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Abstract A comprehensive assessment of fine particulate matter (PM2.5) compositions during the
Southeast Asia dry season is presented. Samples of PM2.5 were collected between 24 June and 14
September 2014 using a high-volume sampler. Water-soluble ions, trace species, rare earth elements, and a
range of elemental carbon (EC) and organic carbon were analyzed. The characterization and source
apportionment of PM2.5 were investigated. The results showed that the 24 h PM2.5 concentration ranged from
6.64 to 68.2μgm�3. Meteorological driving factors strongly governed the diurnal concentration of aerosol,
while the traffic in the morning and evening rush hours coincided with higher levels of CO and NO2. The
correlation analysis for non sea-salt K+-EC showed that EC is potentially associatedwith biomass burning events,
while the formation of secondary organic carbon had a moderate association with motor vehicle emissions.
Positive matrix factorization (PMF) version 5.0 identified the sources of PM2.5: (i) biomass burning coupled with
sea salt [I] (7%), (ii) aged sea salt andmixed industrial emissions (5%), (iii) road dust and fuel oil combustion (7%),
(iv) coal-fired combustion (25%), (v) mineral dust (8%), (vi) secondary inorganic aerosol (SIA) coupled with
F� (15%), and (vii) motor vehicle emissions coupled with sea salt [II] (24%). Motor vehicle emissions, SIA, and
coal-fired power plant are the predominant sources contributing to PM2.5. The response of the potential
source contribution function and Hybrid Single-Particle Lagrangian Integrated Trajectory backward trajectory
model suggest that the outline of source regions were consistent to the sources by PMF 5.0.

1. Introduction

Widespread transboundary polluted air is one of the main concerns for those living in Southeast Asia (SEA).
Atmospheric particles have a damaging effect on human health. The World Health Organization (WHO)
reported the death of approximately 3.7 million people worldwide in 2012 due to outdoor urban and rural
sources of air pollution. In the western Pacific and SEA alone, the reported number of deaths due to emissions
from heavy industry was cited at about 2.6 million, and this region was noted to contain the largest count of
air pollution hotspots in 2012 [World Health Organization, 2014]. PM2.5 (particles with an aerodynamic
diameter of less than or equal to 2.5μm) has a damaging effect on human health due to its ability to
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penetrate deep into the lungs. Pope et al. [2009] reported that the reduction in PM2.5 concentrations between
the years 1980 and 2000 was strongly associated with a 2.7 year overall increase in life expectancy, which
occurred during the same period, using data from 51 cities in the U.S. Furthermore, it is estimated that a
10μgm�3 reduction in the annual average PM2.5 would have a much larger impact on life expectancy in
England and Wales than the complete elimination of road traffic accidents or passive smoking [Institute of
Occupational Medicine, 2006]. Heil and Goldammer [2001] identified that the atmospheric particle loading dur-
ing the smoke-haze episode was predominantly impacted due to an increase of the PM2.5. In Malaysia, the
smoke haze impacts severely on the human health and economy. A study by Othman et al. [2014] observed
an association of smoke haze to an increase in inpatient cases by 2.4 per 10,000 people each year, represent-
ing an increase of 31% from non-haze days. The average annual economic loss due to the inpatient health
impact of haze was valued at MYR273,000 ($91,000 USD) in Malaysia.

Aerosol particles, primarily originating from biomass burning and the combustion of peat soil, are strongly
influenced by low-level monsoon circulation. Flame and smoldering combustion often occur in high-biomass
and peatland areas, which have become major annual sources of aerosol, and other pollutants such as trace
gases in SEA countries [Levine, 1999; Stockwell et al., 2016; Yokelson et al., 1997]. In SEA, the common practice
of burning agricultural residues enhances haze pollution. “Slash and burn” is a common practice as it is the
most cost efficient method in the management of agricultural waste and the clearing of land for cultivation
[Page et al., 2002]. There are widespread misconceptions and knowledge gaps regarding transboundary haze
pollution and the chemical signatures of surface level fires and peatland burning occurring in SEA. An obser-
vation modeled by Heil et al. [2007] showed that when considering peat fires in an emission inventory, ambi-
ent particle concentrations exceed the ambient air quality standard across transboundary scales. However,
when considering surface vegetation fires, ambient air quality standards are exceeded only in areas close
to the main fires. Monsoon circulations and local wind systems are two further driving factors, which greatly
influence the transport of aerosol pollution in this region [Khan et al., 2016a; Juneng et al., 2011; Latif et al.,
2014]. Together with slash and burn, wildfires, and peatland burning, combustion from the consumption
of fossil fuels and vehicle emissions, industrial emissions, and quasi-open burning can also contribute to
and produce a high amount of aerosol particles that influence the formation of haze [Keywood et al., 2003].
In addition, Malaysia is a rapidly developing country in SEA that aims to achieve high-income country status
by 2020; its economic growth is highly dependent on its abundant energy resources, especially natural gas
and crude oil. Malaysia’s energy use depends heavily on fossil fuels, including oil, gas, and coal. The energy
consumption of the end-use sector in 2011 was 1.9 million tons of oil equivalent (Mtoe) for hydropower,
14.8Mtoe for coal, 17.5Mtoe for natural gas, 19.7Mtoe vehicle fuel, and 8.9Mtoe for crude oil [Chong et al.,
2015]. The energy consumption directly affects the level of air pollution and thus showed a linear positive
correlation [Khan et al., 2016b].

