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Jakarta has experienced a particulate pollution problem in the last few decades. Our study aimed to
investigate particulate spatial variability and identify the associated sources in more detail by measuring
their composition in Jakarta at three sites in a north—south transect. We collected the mass using the
Dichotomous Gent SFU and analysed the elemental concentration with a Smoke Stain Reflectometer
and ED-XRF. Principal Component Analysis (PCA), correlation, and Conditional Bivariate Probability
Function (CBPF) techniques were used to reveal the element’s source attribution probabilities and their
directional strengths. Black carbon (BC) and sulphur (S) were the major contributors to PM2.5 but not
always to coarse particles. Motor vehicle fuel was a significant source of sulphur in most areas. Multiple-
site data analyses reveal that in the city centre, traffic congestion was the main source of BC, while in
South Jakarta, BC primarily originated from open waste/biomass burning. However, in North Jakarta,
CBPF also suggested industrial coal and vessel diesel oil from the direction of the port as probable
sulphur sources. While local sources dominated, the fine and coarse particle CBPFs demonstrated that
some elements arrived from out-of-border sources during higher wind speed events. Long-distance
anthropogenic and natural sources might include industries in the neighbouring cities and fumarolic
emissions from the volcanic terrains in southern Jakarta. These results showed diverse sources and
composition of PM in Jakarta's north-to-south transect. The large proportion of calm wind underscores
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Environmental significance

Particulate matter (PM) is one of the indicators of SDGs for cities and human settlements. It is a significant air quality problem in Jakarta that severely affects
public health. PM originates from a complex mixture of chemical compounds from many sources, often exceeding the NAAQS, particularly in the dry season.
Fine and coarse particles can vary spatially in their total concentration and composition. Some elements in PM control approaches require lengthy coordination
of authorities at several levels of the chain of command. Therefore, understanding local spatial variability of PM, including its chemical composition and
associated sources, is the key factor that would empower the local authorities to opt for directly executable alternative actions to control specific sources at the
local level.

eighth World Health Assembly." Particulate pollution is an
emerging concern in Indonesia, where GBD study ranked

1 Introduction

The United Nations has confirmed its commitment to the
Sustainable Development Goal (SDG) targets 3.9 and 11.6 of
healthy air quality to achieve sustainable cities. Air pollution,
more specifically particulate matter, was declared as the first
risk factor for the Global Burden of Diseases (GBD) in the Sixty-
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ambient PM2.5 as the seventh mortality risk factor.”

PM10 and PM2.5 with various chemical and organic
compounds are significant air pollutants found in urban
environments.>” The impacts of PM10 and PM2.5 on human
health and climate change are well established.>® PM10 and
PM2.5 cause damage to human DNA, pulmonary inflammation,
ischemic heart disease, lower respiratory infection, lung cancer,
and type 2 diabetes mellitus.>” PM2.5 effects on health are
more severe in sensitive populations.'

Jakarta, the capital of Indonesia, is a province comprising six
city administrations in the northwestern corner of Java Island,
Indonesia. It is facing a significant challenge due to high pop-
ulation density. The Jakarta Bay in the north borders the Java
Sea, and the cities of Bogor, Depok, Tangerang, South
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Tangerang, and Bekasi, flank and add to the province to form
a Greater Jakarta conurbation.

Indonesia is influenced by El Nifio-southern oscillation
(ENSO), divided into three climatic rainfall regions of A, B, and
C. Jakarta is in the climate region A that is affected by two
seasons (monsoons). The northwest monsoon is from
November to March, while the dry southeast monsoon usually
arrives from May to September.™ Due to this ENSO oscillation,
Jakarta's climate is tropical. The typical westerly wind prevails
in the dry season from April to September, while easterly wind
occurs in the wet season from October to March.'? The
temperature is warm, ranging from (23-36.6) °C, and the
average humidity is 73.8%, ranging between (35 - 95) %."

Jakarta, a city with a population of almost 10.5 million in
2018, is witnessing continuous growth, with the current total
exceeding 11 million. The number of registered vehicles,
a staggering 20.5 million in 2018, was nearly double the pop-
ulation, indicating an average annual growth of 1.07 million.
Notably, motorcycles, accounting for approximately 75% of the
total,* are a dominant mode of transportation in the city. The
daily number of operating vehicles could be higher, as
commuters come from the surrounding cities. Residents,
buildings, and roads cover over 85% of Jakarta's area, reflecting
the high population density and the resulting urban sprawl.
This density poses significant challenges to the city's infra-
structure and environment. Small and large-scale industries are
present in certain areas, primarily concentrated in North
Jakarta.

Jakarta is facing significant challenges in managing air
quality.”" Despite efforts to mitigate pollution, Jakarta
continues to struggle with poor air quality. The economic
impacts of air pollution are substantial, with over 7000 adverse
health outcomes in children, 10 000 deaths, and 5000 hospi-
talizations, resulting in a total annual economic burden of USD
2943.42 million.*® The most common air quality concern in
Jakarta is particulate pollution. PM2.5 concentrations in 2010-
2019 consistently exceeded the annual Indonesian ambient air
quality standard (NAAQS) of 15 ug m 3.7

Particulate source apportionment, therefore, is an essential
tool in a strategy to control emission sources.*" Previous studies
in Jakarta were primarily based on measurements at a single
site representing the traffic source and city centre'® in
Central Jakarta. However, due to local or long-distance sources,
topography, and meteorological factors, PM2.5 concentrations®
and composition® could vary spatially. The chemical compo-
sition of particulates is a key factor influencing their spatial
variations. Understanding the composition of particulates and
the sources of each chemical element can profoundly impact
the effectiveness of air pollution reduction strategies. Therefore,
this research, which provides more information on the typical
composition and the attribution of sources in various Jakarta
areas, could significantly enhance air pollution control action.

This research aims to provide the first comprehensive
observation of the spatial variability in the chemical composi-
tion of particulates and their potential source attribution at
multiple sites along the north-south transect in Jakarta. Each
site location represented diverse geographical and urban
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characteristics, which may reveal specific PM characteristics of
the area, and would benefit the local authorities in determining
a more targeted air pollution reduction strategy, for improving
air quality in Jakarta.

2 Methods

2.1 Sample collection and chemical component analysis

In this study, we evaluated the particulate concentrations at
three distinct locations in Jakarta, namely Kelapa Gading in
North Jakarta/NJ (6°9'13.309”S, 106°54/39.586"E), Kuningan in
Central Jakarta/CJ (6°13'34.420"S, 106°50'5.330"E), and Jaga-
karsa in South Jakarta/SJ (6°21'24.050”S, 106°48'12.550"E) (see
Fig. 1). The site backgrounds at NJ, CJ and SJ were characterized
as industrial, road traffic and suburban, respectively.

Our sampling sites were strategically located at or near the
Air Quality Monitoring Stations (AQMS) owned by the Jakarta
Province Environment Agency. At the NJ and SJ sites, the
samplers were positioned on the rooftops of the AQMS
containers, approximately 5 m above the ground. At the CJ site,
we mounted the sampler on the roof of a fourth-floor building.
The Dichotomous Gent stacked filter unit (SFU) samplers,
operating at a flow rate of 15-18 L m ™", collected fine (PM2.5)
and coarse (PM2.5-10) particulates using 0.4-um and 8.0-um
Nucleopore® filters, respectively.*

106°390E 10eas0E tesugare wssvE
1 L 1 1

012 4 6 8
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Fig.1 Sampling locations in NJ (AQMS-Kelapa Gading), CJ (DLH DKI
Jakarta), and SJ (AQMS-Kebun Bibit).
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Particulate matter concentration is higher during the dry
season.'”'® Therefore, the sampling was conducted during the
dry season from June to September 2018, when peak concen-
trations usually occur. We sampled fine and coarse particulates
for 24 hours on alternate days. Sampling was conducted at the
three sites on the same days, three to four times a week,
primarily on workdays. We collected 32 and 30 samples for CJ
and SJ, respectively. However, in NJ, we encountered difficulty
in maintaining a similar number of samples due to a non-
technical problem regarding access to the AQMS compound.
Nevertheless, we only collected 13 samples. Although limited,
we considered 13 samples from the driest months to be suffi-
cient to characterize the dry season, as they represented the
peak particulate season.

