in children and the elderly) but also on the economy due to the direct costs of illness and lost
productivity (Othman et al., 2018). The fires in 2015 had a worse impact on air quality compared to
fires in previous years (Sulong et al., 2017). The very dry period from July to October 2015 caused by
very strong El Nifio conditions in 2015 resulted in more intense fires (Latif et al., 2018). Compared to
2012, PM2.5 during forest fires was about 7-8 times higher than normal (Lestiani et al., 2019).
Therefore, efforts to reduce the occurrence of large fires by the government and their consequences
need to be continued.

PM2.5 in Surabaya, East Java, , tends to be higher than in Jakarta (Figure 2). Increased motor vehicle
usage and dense population are the main factors of high pollution in Surabaya, as well as the
contribution of surrounding industrial emissions (Moustakis et al., 2020). As the capital of Central Java
Province, Semarang has an industrial park with various industries including electronic assembly,
automotive industry, and garment industry.

The data on the spatial distribution of average monthly rainfall represented in Figure 2 presents a graph
showing the rainfall pattern in the Sumatra and Kalimantan regions (Damastuti et al., 2020). Based on
the processed TRMM data, it can be observed that the rainfall in the Sumatra and Kalimantan regions
will reach a minimum value in the period July-October. This has a pattern that is opposite to the number
of hotspots in the Sumatra and Kalimantan regions. Previously, in Figure 7, it was explained that the
hotspots in the Sumatra and Kalimantan regions will reach their peak in the same period. The rainy
conditions that reach their lowest value will trigger the emergence of many hotspots in the Sumatra and
Kalimantan regions. Based on the visualization of the spatial distribution of average rainfall, the
number, distribution, and concentration/density of hotspots each month in the Sumatra and Kalimantan
regions also negatively correlated with the average monthly rainfall in the region (Wang et al., 2023).

The number of hotspots in the Sumatra and Kalimantan regions began to increase significantly in June
and peaked in September, in line with the decrease in the average monthly rainfall in the region. The
average rainfall in June in most parts of Sumatra and Kalimantan is relatively small, around 80-150
mm, compared to previous months. The rainfall continues to decrease, and the peak decrease is in
September, which is around 25-150 mm. This is the same as the peak of hotspots in the Sumatra and
Kalimantan regions. In October, the rainfall in the Sumatra and Kalimantan regions has increased
relatively, although not significantly, so the number of hotspots is still relatively large (Guo et al., 2003).
Meanwhile, from November to December, rainfall increased significantly in most parts of Sumatra and
Kalimantan, so the number of hotspots in this month was relatively exceedingly small.
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The increase in the number of hotspots and PM2.5 concentrations during the same period also correlates
with other environmental factors. Wind patterns and relative humidity play a significant role in the
dispersal of smoke and particulate matter into the air. During the dry season, intense winds from the
northeast and southeast tend to carry haze and PMZ2.5 particles from hotspots in Sumatra and
Kalimantan to a wider area, including major cities on the island of Java (Dan et al., 2004). In addition,
low relative humidity during the dry season exacerbates the condition by reducing the effectiveness of
particle absorption by the atmosphere and increasing PM2.5 concentrations in the air. Therefore, a
deeper understanding of wind patterns and relative humidity is key in planning mitigation and
adaptation strategies to reduce the impact of forest fires on air quality (Lelieveld et al., 2019; Siregar et
al., 2022; Vohra et al., 2021).

The long-term impacts of high PM2.5 concentrations on human and ecosystem health must also be
seriously considered (Xu et al., 2008). Long-term exposure to PM2.5 has been linked to a variety of
health problems, including respiratory disorders, heart disease, and even an increased risk of premature
death (Purwadi et al., 2020). In addition, the deposition of PM2.5 particles onto soil and water can also
have negative impacts on ecosystems, including loss of biodiversity, habitat destruction, and water
pollution.

CONCLUSION

This study provides a comprehensive overview of the seasonal dynamics of rainfall and wind speed and
their implications for PM2.5 in the Indonesia maritime continent (IMC) region from 1980 to 2018.
Spatial and temporal analysis has revealed significant seasonal patterns in the distribution of rainfall
and wind speed, with direct impacts on air quality. PM2.5 anomalies are higher in summer (JJA)
compared to winter (DJF). There are positive PM2.5 anomalies during the JJA period and negative
anomalies during the DJF period in the IMC region, caused by particle deposition by rain. The rainy
months, characterized by intensive rainfall, are a key factor in reducing PM2.5 through airborne
particles' "cleaning" effect. Seasonal wind patterns carry pollutants from urban areas and hotspots to
the countryside, significantly increasing PM2.5 concentrations in rural areas. Meanwhile, high wind
speeds also positively contribute to the dispersion and transportation of PM2.5 particles, resulting in
lower concentration levels. Riau and South Sumatra provinces are the areas with the highest hotspot
density on Sumatra Island. Meanwhile, Central Kalimantan and West Kalimantan provinces are the
areas with the highest hotspot density on Kalimantan Island. Monthly hotspot distribution shows that
the number and density of hotspots in Sumatra and Kalimantan will peak in September. Years with
strong El Nifio events, such as 1997/1998 and 2015/2016, are associated with lower rainfall and higher
temperatures compared to non-ENSO or neutral years. El Nifio events significantly reduced rainfall in
the IMC, while La Nifia events resulted in increased rainfall. As rain has a sweeping effect on aerosols,
El Nifio events lead to a decrease in rainfall frequency and intensity, which contributes to an increase
in the number of hotspots and PM2.5. The pattern of hotspot density and its relationship with monthly
rainfall can inform strategies for disaster management of forest and land fires in Indonesia. The
implications for public health and the environment are significant, with these findings providing a basis
for recommending more targeted mitigation measures during the JJA-SON seasonal period.
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