The source apportionment (SA) of aerosol particles is a widely applied method used to study the source of
pollutants in the atmosphere. As an apportionment tool, multivariate receptor models can predict informa-
tion regarding the sources of air pollutants. The output of a receptor model identifies the pollution source
types. Additionally, it estimates the contribution of the identified sources to the observed concentration.
Models presume the contribution of pollutant sources by determining the best fit linear combination for
the emission source [Schauer et al., 1996]. The most widely used models are chemical mass balance models
[Watson et al., 1990] and positive matrix factorization (PMF) [Paatero and Tapper, 1994], while the less popular
models include UNMIX [Henry, 1987], a receptor model that can estimate the number of sources, source com-
positions, and source contributions to each sample, and principal component analysis coupled with absolute
principal component score (PCA/APCS) [Thurston and Spengler, 1985]. PMF is the most preferred and robust
model. PMF uses an implicit least squares fit which minimizes the sum of the square of the residuals.
According to Paatero and Tapper [1994], the scaling of data by column and row leads to a distortion of the
analysis. However, the factor-based models use an eigenvector analysis based on the decomposition of a sin-
gular value. The weights are based on known standard deviations in the species of the data matrix [Hopke,
2003; Paatero, 1997]. The advantage of the PMF model is the inclusion of uncertainties for each variable,
which ensures that variables with large uncertainties have less influence on the output results. Numerous
studies have been conducted using the PMF receptor model [Amil et al., 2016; Harrison et al., 2011;
Hasheminassab et al., 2014; Khan et al., 2012; Khan et al., 2015c; Khan et al., 2016a; Lestari and Mauliadi,
2009; Yu et al., 2013; Zhang et al., 2013]. Khan et al. [2016a] discussed in detail the advantage of the

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025894

KHAN ET AL. AEROSOL LOAD IN TROPICAL MONSOON SEASON 14,590



application of receptor models with a provision on how to generate robust results withminimum uncertainty.
Jamhari et al. [2014] and Mustaffa et al. [2014] applied PCA/APCS to identify the sources of organic and inor-
ganic compositions in airborne particulate matter in Malaysia. Khan et al. [2015c] have successfully intro-
duced PMF version 5.0, an advanced and modified receptor tool in Malaysia using organic compositions of
PM2.5 in the Bangi area. In 2016, the sources of PM2.5, based on the detailed inorganic compositions, were
brought to light with the application of PMF 5.0 by Amil et al. [2016] and Khan et al. [2016a]. A similar
approach was successfully applied in other Southeast Asian countries. For example, Lestari and Mauliadi
[2009] and Santoso et al. [2008] used PMF to determine the sources of particulate matter. The main source
factors for fine particles were secondary aerosol, the electroplating industry, vehicle emissions, and biomass
burning. Santoso et al. [2008] showed that biomass burning contributed to 40% of the PM2.5 mass in subur-
ban areas and 20% of the PM2.5 mass in urban areas in Bandung Indonesia.

Following a critical review of the literature, it was seen that the chemical signatures of PM2.5 to identify the
potential sources during the southwest monsoon were lacking. There is also a need to improve understand-
ing of the impact of atmospheric reactive gases, the effect of physical meteorological factors, wildfires, the
burning of agricultural waste and peat soil, and combustion and noncombustion activities in an urban set-
ting, on the alteration of the concentrations and compositions of aerosol particles. This study focuses on

Figure 1. Location of the sampling site annotated to (a) the distribution of anthropogenic emission map (30 × 30min
resolution) in SEA in 2006 (data source: Zhang et al. [2009]), (b) spatial distribution of aerosol optical depth retrieved from
Moderate Resolution Imaging Spectroradiometer (MODIS) Aqua and Terra level 3 data coupled with synoptic circulation of
wind vector, and (c) the spatial variation of boundary layer height or mixing depth (m).
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the comprehensive analysis of water-soluble ions (WSIs), trace species, rare earth elements (REEs), and a
range of elemental and organic carbon (EC and OC) compounds in PM2.5 coupled with the concentration
of reactive gases, meteorological driving factors, and biomass or wildfire hotspots. Therefore, the objectives
of this study are to characterize PM2.5 in Malaysia during the southwest monsoon, taking into consideration
PM2.5 concentrations, chemical compositions, and the concentrations of reactive gases. These characteristics
vary due to changes in physical driving factors and sources, and the correlations between them will identify
the potential sources. PMF, potential source contribution function (PSCF), and biomass fire hotspots will be
used to determine the PM2.5 factors and source locations to gain a greater understanding of the aerosol
emissions during the dry season of the southwest monsoon.

2. Material and Methods
2.1. Sampling Site

This study was conducted on the rooftop of the Biology Building (a five-story building) at the Faculty of
Science and Technology, Universiti Kebangsaan Malaysia (UKM), at about 65m above sea level. This is a semi-
urban area and located around 20 km to the south of central Kuala Lumpur. The nearest main roads are about
300m from the sampling location and predominantly used by light-duty vehicles. The two nearest highways
(the North-South Highway and the Silk Highway), which are about 2 km away from the monitoring site, are
used by both heavy-duty and light-duty vehicles. In addition, the site itself is surrounded by dense forest.
The gridded emissions of PM2.5 (t yr

�1) as reported by Zhang et al. [2009] is shown in Figure 1a, and its emis-
sion around the sampling site is comparable to some parts of south China, particularly Guangdong
(about 10,000 t yr�1).