Upon sampling, the samples were stored in sterile plastic
Petri dishes and preserved in a controlled environment to
ensure mass stabilization. The filters were equilibrated in
a controlled environment room where the humidity and the
temperature were maintained at (45 £ 5)% and (20 £ 2) °C,
respectively. This prevented the effect of moisture on the filters'
weight. We weighed the filters after at least 24 hours of stabi-
lization. The particulate matter mass was determined by gravi-
metric analysis using a highly precise Mettler Semi-Toledo MX5
microbalance with a precision of £0.001 mg. We obtained the
particulate mass by subtracting the weight of the filter before
sampling from the weight of the filter after sampling. The mass
of the particles is divided by the air volume that passed through
the filter to obtain a concentration in pug m>. We calculated
PM10 as the sum of PM2.5 and PM2.5-10.

The EEL model 43D Smoke Stain Reflectometer (Diffusion
Systems Ltd) measured the reflectance of black carbon (BC)
concentration. This instrument measures the reduction in re-
flected white light.***® Elemental concentrations were analysed
using energy-dispersive X-ray fluorescence (EDXRF) at a nuclear
analytical laboratory at BRIN Bandung, Indonesia. The analysis
was performed by using an EDXRF Epsilon5 instrument man-
ufactured by PANalytical. The instrument is equipped with an X-
ray generator (Sc/W tube, 600 W with a maximum of 24 mA and
voltage of 100 kV), using a high-resolution germanium detector,
featuring a beryllium window of 150 pum thickness, and
a surface area of 30 mm?>. The experimental setup used in the
XRF analytical method was described elsewhere.””

The elements sodium (Na), magnesium (Mg), aluminum (Al),
silicon (Si), sulfur (S), potassium (K), calcium (Ca), magnesium
(Mg), titanium (Ti), vanadium(v), chromium (Cr), manganese
(Mn), iron (Fe), cobalt (Co), nickel (Ni), copper (Cu), zinc (Zn),
lead (Pb), arsenic (As), chloride (Cl), and bromine (Br), phos-
phorus (P), and scandium (Sc) were measured and validated by
using standard reference materials with the standard reference
material (SRM) National Institute of Science Technology NIST
2783 Air Particulate in Filter Media certificate. The results
showed good agreement with certified values, in the range of
92-109%.>"** No systematic bias was observed; therefore,
correction factors were not applied. The uncertainty was
primarily influenced by the counting statistics of the XRF
instrument, which were taken into account during data inter-
pretation and factor analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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2.2 Data analysis

The data screening process was crucial in ensuring the quality
of analysis, which identified values below the detection limit
(DL) and missing data (MD). The value of DL/2 was used to
replace concentrations below DL, while MD was converted to
the geometric mean.* Phosphorus (P), Co, Sc, Ag, Ba, Pd, Sn, Te,
Sb, and Mg for both coarse and fine particulates at all locations
had MDs larger than 50% or below DL data. Vanadium in the
fine fraction also had MD values of 84%, 60%, and 90% at NJ,
CJ, and SJ, respectively. Therefore, these elements were elimi-
nated from the data set to prevent bias in further analyses. In
the next step, the cleaned PM2.5, PM2.5-10 and meteorological
data were subjected to statistical analysis, for the total mass of
particulates and the chemical elements. We used the open-
source statistical analysis of Open-Air RStudio for data
analysis.*®

2.2.1 Statistical analysis. The ratios of PM2.5/PM10, BC/
PM2.5, and BC/PM10 were determined by using the regression
slope using the Reduced Major Axis (RMA) method to indicate
the proportion of fine particles in PM10.** We transformed data
that did not adhere to standard distribution assumptions
before applying the parametric statistics method. The analysis
of variance (ANOVA) test, followed by the Tukey-Kramer post
hoc test, were used to examine the spatial variations of PM
concentrations. We used the Pearson correlation to predict the
associations between chemical elements to estimate their
source contributions to particulates. The correlation measures
the strength and direction of association between two variables
by examining the linear relationship between them. The
correlation (r) between —1 and 1 represents a negative and
a positive association. Values of less than 0.4 are categorized as
weak, those from 0.4 to less than 0.8 as moderate, and those
above 0.8 as strong correlations.**

The Principal Component Analysis (PCA) with varimax
rotation identified the pollutant-source attributions to maxi-
mise the variance of the correlation results. The variance
represents the component patterns by bringing variable load-
ings towards values of 0 or 1 on the given component, resulting
in a more balanced outcome. Based on eigenvalues greater than
or equal to 1, we selected four factors as potential sources of
pollution to ensure a comprehensive understanding of the
pollution sources. Due to the limited dataset, we processed the
NJ dataset using the Single Key Tracers (SKT) approach
combined with Multiple Linear Regression (MLR) to mitigate
the issue of a singular matrix.*® This method was applied to
identify the most highly correlated representative substance
and determine the relative contribution of each selected
variable.

2.2.2 Reconstructed mass (RCM). The reconstructed mass
(RCM) method is a comprehensive quality assurance tool for the
measured particulate mass. It compares the gravimetric mass
with the mass estimated from a set of equations. These equa-
tions represent major components in the airborne particulate
matter samples. It commonly consists of anions, cations,
elements including metals, and organic and elemental carbons.
The RCM method's key role is to find closure between the
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measured particulate matter mass and the sum of the recon-
structed mass, thereby accounting for unmeasured species and
ensuring the accuracy of the measurement.** The equations
used for RCM are as follows:

RCM = [sea salt] + [ammonium sulfate] + [crustal]
+ [biomass burning] + [black carbon]

+ [trace elements oxides] (1)
Sea salt = Cl + 1.4486 [Na] (2)
Ammonium sulfate = 4.125 [S] (3)

Crustal = 3.48 [Si] + 1.63 [Ca] + 2.42 [Fe] + 1.94 [Ti] (4)
Biomass burning = [K] — 0.6 [Fe] (5)
Black carbon = [BC] (6)

TEO = 1.47[V] + 1.29[Mn] + 1.27[Ni] + 1.25[Cu] + 1.24[Zn]
+ 1.08[Pb] + 3.07[P] + 1.31[Cr] 7)

Eqn (1) determines the sum of major aerosol chemical
components to reconstruct PM2.5, PM2.5-10, and PM10
masses. Based on RCM that considers six pseudo-sources,
particulates are identified as coming from sea salt, ammo-
nium sulfate (NH,),SO,), the Earth's crust, biomass burning,
and oxides of trace elements.***” Eqn (2)-(7) were used to
calculate the contribution of each pseudo source. Eqn (2)
represents the marine contribution from sea salt, using the
measured amounts of sodium and chloride. A factor of 1.4486 is
the mass concentration ratio of all elements to Na concentra-
tion in seawater, except that of C1.***° Eqn (3) represents sulfate
contribution, assuming sulfur fully neutralizes ammonium as
(NH,4),S0,) instead of sodium as Na,(SO),. This assumption was
made based on Critical Relative Humidity (CRH), a certain
humidity threshold that absorbs water vapor from the atmo-
sphere, where the CRH of (NH,),SO, is lower than that of
Na,S0,.* The multiplicative factor 4.125 in eqn (3) accounts for
ammonium ion and oxygen mass.*** Eqn (4) shows soil as
a particle source predominantly found in the Earth's crust as
Al, 03, SiO,, CaO, and Fe,0; oxides. Black carbon represents
elemental carbon or “soot”- containing carbon (C) that has no
multiplier (see eqn (6)). Lastly, eqn (7) is for Trace Element
Oxide (TEO) that was assumed to be present in the oxide form
since its actual form cannot be identified clearly.?”

2.2.3 Conditional bivariate probability function (CBPF).
Several studies have used the Conditional Bivariate Probability
Function (CBPF) to effectively investigate the dominant source
of pollutants. The CBPF approach uses wind directions and
wind speed data. It is an extension model of the Conditional
Probability Function (CPF). The CBPF model identifies sources
from various wind speeds and directions in polar coordinates at
the measured sites to trace the origin of pollution sources. It
also assesses the impacts of the local source(s) by using the
wind-pollution concentration relationships.*-**

We applied the CBPF model to each chemical element using
30-minute average wind speed and direction data obtained
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from each AQMS for generating wind roses and CBPF calcula-
tion. The model, advancing an ordinary CPF coupled with wind
speed as the third variable, constructs CBPF plots. This
comprehensive approach explains a wide range of source(s)
more effectively, as different sources can be associated with
different wind speeds. Eqn (8) provides the CBPF equation,
defined by, ref. 44 which further enhances the precision of the
model.