2.2. Sampling Protocol and Chemical Analysis

The daily PM2.5 samples (24 h) were collected on quartz microfiber filters (203mm×254mm; Whatman™, UK)
using a high-volume sampler (HVS; Tisch, USA). As part of the preparation, the filters were baked at 500°C for
3 h to remove any deposited organic compounds. Prior to weighing, the blank filters were conditioned in
desiccators for 24 h to ensure the equilibrium of mass concentration. After the collection of samples, a similar
procedure was followed for the exposed filter papers. The filter papers were weighed using a five-digit, high-
resolution electronic balance (A&D, GR-202, Japan) with a 0.01mg detection limit. The filter samples were then
refrigerated at�18°C until the extraction was carried out. In total, 39 samples of PM2.5 were collected from 24
June to 14 September 2014 to coincide the southwest monsoon. The samples were collected on a random
basis during the entire sampling period. The measurement of particle number concentration (PNC) was per-
formed using a multichannel environmental dust monitor (Grimm EDM 180, Grimm Aerosol Technik,
Germany). The built-in aerosol spectrometer employs a state-of-the-art optical particle counter for the in situ
measurement of PNC ranging between 0.27μm and 34μm [Grimm and Eatough, 2009; Weber et al., 2010;
Xiaoai et al., 2010]. Data were recorded at 1min intervals. Then, the particle mass of PM1 (aerodynamic
diameter of less than or equal to 1μm), PM2.5 (aerodynamic diameter of less than or equal to 2.5μm), PM10

(aerodynamic diameter of less than or equal to 10μm), and total suspended particulate matter were obtained
by applying the theoretical mass equation and the measurement principle based on the light-scattering tech-
nology for single-particle counts [Grimm and Eatough, 2009; Technik, 2006]. In the conversion process, particle
diameter data were first converted into particle volume using themean particle diameter between the thresh-
olds of the 31 different channels. This volume data were converted into themass distribution of particles using
a density factor which Grimm had established as an “urban environment” factor [Grimm and Eatough, 2009].

For WSIs and trace species analyses, a portion of the filter samples was cut into small pieces and placed
directly into 50mL centrifuge tubes containing ultrapure water (18.2MΩ cm; EASYpure® II, Thermo
Scientific, Canada). The extraction process involved ultrasonic vibration, centrifuge, and mechanical shak-
ing. The samples were first sonicated in an ultrasonic bath (Elmasonic S70H, Elma, Germany) for 20min,
and then the extraction solutions were centrifuged at 2500 rpm (Kubota 5100, Japan) for 10min before
being shaken using a vortex mixer for 10min. The sonication and centrifuge steps were repeated twice
before the extract was filtered using glass microfiber filters (Whatman™, UK). Both the trace species and
the water-soluble ion extract samples were refrigerated at 4°C until further analysis. The trace species
(Al, Ba, Ca, Fe, Mg, Pb, Zn, Ag, As, Cd, Cr, Li, Be, Bi, Co, Cu, Mn, Ni, Rb, Se, Sr, and V) and REE (In, Tl, U,
Ce, Dy, Er, Eu, Gd, Ho, La, Lu, Nd, Pr, Sc, Sm, Tb, Th, Tm, Y, and Yb) were determined through inductively
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coupled plasma–mass Spectrometry (ICP-MS; PerkinElmer ELAN 9000, USA). The method detection limit
(MDL) for trace species was calculated as 3 times the standard deviation of three replicates of the filter
blanks. Overall, MDL was as reported in Table 1. During the trace species and REE analysis by ICP-MS,
two modes of analysis were applied with updated calibration curves each time. Based on trial runs, the
elements were initially screened for concentration levels, which resulted in two modes analysis: (a) a
set of metals with high concentrations (with several dilution factors; Al, Ca, Fe, Mg, Zn, and Mn), and
(b) a set of metals with low concentrations (Ba, Pb, Ag, As, Cd, Cr, Li, Be, Bi, Co, Cu, Ni, Rb, Se, Sr, and
V), as described in our previous paper [Khan et al., 2016a]. Multi-Element Calibration Standards 2 and 3
(PerkinElmer Pure Plus; PerkinElmer, USA) were used as calibration standards.

The WSI compositions (Na+, NH4
+, K+, Ca2+, Mg2+, Cl�, NO3

�, and SO4
2�) were determined using ion chroma-

tography (IC) (Metrohm 850 model 881 Compact IC Pro, Switzerland). Metrosep A-Supp 5–150/4.0 and
C4–100/4.0 columns were used to determine cations and anions, respectively. The 1.7mmol L�1 nitric and
0.7mmol L�1 dipicolinic acids were prepared for use as eluents for cations. Eluents of 6.4mmol L�1 sodium
carbonate (Na2CO3) (Merck, Germany) and 2.0mmol L�1 sodium bicarbonate (NaHCO3) (Merck, Germany)
were prepared and used to measure anions (Cl�, NO3

�, and SO4
2�) with a flow rate of 0.7mLmin�1. The

100mmol L�1 Suprapur® sulfuric acid (H2SO4) (Merck, Germany) was also prepared to use as a suppressor
regenerant, and ions were detected by a conductivity detector.

Table 1. Summary Results of PM2.5 (N = 39), Its Selected Compositions, and PNC During the 2014 SEA Dry Season
(Southwest Monsoon)

Variables Unit Mean� STDEV Minimum Maximum 5 (%) 95 (%) MDLa

PM2.5 μgm�3 18.3� 11.8 6.64 68.2 8.76 29.8 -
TC μgm�3 6.14� 6.55 1.45 39.6 2.24 11.4 -
OC μgm�3 4.63� 6.06 0.73 36.3 1.28 9.14 -
EC μgm�3 1.51� 0.85 0.52 3.35 0.67 3.12 -
Na+ μgm�3 0.14� 0.06 0.05 0.30 0.06 0.20 0.034
NH4

+ μgm�3 0.54� 0.43 0.06 1.93 0.14 1.11 -
K+ μgm�3 0.21� 0.12 0.00 0.56 0.13 0.41 0.016
Ca2+ μgm�3 0.20� 0.12 0.02 0.64 0.07 0.37 0.0015
Mg2+ μgm�3 0.06� 0.09 0.00 0.39 0.01 0.22 0.006
F� ngm�3 3.10� 3.88 0.25 13.3 0.49 12.3 0.0068
Cl� ngm�3 23.0� 24.2 3.44 120 7.13 49.7 0.0265
NO3

� μgm�3 0.28� 0.17 0.11 0.94 0.13 0.51 0.0477
PO4

3� ngm�3 113� 100 0.12 342 11.7 271 0.135
SO4

2� μgm�3 1.98� 1.19 0.46 5.31 0.81 3.44 0.0128
Al ngm�3 11.9� 7.97 0.29 31.4 3.30 25.5 0.335
Fe ngm�3 5.67� 4.09 0.14 18.1 1.82 10.1 1.01
Zn ngm�3 15.8� 11.5 0.09 68.6 7.74 29.5 0.338
Mn ngm�3 1.19� 0.67 0.33 3.75 0.50 2.33 0.029
Mg ngm�3 8.48� 3.87 2.36 17.0 3.59 13.6 3.32
As ngm�3 3.29� 2.95 0.02 14.5 0.68 7.12 0.008
Ba ngm�3 0.94� 0.60 0.29 2.88 0.43 1.46 0.092
Bi ngm�3 0.08� 0.08 0.01 0.39 0.01 0.16 0.0004
Cd ngm�3 0.21� 0.13 0.07 0.63 0.10 0.37 0.004
Co ngm�3 0.01� 0.01 0.00 0.03 0.00 0.02 0.003
Cs ngm�3 0.03� 0.02 0.00 0.10 0.02 0.06 0.001
Cu ngm�3 2.46� 2.25 0.01 12.8 0.95 4.39 0.014
Ga ngm�3 0.02� 0.02 0.01 0.09 0.01 0.04 0.001
K ngm�3 120� 76.2 30.2 387 66.5 188 12.6
Ni ngm�3 0.73� 0.44 0.10 2.36 0.21 1.25 0.036
Pb ngm�3 4.54� 3.75 0.01 16.2 0.54 9.13 0.013
Rb ngm�3 1.06� 0.73 0.01 3.44 0.54 1.73 0.012
Se ngm�3 0.37� 0.26 0.03 1.23 0.15 0.59 0.051
Tl ngm�3 0.03� 0.02 0.01 0.09 0.01 0.06 0.0004
V ngm�3 1.31� 1.03 0.00 4.47 0.08 2.69 0.004
PNC (0.27–34 μm) # cm�3 265� 210 1.00 1540 84.9 489 -
PNC (<1 μm) # cm�3 265� 210 20.5 1530 84.2 488 -

aThe unit for MDL is ngm�3.
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A thermal/optical carbon analyzer from the Desert Research Institute (DRI) was used to determine the ele-
mental (EC1, EC2, and EC3) and organic (OC1, OC2, OC3, and OC4) fractions from the PM2.5 fraction (DRI
model 2001, USA). This method is based on the thermal/optical reflectance procedure described as
IMPROVE A PROTOCOL [Fujii et al., 2014]. The filter blanks (N= 4) collected on 29 June, 6 July, 17 July,
and 14 September 2014 were also analyzed. It is necessary to note that the field-based filter blanks were
loaded into the HVS without it being turned on and kept in the HVS for 24 h, similar to the duration for
the samples of this campaign. The purpose of the field blanks was to make deductions with regard to (a)
contamination from the filter materials and (b) gas phase adsorption of volatile organics. The mass con-
centrations of OC and EC for each sample were corrected for the blanks. As per IMPROVE A PROTOCOL
[Fujii et al., 2014], OC fractions were measured in the presence of He and at temperature spans of
25–140°C (OC1), 140–280°C (OC2), 280–480°C (OC3), and 480–580°C (OC4). EC fractions were measured
in the presence of He/O2 and at temperature spans of 580°C (EC1), 580–740°C (EC2), and 740–840°C
(EC3). During the measurements of OC and EC, some portions of OC behaved like EC and produced a
peak in the split of OC and EC. This OC is known as the pyrolyzed OC and is reported as OP when
measured in the presence of He. Miyazaki et al. [2007] and Yu et al. [2002] define this carbon fraction as
(i) carbon that may be originally refractory and associated with high molecular weight (MW) compounds
and/or (ii) carbon that may undergo pyrolysis during the thermal analysis followed by evolution in the He
mode prior to the He/O2 mode. The pyrolyzing effect mainly occurred in the helium mode, and the OC will
be partly pyrolyzed and resistant to volatilization in the He mode [Kondo et al., 2011; Novakov et al., 2000].
The OC reported in this study was defined with the following equations:

OC ¼ OC1 þ OC2 þ OC3 þ OC4 þ OP (1)

EC was estimated as

EC ¼ EC1 þ EC2 þ EC3 – OP (2)

Total carbon (TC) was described as

TC ¼ EC þ OC (3)

where OP is defined as the pyrolyzed OC evolved in the He mode.