Mg AulC = x|

CBPF =
nAf, Au

(8)
where m,y is the number of occurrences from wind sector Af
(set at Af: 45°) with wind speed interval Au having a concen-
tration (C) greater than the threshold value. The chosen
chemical concentration (C) applies >75th percentile as the
threshold criterion. The x notation represented high percen-
tiles. The total number of occurrences from the wind sector is
determined by using nag, a,, where Au is within a wind
direction-speed interval. We excluded calm wind, which was
defined as a wind speed less than 1 m s~ from the analysis.

3 Results and discussion

3.1 Spatial variation of fine and coarse particulates

Fig. 2 shows the box plot of PM2.5, PM2.5-10, and PM10 daily
concentrations in NJ, CJ, and SJ. The blue and red dashed lines
represent the daily thresholds of the National Ambient Air
Quality Standards (NAAQS) as outlined in Appendix VII of
Governmental Decree No. 22/2021. The values set forth for
PM2.5 and PM10 are 55 pg m~> and 75 ug m™ >, respectively. The
mean PM2.5 concentrations in NJ, CJ, and S] were 22.74 + 4.97,
30.99 +2.71, and 26.27 + 3.22 ug m ™, respectively. In the same
order, the mean concentrations of PM2.5-10 were 43.71 £ 6.45,
37.23 + 3.61, and 28.67 & 3.49 pg m~>.

Tables 1 and 2 summarize PM2.5 (fine) and PM2.5-10
(coarse) masses in micrograms per cubic meter (ug m ).
Black carbon (BC) and elemental concentrations are presented
in nanograms per cubic meter (ng m~3). The basic statistical
values of PM2.5, PM2.5-10, and PM10 are summarized in Fig. 2.
Fig. 2 shows that during the campaign measurements in this
study some individual data of PM2.5 and most notably PM10,
had violated the NAAQS.

Our study has indicated the potential contribution of local
sources of particulate matter. We calculated the PM2.5/PM10
and PM2.5-10/PM10 ratios using data from Tables 1 and 2 to
identify the dominant particulate proportion. The PM2.5
concentration data did not indicate a spatial gradation from NJ
to SJ. However, the mean ratio of PM2.5 to PM10 increased from
north to south. The mean PM2.5/PM10 ratios and 95% CI were
34% (30-38%) for NJ, 45% (43-48%) for CJ, and 47% (43-49%)
for SJ. The 95% CI ratios indicated spatial variations in PM2.5
concentrations in the north-to-south direction, with a signifi-
cant increase in the contribution of PM2.5 to PM10.

Calm wind dominated at all locations, particularly at CJ,
where almost 86% of the wind was calm (see Section 3.4). The
calm wind and an increase in the PM2.5/PM10 ratio signified
local source characteristics and contribution, which at the CJ

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Fig. 2 Boxplot of particulate distribution (PM2.5, PM2.5-10, PM10) in NJ, CJ and SJ.

site could be attributed to nearby vehicular emissions. The wind
roses show the significantly high frequencies of calm wind at
each location and the stark difference in wind profiles. The
prevailing winds from the north, west, east, and south in NJ, SJ,
and CJ (see Section 3.4, Fig. 5) and the calm wind proportions
confirm that the source strengths at each location play a more
significant role in causing differences in concentrations. These

findings illustrated the importance of measuring fine and
coarse fractions in particulates. The ratios of PM2.5/PM10 could
be higher, as the fine particle collection point of Gent SFU is 2.2
microns.** More elaboration on specific sources of particulates
is provided in Section 3.3.

Contrastingly, the coarse portion in PM10 decreased in the
N-S transect. The mean and the 95% CI of PM2.5-10/PM10

Table 1 PM2.5 concentrations (in pg m™) and elemental concentrations (in ng m™) in NJ, CJ, and SJ
NJ qJ SJ
CI 95% CI 95% CI 95%

Mass Mean LL LU Mean LL LU Mean LL LU
PM2.5¢ 22.74 18.27 27.21 30.99 28.45 33.52 25.17 22.08 28.25
BC 3789.39 3245.17 4333.62 5034.40 4746.97 5321.82 3152.09 2899.76 3404.42
Na 732.68 421.39 1043.97 533.63 439.61 627.65 252.05 205.89 298.22
Al 61.40 42.25 80.56 52.24 41.13 63.34 48.89 38.19 59.58
Si 219.73 185.55 253.91 219.92 200.53 239.32 122.26 105.41 139.11
S 1321.63 1000.51 1642.75 1824.20 1608.12 2040.28 1369.15 1162.11 1576.19
K 272.05 231.64 312.45 351.84 318.02 385.67 260.88 233.86 287.89
Ca 130.55 112.85 148.26 145.24 133.02 157.46 62.01 53.81 70.22
Ti 7.58 6.23 8.93 10.27 9.35 11.19 5.75 4.97 6.53
Cr 1.18 0.75 1.61 1.64 1.39 1.88 1.15 0.95 1.34
Mn 11.05 5.37 16.73 10.55 7.67 13.43 4.89 3.77 6.00
Fe 167.11 137.75 196.47 168.44 153.90 182.99 80.00 69.97 90.02
Ni 1.60 1.33 1.86 1.93 1.68 2.18 1.13 0.94 1.32
Cu 6.71 4.84 8.58 11.35 9.01 13.70 6.33 3.08 9.59
Zn 363.42 143.92 582.91 161.44 122.47 200.41 60.17 48.79 71.55
Pb 38.04 25.06 51.02 28.51 24.03 32.98 18.95 12.64 25.25
As 6.91 4.62 9.19 5.86 4.87 6.85 3.96 3.11 4.82
Cl 21.57 14.09 29.05 21.82 18.67 24.97 15.65 13.99 17.31
Br 14.84 11.26 18.41 14.70 12.81 16.60 9.47 8.58 10.37

“ Unit concentration in ug m 2.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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Table 2 PM2.5-10 concentrations (in pg m~>) and elemental concentrations (in ng m~3) in NJ, CJ, and SJ

NJ qJ SJ

CI 95% CI 95% CI 95%

Mass Mean LL LU Mean LL LU Mean LL LU
PM2.5-10° 43.710 37.900 49.520 37.230 33.840 40.620 28.490 25.230 31.750
BC 1252.01 1111.50 1392.53 1241.49 1144.70 1338.29 882.22 807.35 957.09
Na 1112.51 822.51 1402.50 676.87 556.99 796.76 560.08 444.69 675.48
Al 901.74 815.80 987.68 844.40 761.39 927.40 628.20 538.70 717.71
Si 1923.49 1730.12 2116.86 1797.63 1624.18 1971.09 1235.35 1077.80 1392.90
S 900.07 751.68 1048.45 867.08 755.74 978.43 657.62 568.99 746.25
K 290.14 257.22 323.06 265.88 240.08 291.68 202.29 181.34 223.24
Ca 1488.58 1330.53 1646.64 1491.50 1349.31 1633.68 933.21 816.65 1049.78
Ti 69.43 62.66 76.21 70.65 63.81 77.49 51.04 44.23 57.86
Cr 3.88 3.19 4.57 5.44 4.69 6.19 2.48 2.23 2.74
Mn 39.53 26.03 53.04 28.11 23.27 32.95 18.79 15.39 22.18
Fe 1154.12 1029.07 1279.17 989.02 891.07 1086.97 646.25 569.18 723.33
Ni 2.42 2.01 2.83 2.34 2.14 2.53 1.72 1.51 1.92
Cu 9.19 7.56 10.82 11.94 10.06 13.82 5.63 4.03 7.22
n 812.34 341.86 1282.83 196.34 159.26 233.43 91.08 72.78 109.39
Pb 43.65 24.34 62.96 19.95 16.36 23.55 14.00 9.80 18.20
As 6.68 5.20 8.15 4.89 4.19 5.60 3.25 2.52 3.97
Cl 691.79 509.66 873.93 385.55 286.44 484.66 311.74 236.23 387.25
Br 16.89 9.74 24.03 9.40 7.78 11.01 6.13 5.38 6.87

“ Unit concentration in pg m 2.

ratios were 66% (62-70) %, 55% (52-57) %, and 53% (51-57) %
in NJ, CJ, and SJ, respectively. The significantly high proportion
of the PM2.5-10/PM10 ratio near the coast amplified the idea of
substantial sea-salt aerosol contribution in NJ. Sodium (Na)
significantly contributed to the coarse particles at the NJ site,
where crustal elements (Si, Ca, Fe, and Al) also dominated. On
the other hand, coarse elemental concentrations were generally
the lowest at the SJ site (Table 2). The north-south increasing
gradation of BC and elemental mass concentrations in fine
particles was apparent from the higher PM2.5/PM10 ratios at
the CJ and SJ sites.

Fine particulate (PM2.5) is commonly related to anthropo-
genic sources.>** These findings illustrated the importance of
measuring fine and coarse fractions in particulates. More
discussion on specific sources of particulates is provided in
Section 3.3. The values of PM2.5/PM10 indicated that more
anthropogenic sources contributed to PM2.5 and the total PM10
mass. The highest PM2.5 concentrations at CJ were consistent
with the fact that the site is in the most populous area of
Jakarta. The influence of urban activity, such as vehicular traffic,
explained the increase in PM2.5/PM10 ratios as the sites moved
away from the coast.

To examine the spatial significance of fine and coarse parti-
cles and each element in their composition, we transformed the
data before applying ANOVA and Tukey-Kramer post hoc tests to
meet normal distribution assumptions. The results (p-value <
0.05) revealed a significantly different means between SJ and CJ
(diff = —1.04, p-value < 0.01) and between NJ and CJ sites (diff =
—2.54, p-value < 0.01), providing statistical evidence that the
PM2.5 mean concentration was indeed the highest in CJ.
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The elemental variations reflected the spatial variations of
fine and coarse particulates. Black carbon in PM2.5 masses was
3-4 times larger than that in the coarse fractions. The fractions
of fine BC in PM10 were 75%, 80%, and 78% in NJ, CJ, and SJ,
respectively. The large proportion of BC in fine particles at all
sites suggested that its primary source was incomplete
combustion, which could originate from traffic congestion,
waste, biomass burning, and other fossil fuel combustion.

The second largest fraction of fine particles in PM10 was S,
which comprised 59% in NJ and 68% in CJ and SJ, respectively.
Like BC, S concentrations increased at the city centre. Data in
Table 1 indicated the higher influence of anthropogenic sources
on fine particles in CJ and SJ. The Tukey-Kramer post hoc test
(SI, Table S2) confirmed a spatial variation of PM2.5 concen-
tration, with the mean concentration in CJ being the highest
among sites. This result indicates a strong influence of
anthropogenic sources in the central urban area, particularly
traffic emissions.” As CJ has the highest concentration, we
found no clear north-to-south descending/ascending PM2.5
concentration pattern. This suggests that local sources, rather
than the distance from the coast, are the primary contributors
to PM2.5 levels.

In coarse particles, BC and S were not the significant
elements. The PM2.5-10 fraction was dominated by Si, Ca, Fe,
Al, and K, likely originating from the Earth's crust, as well as Na
and Cl from marine sources.>*”*® This finding is comparable to
that of, ref. 17 which found Na, K, and ClI to be the significant
contributors to PM2.5-10. In contrast to PM2.5, the coarse
particles showed a decrease in concentration gradient from
north to south. This pattern was apparent for Na and the other
14 of the total 18 elements of coarse particles (SI, Table S2).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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These elements exhibited the same spatial patterns, indicating
that the coarse proportions decreased meaningfully as the sites
moved away from the coast (see Table 1a and b). However, other
elements, particularly those related to soil dust, did not show
any distinct spatial patterns.

Fig. 3 depicts the elemental whisker plots of PM2.5 for all
sites. The four highest means of chemical concentrations in
PM2.5, in decreasing order of magnitude, were BC > S > Na > Zn
in NJ, BC>S > Na > K in CJ, and BC > S > K > Na in SJ. The four
elements constituted 27%, 25%, and 19% of the total PM2.5
mass in NJ, CJ, and SJ, respectively.

The precise gradation of Na in PM2.5 and PM2.5-10 from NJ
to SJ is a finding with significant implications, likely explaining
the diminishing influence of sea spray aerosols on particulate
concentrations in the north-to-south transect. The presence of
Zn as the fourth element in NJ is an indication of industrial or
waste-burning activity. Given the vast industrial estates in NJ,
industrial activities are the more likely source. In SJ, the larger K
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Fig. 3 Boxplot of elemental concentration of PM2.5 in NJ (a), CJ (b)
and SJ (c).
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than Na demonstrates that soil dust and biomass burning have
replaced sea salt as the third major contributor. A ratio of K/Na
larger than 0.036, which is the ratio in the sea water (see Table
4), is a strong indication of non-ssa K from waste burning. The
elements with the highest concentrations suggested that
anthropogenic sources (represented by BC, S, and K to some
extent) overwhelmingly dominate the composition of PM2.5
over natural sources, a finding with implications for pollution
control measures. A more detailed discussion on the sources,
using Principal Component Analysis (PCA) in Section 3.3,
grouped these elements into distinct factors that reflect their
respective sources.

In the fine fraction, BC was found to be the highest at all
sites. The concentrations and the contributions to the total
PM2.5, calculated as the BC/PM2.5 ratio, were as follows: 3.65
pg m—> £ 0.6 (17%) at NJ, 5.06 + 0.31 pg m > (16%) at CJ, and
3.15 4 0.26 ug m ™ (12%) at SJ. This ratio is a significant indi-
cator of the proportion of BC in the total PM2.5, providing
insights into the sources of particulate matter pollution. BC was
identified as the primary component at all sites in Jakarta,
although it was not the highest in the coarse fraction. This
finding is consistent with other studies in Jakarta and other
polluted cities, which have found BC to be a significant
component of PM2.5."**® The BC concentration in PM2.5 was
the highest in NJ. Based on the 95% CI of concentration, BC in
CJ is in the same order of magnitude. Even in SJ, where the BC
contribution of 12% was the lowest, the considerable propor-
tion of BC in total PM2.5 suggests the substantial contribution
of incomplete combustion from congested traffic or open
burning to fine particle composition.

3.2 Reconstructed mass (RCM)

Fig. 4 exhibits the RCMs for PM2.5 and PM2.5-10, calculated by
using eqn (1)-(7). The RCM values represent the percentage of
PM2.5 mass attributed to each pseudo-source. In this study,
RCM assumes six pseudo-sources at all sites. The average RCM
for PM2.5 in NJ, CJ, and SJ is 54%, 49%, and 40%, respectively.
The correlation, with a value greater than 0.6 (p-value < 0.01), is
a strong indication of well-reconstructed masses.** The average
mass of PM2.5 consisted of (12-16) % black carbon, (21-24) %
sulphate, (3-5) % soil/crustal, (1-4) % sea salt, 1% smoke, and
(1-2) % trace elements (Fig. 4a). The remaining mass of (46-60)
% was mainly nitrate and organic matter, which were not
measured in this study.

Another study reported that organic matter and nitrate
accounted for 28 + 11% and 5-15% of the mass, respectively.*
The RCM of PM2.5-10 (Fig. 5b) shows a relatively similar
percentage of ammonium sulphate of (20-24) %, but completely
the opposite for other sources. Smoke was only significant in SJ
with a much larger value of 7.1%. Sea-salt (3.6-8.8%), TEO (0.7-
4.3%), and mostly crustal proportions were significantly larger
(20-35%). Contrastingly, the BC percentage of 2.4-9.8% was
smaller than that in fine particles. The RCM results indicate
that secondary particles and soot from incomplete combustion
were the primary contributors to fine particles, while soil dust
contributed significantly to coarse particles.
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Fig. 4 Reconstructed mass of (a) PM2.5 and (b) PM2.5-10 for all three sites.

Our study, while comprehensive, also has certain limita-
tions. For instance, the conversion of organic components was
not conducted due to the XRF technique's inability to measure
O and H components related to OC. In addition, inorganic ions
such as nitrate (NO; ) and ammonium (NH,"), and water vapor
were not calculated because they readily volatilized from the
filter during sampling and measurement.>* However, due to
methodological limitations, particularly the absence of organic
carbon (OC), elemental carbon (EC, separate from BC), and
inorganic compound measurements (such as nitrate, sulphate,
ammonium, efc.), a complete mass closure could not be ach-
ieved. Despite these limitations, this analysis has provided
valuable information on possible sources of the elements in fine
and coarse particulates in Jakarta.

3.3 The particulate mass source identification

PM2.5, a significant threat to public health, is a key focus in air
quality management.*! Coarse particles, though important, can
be trapped in the upper respiratory tract. However, fine parti-
cles, with their ability to penetrate deep into the lungs and enter
the bloodstream, pose a higher risk of heart attacks, strokes,
and premature death.**

The urban areas, as we discuss fine and coarse particulates,
are more likely to be affected by PM2.5 from anthropogenic
sources.*>** We present the PM2.5 source attribution using PCA

NORTH

SOUTH -~

(A)

Fig. 5
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Wind rose during the sampling period in three sites in NJ (A), CJ (B) and SJ (C).

and CBPF and provide the results for coarse particulates in the
SI. PCA was applied to the CJ and SJ sites, and SKT-MLR to
examine source attribution in NJ, due to the limited number of
data points at this site. These findings are of utmost importance
in understanding and addressing the health impacts of PM2.5.