The secondary organic carbon (SOC) was estimated using the lowest ratio value of OC to EC (OC/EC). Khan
et al. [2010b] reported that the minimum ratio line in the OC-EC plot is a constant mixture of primary EC
and OC, while Harrison and Yin [2008] described the points above the minimum ratio line as representing
the additional OC formed from secondary origins. This EC-tracer method has been widely used to distinguish
primary OC from SOC [Carvalho et al., 2006; Castro et al., 1999; Duarte et al., 2008; Khan et al., 2010b; Pio et al.,
2011; Turpin and Huntzicker, 1991, 1995; Turpin and Lim, 2001]. It was assumed that EC and OC weremeasured
in ambient air where primary combustion was dominant and photochemical activities were weak [Turpin and
Huntzicker, 1991]. The SOC estimation was calculated as

SOC ¼ OCtotal � OC
EC

� �
min

� EC

� �
(4)

where theminimumOC/EC ratio was 0.55, which is believed to be emitted from stable primary common com-
bustion sources (e.g., combustion and resuspension of combustion particles) and season dependent [Yuan
et al., 2006]. Safai et al. [2014] observed 0.49 as the minimum OC/EC ratio during the monsoon (wet season)
in Pune, India, whereas Huang et al. [2014] found a similar value during the summer in Hong Kong. However,
this method has significant ranges of uncertainty, since the ratios of OC/EC can be influenced by various fac-
tors such as meteorology, diurnal and seasonal fluctuations in emissions, local sources, and long-range trans-
port, which vary considerably [Duan et al., 2007]. In this study, all samples were collected in a similar manner,
i.e., 24 h sampling in one season, which reduces the uncertainty of the estimation. In addition, the lowest
value of OC/EC was used to represent the primary combustion source.

2.3. Multivariate Receptor Modeling Technique

SA analysis was conducted using the U.S. Environmental Protection Agency (EPA) PMF version 5.0 model as
suggested by Norris et al. [2014]. PMF is a factor-based receptor model that decomposes a matrix of sample
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data into two matrices, i.e., chemical compositions and the contribution of each factor to each sample.
Mathematically, PMF can be defined as equation (5)

X ij ¼ ∑PK¼1gikf kj þ eij (5)

where Xij is the concentration of jth species of the ith sample, p is the number of factors, gik is the contribution
of kth factor of the ith sample, fkj is the factor profile of jth species of the kth factor, and eij is the residual
matrix for the jth species measured in the ith sample.

The PMF solution minimizes the objective function Q with the adjusted values of g, f, and p. Q is defined by
equation (6)

Q Eð Þ ¼ ∑mi¼1∑
n
j¼1

eij
sij

� �2
¼ ∑mi¼1∑

n
j¼1

X ij � ∑pk¼1gikf kj
sij

� �2
(6)

where Sij is an estimate of the uncertainty of the jth species in the ith sample. PMF 5.0 operates in a robust
mode by default, which downweighs the outliers affecting the fitting of the contributions and profiles.
PMF uses two data files as input for each sample: (1) concentration and (2) uncertainty. The concentration
of each element was pretreated and validated based on noisy data or outliers, missing values, and/or values
below the MDL. The variables with outliers were excluded if present [Baumann et al., 2008; Polissar et al.,
1998a; Polissar et al., 1998b]. The second data file is the uncertainty value of each variable by each sample.
Due to the lack of availability of measurements or methodological data to calculate errors, the following
empirical equation (equation (7)) was used to estimate the error of the species concentration:

Sij ¼ XJ�C1 þ X ij� C1 þ C2ð Þ (7)

where Xij is the observed concentration of species andXj is themean value of each element. C1 and C2 are the
empirical constants and the value usually between 0.01 and 0.05 and between 0.1 and 0.5 for C1 and C2,
respectively. In this work, the values of C1 and C2 were chosen to determine the most meaningful and phy-
sically interpretable solution using a trial-and-error approach [Ogulei et al., 2006a, 2006b], as summarized in
Figures S1 and S2 in the supporting information.

In addition, we applied a similar step to values below the detection limit. Harrison et al. [2011] and Hedberg
et al. [2005] applied this procedure for uncertainty estimations in their studies. In the PMF 5.0 procedure,
we selected the values of 0.02 and 0.35 for C1 and C2, as the end calculation was optimized with lower error
(%) and the Q true/Q exp with these values. An additional 5% uncertainty was added to account for metho-
dological errors in the preparation of filter papers, gravimetric mass measurements, and the preparation of
the calibration curves. The model output of source contributions is normalized or dimensionless (average
of each factor contribution is 1). Therefore, the mass concentrations of the identified sources were scaled
using the following multiple linear regression (MLR) analysis (equation (8)):

Mi ¼ S0 þ ∑
p

k¼1
Skgik (8)

whereMi is the concentration of the total concentration of PM2.5 in ith sample, Sk is the scaling constant, S0 is
the regression constant, and gik is the source contribution found in the result of PMF modeling. After the run
of MLR, the coefficient of determination (Sk) multiplied with the respective factor contribution to convert
them into the mass concentration (μgm�3). Several other researchers have successfully applied this MLR
approach to express the output of PMF [Amil et al., 2016; Callén et al., 2014; Hedberg et al., 2005; Khan
et al., 2012, 2015c, 2016a].