PCA indicated four PM2.5 and PM2.5-10 pollutant sources at
CJ] and SJ. The cumulative variances obtained for fine and
coarse particles were 76.3% and 83.5%; and 76.7% and 86.1% in
SJ, respectively. Loading factors represent the correlation
between factor scores and the original variables.*® Selected
marker elements based on loading factor values > 0.5 are indi-
cated in bold in Table 3 for PM2.5 and in SI, Table S4 for
PM2.5-10.

In the fine fraction of CJ and SJ, the PCA's Factor 1 comprised
Al, Si, Ca, Ti, and Fe, which corresponded to crustal elements. At
the CJ site, BC was a prominent feature in Factor 1, indicating
fuel combustion products associated with congested traffic. The
appearance of BC suggests that CJ's Factor 1 primarily repre-
sents road emissions, a mixture of soil, road dust, and tailpipe
particle emissions.

The coarse fraction of the particulates is also strongly
attributed to road emissions, with BC and all crustal elements
having high loading factors in Factor 1. In both CJ and SJ, Br
appeared in Factor 1 with a modest loading (0.53-0.57). Lead
and arsenic were additional coarse elements found in CJ, likely

EAST
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Table 3 Principal component analysis (PCA) varimax rotation factor loadings of fine particles for CJ and SJ

Central Jakarta (CJ) site

South Jakarta (S]) site

Factor 1 Factor 2 Factor 3 refuse/ Factor 2
road Indus- trial/ biomass burning,  Factor 4 Factor 1 Indus- trial/ Factor 3 refuse/ Factor 4
Elements emission  coal burning  sea salt vehicle fuel  road dust coal burning  biomass burning  vehicle fuel
BC 0.548 0.383 0.303 0.324 0.221 0.168 0.899 0.258
Na 0.474 0.673 0.235 0.308 0.433
Al 0.701 0.138 0.767 0.378
Si 0.919 0.168 0.162 0.894 0.342 0.204
S 0.283 0.338 0.148 0.668 0.553 0.235 — 0.668
K 0.262 0.238 0.807 0.670 0.637 0.220
Ca 0.935 0.125 0.106 0.901 0.129 0.188
Ti 0.846 0.228 0.237 0.844 0.117 0.378 0.157
Cr 0.294 0.452 0.532 0.363 0.261 0.294 0.450
Mn 0.345 0.245 0.444 0.268 0.424 — 0.605
Fe 0.786 0.312 0.269 0.375 0.760 0.187 0.428 0.404
Ni 0.842 0.743
Zn 0.186 0.723 0.506 0.157 0.738 0.484
Pb 0.164 0.885 0.206 0.921 0.11
As 0.901 0.216 0.155 0.953 0.105
Cl 0.374 0.234 0.702 0.406 0.216 0.518 0.126
Br 0.845 0.329 0.481 0.174 0.630
SS loading 4.430 3.240 3.114 2.189 5.135 2.719 2.615 2.563
% variance 26.1 19.1 18.3 12.9 30.2 16 15.4 15.1
% cumulative 26.1 45.1 63.4 76.3 30.2 46.2 61.6 76.7
variance
Table 4 Identification of non-SSA particulates by using the ratio of Na/Cl and K/Na
Na/Cl ratio to sea- K/Na ratio to sea-
Na/Cl water K/Na water
Fine Coarse Fine Coarse Fine Coarse Fine Coarse
NJ Mean 36.89 1.73 67.07 3.14 0.80 0.31 22.12 8.64
Median 36.91 1.76 67.11 3.21 0.44 0.29 12.28 8.08
LL95%CI 25.40 1.43 46.17 2.60 0.18 0.23 22.50 6.35
UL95%CI 48.38 2.02 87.96 3.68 1.41 0.39 45.02 10.93
CJ Mean 25.20 2.24 45.82 4.08 0.94 0.49 26.15 13.67
Median 22.40 1.81 40.73 3.28 0.80 0.45 22.35 12.52
LL95%CI 19.47 1.69 35.40 3.07 1.07 0.40 29.88 11.18
UL95%CI 27.40 2.80 49.81 5.08 1.44 0.58 39.70 16.15
SJ Mean 15.98 2.25 29.06 4.10 1.25 0.68 34.79 18.98
Median 14.04 1.97 25.53 3.58 1.32 0.40 36.53 11.21
LL95%CI 13.09 1.72 23.80 3.13 1.07 0.30 29.88 8.25
UL95%CI 18.88 2.79 34.33 5.07 1.44 1.07 39.70 29.72

related to emissions from industrial sources in the west direc-
tion during high-speed wind (>2 m s ') events, as shown by
CBPF profiles (SI, Fig. 2b). This underlines the significant role of
high-speed wind in the dispersion of industrial emissions and
its impact on air quality in the area, although wind speeds
greater than 2 m s~ ' in CJ were only acquired in less than 15%.

The high concentration of BC in fine particles in the city
centre (CJ) was likely due to fuel combustion in diesel and
gasoline engines. Conventional diesel engine technology (DET)
can produce 33-90% BC, as older engine technology tended to
emit more pollutants. The later DET with improved technology

© 2025 The Author(s). Published by the Royal Society of Chemistry

emitted 50% less.** Gasoline engines' exhaust gas contained
approximately (25-42) % BC. DET could emit particulates and
BC per km, up to 25-300 times greater than that of gasoline
engines.>

In Indonesia, the first regulation stipulated EURO II engine
technology for all types of motor vehicles in 2005. In 2015, there
was an improvement in motorcycle engines to EURO IIIL
Subsequently, for passenger cars, EURO IV became the standard
in 2017.°° In gasoline cars, the EURO IV regulation took effect
immediately in 2018. However, due to the longer time needed to
provide the diesel fuel required for EURO IV, the regulation for
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diesel cars was only implemented in 2022. Thus, until now, With the heaviest traffic in CJ, the city centre shows the
motorcycles use EURO III engines, and in 2018, all diesel vehicle highest concentration of BC in both fine and coarse particles.
engines were still EURO II. Factor 1 of the coarse fraction further supports this, with S
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Fig. 6 CBPF of fine particle elemental composition at the NJ site.
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(loading = 0.910) appearing alongside BC (loading = 0.898) and
other road emission-related elements (SI, Table S4). These
results provide strong evidence that traffic is indeed the primary
source of fine and coarse particles in the city centre, high-
lighting the significant impact of human activities on air
quality.

While BC is not a significant factor in Factor 1 of fine
particles in SJ, road dust is a common factor in both CJ and S]J.
In SJ, soil-origin elements in Factor 1, which correlate with K,
suggest that soil dust is the primary source. However, like in CJ,
there were loadings of BC and S in the PM2.5-10 fractions of
Factor 1, indicating a mixture of road dust in coarse particu-
lates. The PCA results for the fine particles at the CJ and SJ sites
accounted for 26.1% and 30.2% of the variance, respectively.
For coarse particles, the percentage variances were 47.6% in CJ
and 50.1% in SJ, making them the most significant contributors
to the associated cumulative variances.

Factor 2 of PM2.5 in CJ (19.1%) and SJ (16%) was found to be
primarily composed of Zn, As, and Pb. The CBPF results (see
Section 3.5) indicate a high likelihood of fine particles Zn, As,
and Pb being carried by westward winds at CJ and SJ (Fig. 7 and
8). The PCAs and CBPFs of coarse particles closely mirrored
those of fine particles (SI, Table S4, Fig. S2 and S3), reinforcing
our findings. These results strongly suggest that industries,
including those involved in coal combustion,®”*® are the
predominant sources of these particles.

The alignment of Zn, As, and Pb in both fine and coarse
particle sources, with the dominant westerly wind direction,
suggests industrial sources as the primary contributors.
Although PCA is not available for NJ, the similarity of fine and
coarse CBPF profiles of Zn, Pb, and As in NJ (fine particles in
Fig. 6 and coarse particles in SI Fig. S1) further enhances the
conclusion of industries in the Tangerang area as the sources of
fine and coarse particles of Zn, Pb, and As at all sites.

The inference that Pb and As primarily originate from coal
combustion is not just a mere observation, but a significant
finding. This observation is underscored by the remarkably
high factor loadings of Pb and As, at 0.90 or higher, in the fine
fractions of CJ and SJ, as well as in the coarse fraction of SJ. Even
in the coarse fraction in CJ, where Pb and As are mixed with BC,
S, and all crustal elements in Factor 1, their lower factor load-
ings compared to Factor 2 still points to their association with
coal combustion. The CBPFs of these elements, which showed
high probability from the west (industrial regions in Tanger-
ang), further solidify this conclusion. This result provides an
unambiguous understanding of coal combustion as the primary
source of Pb and As, underlining the importance of our research
in identifying pollution sources.

Zinc was consistently found in the same factor with Pb and
As (Factor 2) in PCA of CJ and SJ, both in the fine and coarse
fractions. In addition, in the fine fraction of CJ, Zn also
appeared in Factor 3, suggesting that refuse burning®>®® was the
source. Zinc had a lower factor loading compared to As and Pb
in Factor 2, and in Factor 3, compared to other elements. Zn is
associated with various industries,*****® incineration activi-
ties,* refuse burning, tailing oil® and vehicle emissions.*>*" It
appears that in the fine fraction, Zn originated not only from

© 2025 The Author(s). Published by the Royal Society of Chemistry
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a single type of industrial source but also from other sources,
such as waste burning. In an industrial source, the appearance
of Zn could come from two possibilities. Firstly, it is from coal
containing Zn. Secondly, which applies to both coarse and fine
particles, Zn originates from industrial entities that used coal as
their energy source, causing the elements to be released
simultaneously from the same area or direction.

Factor 3 of PM2.5 in CJ correlated with K, Br, and Cl, with
loading factors of 0.807, 0.845, and 0.702. Sodium and Zn also
appeared, but with lower loading factors. The appearance of Zn
in Factor 3 with K, which has a high factor loading, supports the
argument of waste burning as the source of Zn. These elements
accounted for 18.3% of the variance. Apart from sea salt, fuel oil
and industrial and combustion processes emit Na,* Br® and
Zn. Br can be released from waste burning,** vehicle fuel
combustion,® and industrial sources.®® All these activities can
also release bromine chloride (BrCl) gases, producing fine
bromide aerosols. Bromide correlation loading in Factor 3 with
K and Zn as well as Na and Cl in CJ could represent both natural
and anthropogenic nss-Na, likely from waste/refuse
burning.****® In CJ, Br seemed to originate from multiple
sources. Considering the land use type in CJ, fuel combustion
and waste burning are more likely anthropogenic sources,
although it did not rule out natural sources.

Sodium, chloride, and potassium are commonly known to
have a marine origin. We calculated the mass ratio of Cl and K
to Na to examine the possible contribution of sources other
than sea-salt aerosols. The Na/Cl ratio in sea salt is 0.55 (or Cl/
Na = 1.81), and that of K/Na is 0.036. Thus, we can estimate the
contribution of anthropogenic activities to aerosol Na and K
from the ratios of Na/Cl*® and K/Na,** which are higher than
their ratios in seawater. The calculation is based on the
assumption that all chlorine is of marine origin.*

A value of Na/Cl larger than the ss-Na/Cl ratio may indicate
two causes. Firstly, excess Na due to chlorine depletion, as air
mass travels through a polluted urban area. NaCl reacts with
acidic gases in the atmosphere, such as nitric acid (HNO;) and
sulfuric acid (H,S0,).*” These reactions lead to the displace-
ment and volatilization of chloride as HCI gas, leaving behind
Na in the particulate phase.®® Secondly, the presence of Na from
anthropogenic and/or other natural sources, which adds to Na
concentration.®

Table 4 presents the calculated Na/Cl and K/Na ratios. The
North Jakarta area, being close to the coast, would typically have
abundant fresh sea salt. However, the remarkably high Na/Cl
ratios (Table 4) and Na mass concentration (Table 1) in this
area strongly suggest Cl depletion and nss-Na input into the fine
particles.

The average Na/Cl ratio of the fine particles in NJ is 37, in
contrast to 16 in SJ. While decreased, these ratios were approxi-
mately 67 to 29 times higher than the ratio in seawater. In the
coarse particle fraction, we found a similar trend. Although much
lower than that in the fine fraction, the values of Na/Cl in coarse
particles ranged from 1.73 to 2.25 (or 3.14 to 4.1 times the
seawater ratio), where the average coarse fraction Na/Cl in NJ was
the highest. However, instead of decreasing, with the longer
distance from the coast, the average ratio in SJ of coarse particles
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Table 5 The PM2.5 SKT-MLR results of the NJ site

Source Soil (Si) Sea salt (Na) Traffic (S) Industry (As)
ng m~3 220 + 38 733 £ 346 132.2 + 357 6.9 + 4.2
%Tracer relative contribution 14.64% 6.72% 53.94% 24.69%

was slightly higher than that in CJ. The SJ Na/Cl ratio in the
coarse fraction suggests the addition of Na.

The Factor 3 loadings of fine particles in CJ also included K
and Zn, in addition to Na, Cl and Br, suggesting a mixture of
marine aerosols as a familiar natural source, and anthropogenic
sources. In Factor 3 of fine particles in SJ, BC, which typically
occurs during low-temperature oxidation, appeared with the
highest loading factor of 0.899. BC together with K, as a known
marker of biomass burning,® appeared in Factor 3 with Mn and
Cl. These elements in Factor 3 in SJ indicate municipal waste
burning.

The inclusion of K, Mn, and BC in SJ's Factor 3 is a unique
and plausible finding, considering the predominant residential
land use types at SJ. The ratio of fine K/Na of 1.25 (or almost 35
times the ratio in the sea water) in Table 4 further implicates
nss-K® of biomass burning as a significant contributor to Factor
3in SJ. The absence of Na as a significant contributor to the fine
fraction of particles in SJ further confirms that sea salt is not
a significant contributor to PM2.5 in SJ, a unique characteristic
of this location. However, in the coarse fractions of CJ and NJ,
only Na, Cl, and Br appeared in Factor 3 with factor loadings of
0.843, 0.783, and 0.503 (see SI Table S4). Factor 3 components
suggested that these elements come from the same source.
Section 3.5 provides more detailed explanation of this possible
nss-natural source.

Factor 4 of PM2.5 components in CJ were S (0.688), Ni
(0.842), and Cr (0.532), which accounted for 12.9% of the vari-
ance. In the coarse fraction, CJ's Factor 4 contained Cu (0.516),
Ni (0.808), and Cr (0.504), which represented 9% of the variance.
At the SJ site, Factor 4 of the fine fraction contained S, Ni, and
Br, comprising 15.4% of the total PCA loading, while its coarse
particles only consisted of Cu, with a loading of 0.917,
accounting for 7.7% variance. In SJ, fine Br that appeared in
Factor 4 with S and Ni clearly represents vehicle emissions.

The S element in sulphate (SO,>7), a secondary pollutant
produced from the oxidation of sulphur dioxide (SO,),” is
a significant contributor to sulphate aerosol. As the vehicle's
source fingerprints show for diesel fuel and gasoline, sulphur
was the second-highest concentration element found at all
sites. The sulphur content in diesel fuel sold within the Jakarta
Metropolitan Area is 100-120 ppm, and 500 ppm in other parts
of Indonesia, whereas the international standard is 50 ppm.
This high sulphur content is directly linked to the elevated
sulphur concentrations in PM2.5, raising concerns about air
quality. The high sulphur levels likely correlate with the
increasing motor vehicles in DKI Jakarta. In 2018, private
vehicles comprised 82% of the total registered vehicles, with
a number that had doubled from 2008.**

The highest factor loading of Ni strongly suggested the
marker of traffic with much braking due to congestion, which

1254 | Environ. Sci; Atmos., 2025, 5, 1243-1262

caused tire and brake wear. Factor 4 of PM2.5 containing S
together with Ni and Cr in CJ, as the key metal composition of
tire and brake,”* with Ni and Br in SJ, are clear indicators of
motor vehicle emissions, from fuel burning as well as the
vehicle operational condition, causing frequent braking in
congested traffic.

The combined PCA with the CBPF results of sulphur during
strong wind (>1.5 m s~ ') in Fig. 8 reveal that S, which is mainly
emitted from the exhaust tailpipe, could be transported from
traffic activity in Central Jakarta. This finding underscores the
crucial role of wind patterns in pollutant transport. The CBPF
profile indicated that S and, occasionally, Br in the events of
high wind speed, have the highest probability of coming from
the city centre direction to SJ. In contrast, nickel CBPFs for both
fine and coarse particles in CJ and SJ showed a high probability
of diffuse and centralized patterns with low wind speeds, sug-
gesting a more localized source. These CBPF patterns strongly
supported the argument of road emissions from tire and brake
wear. The highest mean Ni concentration of fine particles was
also found in CJ, an area known for its congested traffic.