The variables included were PM2.5, Al, Ba, Fe, Mg, Pb, Zn, As, Cd, Ga, K, Bi, Co, Cu, Cs, Mn, Ni, Rb, Se, V, Tl, Na+,
NH4

+, K+, Ca2+, Mg2+, F�, Cl�, NO3
�, SO4

2�, OC, EC, and OP. The variables were accepted for further feeding
into the PMF model on consideration of the following criteria: (a) species with more than 50% of the data
below MDL were excluded; (b) any missing values were replaced with the median of each variable; (c) for
the signal-to-noise (S/N) ratio, variables with ratios of 0.2 ≤ S/N< 1 were set as “weak” species, while the rest
were categorized as “strong” species (S/N> 1)[Heo et al., 2009; Richard et al., 2011; Yu et al., 2013]; (d) the per-
centage of missing data; (e) exclusion of variables with noisy or outlier data—the PM2.5 mass was also cate-
gorized as weak so as not to affect the PMF solution; and (f) the stability of the bootstrap replicate data to the
base run. The base model run was executed to find the global Q value minima with different numbers of fac-
tors. A detail of the selection of the number of factors is reported in the supporting information. After
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increasing and decreasing the number of factors, a procedure introduced by Fang et al. [2015], there was no
complete separation of the coupled sources as demonstrated in Figure S1. The rotation function Fpeak was
also considered in the range of �1.0 to 1.0, and Fpeak = 0 was accepted to further evaluate the results as
the unrotated output was deemed reasonably meaningful (Figure S2). Therefore, we decided that the
seven-factor solution was the most physically meaningful after we carefully considered the five-, six-, and
seven-factor solutions (Figures S3–S8). A more detailed discussion of the methodology and optimization of
the number of factors can be found in the supporting information [Brown et al., 2015; Fang et al., 2015;
Ogulei et al., 2006a, 2006b; Paatero et al., 2014].

2.4. Backward Trajectories, Potential Source Contribution Function and Local Circulation, and
Aerosol System

The backward trajectories (BTs) were calculated in order to identify the transport pathways of air masses to
the sampling site. The Hybrid Single-Particle Lagrangian Integrated Trajectory version 4.9 (HYSPLIT 4.9) was
used to calculate the 120 h air mass BT [Rolph, 2015]. Mean clusters as well as integrated BT are shown in
Figures 2a and 2b, respectively.

The basic PSCF can be defined with the following equation [Ashbaugh et al., 1985; Hopke et al., 1995; Malm
et al., 1986]:

PSCFij ¼ mij

nij
(9)

For a gridded cell i by j array, nij is the number of endpoints which fall into the ijth cell andmij is the number of
endpoints among the nij corresponding to the trajectories that arrive at the receptor location with the

Figure 2. Backward trajectory (BT) for 120 h starting from 16:00 UTC and released at the height of 500m coupled with
(a) biomass fire hotspots, (b) pressure gradient, (c) mixing depth (m), and (d) a depiction of wind speed and wind direction
in summer 2014.
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concentration of the pollutant exceeding a predefined threshold value. To minimize the influence of the grid
cells with small nij, an arbitrary weighted function was created to reduce the PSCF values for the particular
cells [Hopke et al., 1995; Xie et al., 1999]. For this study, we divided the region of interest into areas of
0.5° × 0.5° resolution covered by the trajectories. The potential sources of PM2.5 are likely to demonstrate a
location with a high PSCF value due to the transport of PM2.5 by an air parcel to the sampling site.
Furthermore, the PSCFs are used to identify the likely source regions and pathways of distant pollutants
sources as described by Ashbaugh et al. [1985], Begum et al. [2005], Hopke et al. [1995], Malm et al. [1986],
and Zeng and Hopke [1989]. Several researchers have successfully applied PSCF to infer source regions
[Begum et al., 2005; Choi et al., 2013; Heo et al., 2009; Zhang et al., 2013].

HYSPLIT was run for every day in the sampling period, from 24 June to 12 September 2014. The 48 h trajec-
tories with a 1 h interval were selected. The increase of trajectory duration during the entire period may have
led to an unrealistic source location. Further, a weighting function Wij was multiplied by the PSCF value to
reduce the effect of large ratios with high uncertainty in grid cells resulting from small values of nij:

W ij ¼

1 9 < nij

0:9 8 < nij ≤ 9

0:8 7 < nij ≤ 8

0:7 8 < nij ≤ 7

0:6 7 < nij ≤ 6

0:5 6 < nij ≤ 5

0:4 5 < nij ≤ 4

0:3 4 < nij ≤ 3

0:2 3 < nij ≤ 2

0:1 2 < nij ≤ 1

8>>>>>>>>>>>>>>>>>>><
>>>>>>>>>>>>>>>>>>>:

9>>>>>>>>>>>>>>>>>>>=
>>>>>>>>>>>>>>>>>>>;

(10)

Figure 3. (a) Time series of 24 h mean concentration of PM2.5, relative humidity, ambient temperature, and precipitation
and (b) a correlation plot of PM2.5 (HVS) with PM2.5 (Grimm).
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Aerosol optical depth (AOD) at 550 nm was downloaded from the Giovanni web portal of the National
Aeronautics and Space Administration. This is the daily level 3 data from the Moderate Resolution Imaging
Spectroradiometer (MODIS) Terra and Aqua (dark target; MOD08_D3 v051) for June–September 2014, with
a spatial resolution of 1° × 1°. To obtain the climatology of the mean AOD representing the Malaysian
Peninsula region, the area average of the AOD data at 80°E–130°E,�15°N–30°N was first calculated and then
was averaged across time. The 10m above surface wind vector data with a resolution of 0.25° × 0.25° were
downloaded from European Centre for Medium-Range Weather Forecasts website, and the climatological
mean of the wind vector for the same period was calculated and overlaid on the AOD data as shown in
Figure 1b. The AOD around the sampling site was lower compared to the South Sumatra region. During this
period, wind predominantly blew from the southwest region. Therefore, our hypothesis is that the downwind
area source could influence the aerosol pollution at the sampling site. Also, the boundary layer height (BLH) is
slightly higher in North Sumatra and nearly the same in South Sumatra when compared to the sampling
region (Figure 1c).