The NJ site, which employed the SKT-MLR approach,
exhibited general sources like those observed at CJ and SJ
(Table 5). The PM2.5 selected markers, along with their relative
contributions, were Si for soil, Na for sea salt, S for traffic, and
As for industry and coal burning. Sulphur, representing traffic,
emerged as the most significant contributor (53.94%), followed
by industrial sources, which accounted for 24.69% of the total.
The overall contribution of traffic and industrial sources, at
78.63%, reiterates the argument of Cl depletion due to the
oxidation of N and S oxides, based on the Na/Cl ratio in Table 4.
The sum of traffic and industrial sources, along with 14.64%
soil and 6.72% sea salt, makes up the total contribution of 99%,
providing a comprehensive picture of the North Jakarta area.
This area, serving as a hub for industries, is a built-up area with
toll and main roads accessed by heavy-duty vehicles heading to
and from the port. Here, vehicles transporting goods, vessels,
and ships using diesel, heavy fuel oil (HFO), and marine diesel
oil (MDO) fuels were the primary sources of S emissions. The
myriad sources underscore the complexity of the particulate
sources in NJ.

NJ area activities are predominantly industrial and
commercial, with high traffic of heavy-duty vehicles leading to
the port. Most activities in NJ are potential significant contrib-
utors of oxidized N and S. Although there is no PCA in NJ, the
industrial land use characteristics and the exceptionally high
Na/Cl ratio in Table 4 may indicate anthropogenic nss-Na
emission influence, and ss-Cl depletion in the respective area.
The CBPF profiles of these elements (Fig. 6) backed up this
analysis.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.4 The effect of meteorological factors on the spatial
variation of PM concentration

In situ meteorological measurements provided wind speeds and
directions at the NJ and SJ sites. In CJ, meteorological data were
obtained from the closest measurements at the government
AQMS, located approximately 3 km away from the CJ site. Most
wind speeds at all sites were categorized as calm (less than
1 m s %), with data ranging between 0.01 and 1.96 m s *, 0.01
and 2.20 m s %, and 0.01 and 3.21 m s~ ' in CJ, CJ, and §J,
respectively. The proportion of calm wind less than 0.5 m s~ *
ranged between 44.5-51.40%, while wind speed of 0.5-1.0 m s~
ranged between 26.80% in SJ and 34.4% in CJ, making the total
calm wind in NJ, CJ and SJ of 76.10%, 85.80%, and 71.30%.
Overall, the average wind speeds were 0.61, 0.45, and 0.7 m st
at the NJ, CJ, and SJ sites, respectively, indicating that the wind
was commonly calm.

We then divided wind data into two groups based on wind
speed categories: weak (<1 m s~ ') and strong (>1 m s~ ') winds.
The difference between strong and weak wind was analysed
using the Wilcoxon signed-rank test. The concentrations
between strong and weak winds were not statistically different
at the NJ and CJ sites, whereas they were significant at the SJ site
(p-value < 0.05). The wind data support the rose plots in Fig. 5.

The strongest wind in NJ mostly came from north-north
westerly (NNW) direction, indicating the influence of land-sea
winds (Fig. 5a). In contrast, in SJ, the southern direction
acquired the most significant wind direction proportion as well
as the strongest wind speeds (Fig. 5¢). At all sites, the calm wind
dominated, suggesting that the local sources might have
contributed more to the particulate concentrations and
composition than sources at long-distance locations.

The wind direction pattern at SJ (Fig. 4c) suggests the
influence of hill-to-plain/valley winds at this site. The mountain
wind may originate from the higher-elevation terrain of
mountainous Bogor City in southern Jakarta. In contrast,
although it was predominantly calm, smaller proportions of the
higher wind speed events in CJ tended to come from easterly
and westerly directions (Fig. 4b). The CJ's east-west winds were
the typical wind directions in the lower layer of the atmosphere
in Indonesia, based on radiosonde data analysis.'>** The wind
profile underscores the implications of these wind direction
patterns for air pollution control strategies, particularly in areas
with similar geographical features.

1

3.5 Conditional bivariate probability function

By removing the influence of calm wind, the CBPF can discern
the prevailing winds at each location and pinpoint the potential
source locations of PM and each of its elements. Notably, we
observed detailed variations in wind speeds, with strong winds
within the 1-1.5 m s~ range being less than 20% in NJ and SJ,
and only 5% in CJ, making each site's observation unique.
Higher wind speeds between 2-2.5 m s~ were a mere 0.2%,
0.1%, and 1.8% at the NJ, CJ, and SJ sites. Only in SJ did we
observe strong winds with speeds exceeding 2.5 m s,
accounting for 0.5%.

© 2025 The Author(s). Published by the Royal Society of Chemistry
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3.5.1 Source direction at the NJ site. The NJ's PM2.5 CBPF
plots, shown in Fig. 6, clearly demonstrate the strong influence
of the northwestern to northern wind quadrant. BC correlated
strongly with S (7 > 0.8 at the 0.01 level) (SI S1), and both have
a similar CBPF from a north-northwest (NNW) direction. BC
also showed a higher probability from the west directions with
higher wind speed, which might be related to more distant
sources of heavy traffic on highways, connected to Tangerang
City and the Soekarno-Hatta International Airport.

The CBPFs of Ni, Pb, Zn, Mn, and Br were nearly identical to
those of BC, and are indicative of specific industrial sources,***>°
likely due to the presence of approximately 493 industries in
industrial estates in Tangerang and North Jakarta, including
galvanized and steelworks."*** In contrast, the CBPF of S with
the heavy metals Cr, Fe, Fe, Cu, As, Cl, and As leaned toward the
NNW-N direction and resembled that of Na, suggesting sources
at the coastal areas. The CBPFs pointed more to the north
direction of where the Tanjung Priok Port is located, where the
utilisations of HFO, MFO and diesel fuel are more concentrated.
The direction of S and As also suggests coal combustion sour-
ces. Ti, Cr, Cu, As, and Cl exhibited identical patterns with wind
speeds ranging from 1.2 to 2 m s ', suggesting that the emis-
sion sources could be local or originate from industrial sources
in North Jakarta. Other PM2.5 elements in NJ showed moderate
to low correlations in different directions and strengths. The
crustal elements of Si, K, and Ca generally had low probabilities,
with a small proportion of high probability toward the
northeast.

The CBPFs of BC and S for coarse particles, showing
a direction from the north, were more apparent (SI, Fig. S1). The
high probability of BC and S that aligns with Al, Si, K, Ca, Ti,
Mn, Fe, and Cu elements suggests some common source
directions. The similarity of the CBPF profiles could be due to
the influence of industrial activities, ship and port emissions,
and other crustal element sources on the north coast of Jakarta,
particularly from the Tanjung Priok Port.

3.5.2 Source direction at the CJ site. Fig. 7 illustrates the
complex wind patterns in CJ, with calm winds 85% of the time
and a low probability of west-east winds. These wind directions
represent the typical wind pattern in Jakarta. The CBPFs in CJ
consistently show a maximum wind speed of only around
1.6 m s~ or less. The densely populated areas in the east and
west directions, particularly in Bekasi Regency and Cilegon in
Banten, are closely linked to busy roads and industrial
complexes.

The CBPFs aligned with the PCA results, indicating that local
sources of elements from road dust, vehicle fuel combustion,
tire-and-brake wear products, and refuse burning were the
primary sources (detailed discussion in Section 3.3). The CBPF
plots of fine (Fig. 7) and coarse (SI S2) particles of S, Br, and Cu
in CJ were similar at wind speeds lower than 1.2 m s, indi-
cating the dominance of local sources of these particle
elements. This clear and consistent pattern in both fine and
coarse particles, with Pb and Zn, and As in the fine particles
showing the highest concentrations like that at the NJ site,
introduces assurance in industries in the Tangerang area as the
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sources. The strength probability of Ni in PM2.5 toward the
western direction of 1.2-1.8 m s~' matched the location of the
nickel smelter and steelworks about 40 km west of CJ. However,
Ni in the coarse particles showed a lower probability in different
directions from the south.

With smaller probabilities, the CBPFs of Fe and Cr in CJ
might indicate the sources in the western and eastern direc-
tions. The possible sources of these elements could be the
industrial activities of steelworks and metallurgy,**”* approxi-
mately 30 km east of Bekasi city, as well as industries in the
Tangerang area. Relatively high probabilities of BC, Si, K, Ca, Ti,
and, to some extent, Al, Cr, and Fe came from the NW, N, and
NE directions. However, the wind speeds were considerably low
(1.0-1.6 m s™'). In general, the high proportion of calm wind
(almost 86%) has corroborated that local activities, including
but not limited to vehicular emissions and construction works,
were the primary sources of fine and coarse particles in Central
Jakarta. A combination of various factors, such as the density of
road networks, the large proportion of calm wind, and the
spatial diffusion of emissions, adds a layer of complexity to
source identification in CJ, making it challenging to determine
the source direction precisely.”” However, the high frequency of
calm wind likely plays the most important role in retaining fine
and coarse particles either from local or long-distance sources.

3.5.3 Source direction at the SJ site. The relatively dense
population in SJ, a leafy area in Jakarta with few industrial
activities, has led to some novel findings. All PM2.5 CBPF plots
in SJ (Fig. 8) and PM2.5-10 (SI, Fig. S3) showed sources in the
north and south directions. The PM2.5 CBPF profiles of Si, Ca,
Ti, Fe, S, and, to some extent, Na and Mn were almost identical,
showing the highest probability with a relatively high wind
speed of more than 2 m s™* from the north direction.

The fine particle CBPF patterns of road emission fingerprints
indicated that during relatively higher wind speed, in addition
to local sources, S and soil dust could be transported from
Central Jakarta to the South. However, the concentrations of
typical vehicle source fingerprints were relatively low. Stronger
correlations were observed between Si, Ca, Ti, and Fe and
crustal elements, such as Al and Si, but lower Na levels indicated
a greater contribution from road emissions and soil dust, with
less influence from sea salt.

The PM2.5 CBPFs of BC, K, Mn, and Cr were relatively
similar, with a high probability of lower wind speeds of around
1-1.5m s . Zn, As, Pb, and Cl were similar, but spreading more
from north and south directions. The CBPFs indicated that the
sources tended to be local. The CBPFs aligned with the PCA
results, which found that BC, K, Mn, and CI correlated with
Factor 3, representing local refuse and biomass burning. This
thorough alignment of the CBPFs with the PCA results provides
confidence in the accuracy of our findings. The evidence of BC,
K, and Mn correlating more with biomass burning in PCA's
Factor 3 and S correlated with Br and Ni in Factor 4. This
argument suggested that traffic in SJ is heavy but not congested.
Sulphur and Br were likely emitted from fuel combustion, and
Ni from tire and brake materials.

Sodium in the fine fraction seemed to come from the
northerly direction. Interestingly, Na, Cl, and Br in the coarse
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fraction showed completely different CBPFs, with the highest
probability (100%) coming from the south during a high wind
speed of over 3 m s~ (SI Fig. S3). Sodium, chlorine, and
bromine are typical markers in sea salt. However, the incoming
direction was the opposite of the coast, suggesting other sour-
ces. Mount Salak is an active volcano™ in Bogor Regency,
approximately 70 km south of the SJ site. Its volcanic fumaroles,
such as those from the Kawah Ratu craters, are the probable
source of Na,” Cl,”%”” and Br’®”® aerosols.

To confirm the CBPF results, we run an open-source NOAA
HYSPLIT ash plume dispersion model,* for the day when wind
speeds were the highest (see SI, Fig. S4). The ash dispersion
profile demonstrated encouraging support for our findings. The
model shows the plume from Mount Salak extending to South
Jakarta and bending towards the western area of Central
Jakarta. The plume did not extend to the NJ site, which is in the
eastern part of North Jakarta. This volcanic dispersion pattern
also explains the source for coarse Na, Cl and Br that appeared
together in the PCA's Factor 3 (SI, Tabel S4), not only in SJ but
possibly also in CJ. The Tukey-Kramer post hoc test of coarse Br
(SI, Tabel S2) shows that Br concentration in SJ was significantly
higher than that in CJ (p = 0.000) and in NJ (p = 0.003). The
coarse Na and Cl were significantly the highest in NJ (p = 0.000),
but the difference between SJ and CJ of these elements was not
significant. This is a plausible indication of volcanic emissions
from the south direction becoming additional coarse particle
sources of Na, Cl, and Br in SJ, and possibly some smaller
proportion of Na and Cl in CJ. Contrastingly, in the fine frac-
tions, the Tukey-Kramer test confirmed a clear north-to-south
decrease in Na concentration, where NJ was the highest, fol-
lowed by CJ and SJ. However, fine Br in S] was significantly lower
than that in CJ and NJ, while there was no difference between Br
in NJ and CJ.

4 Conclusions

Our comprehensive study, conducted across multiple sites, has
unveiled significant spatial disparities in the concentration of
fine and coarse particulates along Jakarta's north-south tran-
sect. This finding, coupled with the identification of distinct
primary sources at each location, marks our significant under-
standing of particulate pollution as a complex environmental
issue. The PCA, in conjunction with the CBPF that integrates
wind speed into the probability function, provides a robust
framework for pinpointing source contributions in a moni-
toring location. This combined method is highly effective for
data analysis of our campaign measurements that cannot
provide a large amount of data. The method has been rigorously
tested and proven robust in detailing local emission influences
and estimating the potential contribution of diverse sources
from more distant locations, providing reassurance and confi-
dence in our approach.

Although calm wind prevails, the higher wind speeds in
Central Jakarta (CJ) resemble the typical east-west winds in
Jakarta and other Indonesian regions. In North Jakarta (NJ), the
higher wind speeds tend to shift from the ocean's direction to
the mainland's and vice versa. In South Jakarta (SJ]), the

© 2025 The Author(s). Published by the Royal Society of Chemistry
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prevailing wind direction is from the mountainous area into
Jakarta, occasionally bringing volcanic emissions as a unique
natural source for the Jakarta area. Additionally, the CBPFs,
a key tool in our research, have detected the possibility of
pollutants transport, particularly sulphur, from Central to the
North and South Jakarta during higher wind speeds. The CBPFs
completed and enhanced the results for the source
identification.

Black carbon (BC) and sulphur (S) majorly contribute to fine
particles at all locations. However, the study found more
detailed information on source diversity in each location. In CJ,
which exhibited the highest concentrations, BC correlated
strongly with road dust emissions. Sulphur was grouped with Cr
and Ni in another factor, indicating a mixture of vehicle emis-
sion and tire-and-brake wear. The two factors serve as confir-
mation of heavily congested traffic in CJ. The dense traffic with
a very high percentage of calm wind (>80%) signifies that the
sources are local. In contrast, open waste and biomass burning
were the likely sources of BC, K, and Cl in SJ. In NJ, fine BC
particles tended to come from the west-northwest, like various
metal elements, suggesting industrial sources, including those
located in neighbouring cities. CBPFs of the coarse particles
identified S of different source types coming from the direction
of the port in the northeast. At the same time, commuting traffic
and industrial activities towards the northwest could be
a significant source of BC contributors.

The results of our study not only inform but also call for
action that local governments can implement. The fuel
production process at oil refineries, a key stage in lowering the
sulphur content in fuel, is influenced by the decisions of various
stakeholders at higher levels. However, several significant
particulate elements can be reduced locally. Sulphur can be
minimised through measures that encourage fuel consumption
reduction. Decongestion will concurrently reduce tire-and-
brake wear of toxic metals, especially in the Central and North
Jakarta areas. These policy options can also simultaneously
decrease the concentration of traffic-related BC. Efforts to
lessen BC in SJ must focus on monitoring and preventing the
open burning of waste. The potential impact of these policy
actions is significant, inspiring all stakeholders to take imme-
diate and effective measures.

The natural sources of marine and less-known volcanic
activity can contribute to the background concentration in
many countries and regions with unique geography, being in
proximity to the sea and volcanoes. The local air quality
management plan of these countries needs to carefully consider
these natural sources when defining the PM10 background level
and reduction targets, as well as the future ambient air quality
standard.

The results of this study underscore the importance of
regularly monitoring chemical composition and continuously
measuring fine and coarse particulates in various locations.
This continuous monitoring is crucial for maintaining the
effectiveness of air quality management policies and ensuring
the health and well-being of the population. Further informa-
tion can be gained through the refinement of the particulate
composition by adding other chemical parameters that have not

© 2025 The Author(s). Published by the Royal Society of Chemistry
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been analysed in this study. More comprehensive composition
analysis will add to source identification and help improve air
quality management policies.
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