3. Results and Discussions
3.1. Atmospheric Aerosol Load and Impact of Backward Trajectories and Meteorological Factors

Figure 3a shows the variation of PM2.5 concentration with respect to rainfall, relative humidity, and
temperature. The concentration of PM2.5 was relatively high in the fourth week of June and then dropped
during the first week of July. The concentration of PM2.5 slightly increased again during the first and
second weeks of September, and the precipitation was inversely proportionate to the level of PM2.5.
During the southwest monsoon, the relative humidity was lower than 90%. The temperature was found
to vary in the range of 26–32°C. Rainfall events in this season were relatively short, as shown in
Figure 3. The climate in SEA is strongly influenced by the changes in the monsoonal seasons [Juneng et al.,
2009, 2011]. The local climate can be divided into four different seasons: (i) southwest monsoon
(June–September), (ii) northeast monsoon (December–March), (iii) intermonsoon I (April–May), and (iv) inter-
monsoon II (October–November).

During the southwest monsoon, which is usually associated with the dry season, a high density of biomass
fire or wildfires hotspots were reported in the upwind of the sampling location [Khan et al., 2015a, 2015b,
2015c, 2016a; Sahani et al., 2014]. The dominant boundary-transported air was from the South Sumatra
region. This was largely due to the local wind pattern, which was predominantly southwesterly as shown in
Figure 2d, in addition to the fire hotspots, which were densely distributed in the BT region. The wind rose plot
was consistent with the responses of the BT. During the northeast monsoon, which usually corresponds to
the wet season, the wind was predominantly blowing from the northeast direction, from the South China
Sea. This northeasterly wind would bring along a large amount of moisture from the ocean, which would
have caused heavy rainfall over the east coast region of Peninsular Malaysia.

As shown in Table 1, the PM2.5 concentration varies from 6.64 to 68.2μgm�3 with a mean value of
18.3μgm�3. The 24 h average concentration of PM2.5 was lower than the 35μgm�3 U.S. EPA National
Ambient Air Quality Standard (NAAQS), the 25μgm�3 WHO 24h guideline, and the 75μgm�3 24 h the
New Malaysia Ambient Air Quality Standard (NMAAQS) for PM2.5 (Interim 1-2015). However, the results
showed that 8%, 18%, and 3% of the PM2.5 samples exceed the NAAQS, WHO guideline, and NMAAQS,
respectively. Khan et al. [2016a] reported a higher mean concentration of PM2.5 (22.15 μgm

�3) during the
2013 dry season for the same site (UKM, Bangi). Higher PM2.5 concentrations during the dry period in 2013
were due to the occurrence of a strong haze event [Forsyth, 2014]. In 2014, the haze event was not as severe.
Studies conducted in other cities in Peninsular Malaysia during the same season showed varied concentra-
tions. For example, the west of the peninsular showed higher concentrations, while sites on the east coast
of the peninsular reported lower concentrations of PM2.5 [Keywood et al., 2003; Mohd Tahir et al., 2013;
Rahman et al., 2011]. In comparison to other Asian cities during the dry southwest season, the PM2.5 concen-
trations in this study were much lower. The PM2.5 concentration was 50μgm�3 for Bangkok, 168μgm�3 for
Beijing, 46μgm�3 for Chennai, 53μgm�3 for Bandung, 44μgm�3 for Manila, and 124μgm�3 for Hanoi
based on the samples collected in 2001–2004 as reported by Kim Oanh et al. [2006]. However, the PM2.5

concentrations in the urban area of Bandung and the suburban location in Lembang of Indonesia were much
lower compared to this study [Santoso et al., 2008].
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3.2. Diurnal Variations of PNC, Particle Mass, Gases, and Meteorological Factors

The diurnal variations of temperature, wind speed, and pressure are presented in Figure 4a. Ambient tem-
perature (°C) gradually increased from 21 to 22°C at 8.00 LT to reach a peak of 34°C at 16:00 LT and returned
to 21–22°C from 20:00 to 8:00 LT. The wind speed (m s�1) followed a similar unimodal distribution to ambient
temperature. However, the pressure gradient showed a bimodal variation over a day. The high pressure was
high at 11:00, while low-pressure region occurred at 17:00. The above diurnal scenarios are interrelated and
largely govern the concentration of aerosol pollutants. The diurnal variations of particle mass and PNC show
that the concentration of the aerosol particles decreased to the lowest level at about 15:00 and reached an
apex at about 01:00. Three factors are significant in explaining the high concentration of particle mass and
PNC: (i) sea-land breeze bringing clean air during the daytime; (ii) the boundary layer mixing height, which
usually increases in the middle of the day and leads to a reduced level of pollution; and (iii) the high wind
speed at about 3m s�1, which disperses the aerosol pollution. The diurnal variations of CO and NO2 showed
two peak hours of 08:00–09:00 and 20:00–23:00. The peak in the morning clearly reflects the traffic rush hour,
whereby the emissions from traffic largely contributed to the high concentrations of CO and NO2. However,
there were three possible reasons for the peak in the evening, namely, (i) the evening rush hour, (ii) lower
wind speeds, and (iii) the reduction of the mixing height. Over the 24 h, the concentration of SO2 did not
show any significant diurnal variation. However, the O3 level showed a large variation during the middle of
the day (13:00–18:00), at a point where the intensity of the UV light is the greatest. Secondary O3 can be
formed in ambient air in the presence of NOx, hydrocarbons, and UV light.

3.3. Chemical Composition of PM2.5

In Table 1, the 24 h average concentrations of carbonaceous and inorganic aerosol are presented. The
major ions were NH4

+, K+, Ca2+, and Na+, while dominant trace species were Zn, Al, Mg, and Fe. The aver-
age concentrations of OC and EC were 4.63 (0.73–36.3) and 1.51 (0.52–3.35)μgm�3, respectively, with an
average OC/EC ratio of 2.97 (range of 0.55–11.2). The 24 h concentration variations of OC1, OC2, OC3,
OC4, OP, EC1-OP, EC2, and EC3 are shown in Figure 5. The concentrations of OC2 and OC3 were high
on 24–28 June, 31 July to 2 August, and 10–12 September. OC3 was about 31% of the total OC, and

Figure 4. Diurnal cycle of (a) wind speed, temperature, and pressure; (b) PNC and particle mass concentration estimated
(TSP, PM10, PM2.5, and PM1); and (c) reactive gases (CO, NO2, O3, and SO2).
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97% of EC was EC1-OP. The OP value was relatively high during 24–28 June, which is retained to provide
resolution in the thermal optical split of OC and EC. As shown in Figure 2, the mixing depth during the
dry season was about 200–400m, which enhanced the high concentrations of the OC, EC, and OP. In
addition, the stable atmospheric conditions during this time resulted in minimal dispersion of the aerosol.

As shown in Table 2, the average 24 h concentration of the estimated SOC was 3.91μgm�3 with a range of
0.37 to 34.6μgm�3, which is 85% of the total OC. Thus, the remaining 15% of OC may have been released
from primary combustion sources. Malm et al. [1994] and Mancilla et al. [2015] applied a factor of 1.4 to con-
vert OC to organic matter (OM). Turpin and Lim [2001] also suggested a value of 1.6� 0.2 for urban sites. In
addition, a moderate correlation between CO and SOC (R2 = 0.69, p< 0.01) suggests that the generation of
SOC influences the emission of CO. The observation from Figure S9 is that OM and SOC proportionally covaried
in June and July but that the concentration of SOC was almost stable in both August and September. The sur-
face temperature was shown to be lower in these 2months when compared to temperatures in June and July
2014 (Figure 3). The intensity of the biomass burning usually depends on the number of hotspots and the dry
conditions. In 2014, this dry period was at its apex during June and July compared to August and September.

3.4. Correlation Among the Major Variables and the Mass Size Distribution of Aerosol Particles

Figures 6a–6l illustrate the correlations of PNCwith CO and NO2 for day (6:00 A.M. to 6:00 P.M.) and night data
(6:00 P.M. to 6:00 A.M. the next day). The night data set of PNC-CO shows strong colinearity when compared
to the day data points. However, the night data points of PNC-NO2 do not show any consistent linearity. As
shown in Figure 6, both OC and EC were significantly associated but poorly correlated (R2 = 0.33, p< 0.01),
suggesting that these two variables were not emitted consistently from a similar source. The mean OC/EC
ratio was 2.97 with a range of 0.55 to 11.2. Other researchers have reported varied ratios of OC/EC. For exam-
ple, a summertime ratio of 1.8 was reported for the urban site Chengdu City, China [Tao et al., 2013], and a
range of 1.3 to 3.9 for the OC/EC ratio during the summer in Rome, Italy [Lonati et al., 2008]. Studies by
Cachier et al. [1989] andWatson and Chow [2001] suggested ratio values of OC/EC of 2.7, 1.1, and 9.0 for coal
combustion, motor vehicles, and biomass burning, respectively. The highest value recorded for OC/EC was
14.4, as reported by Watson and Chow [2001], which represents the contribution from biomass forest fire
sources. A similar observation was made by Cong et al. [2015]. Fujii et al. [2016] proposed ratio values of
OP to OC4 to represent biomass burning from Indonesian peat fires, which is a widely recognized contributor

Figure 5. Time series of carbonaceous aerosol compositions (OC1, OC2, OC3, OC4, OP, EC1-OP, EC2, and EC3).

Table 2. The Estimated Mass Fraction of SOC and OM in μgm�3

Variables Mean Minimum Maximum STDa

SOC 3.91 0.37 34.6 5.86
OM 6.49 1.07 50.9 8.48

aSTD stands for standard deviation.
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to aerosol pollution in the SEA region. Their study identified biomass burning as a haze event if OP/OC4> 4
and a nonhaze event for OP/OC4< 2. In this study, the average ratio of OP to OC4 was 1.48 with a range of
0.39 to 12.6. Between 24 and 30 June 2014, the OP/OC4 ratio was greater than 4 during a few sampling days,
which clearly shows the appearance of haze on those days. Our average ratio of OP to EC was 0.68 with a
range of 0.08 to 3.61, which also indicates that there were hazy days. Similar ratios were also reported by
Kondo et al. [2011] in rural Guangzhou and Beijing and in Bangkok during biomass burning periods
(0.23–0.28). They observed that the ratio of OP/BC was 0.04–0.08 in Tokyo, Jeju Island, and Bangkok during
nonbiomass burning periods. Therefore, the observation from our results clearly demonstrates that some
of the sampling days were greatly influenced by biomass burning sources. Non sea-salt K+, Ca2+, and SO4

2�

(nss-K+ = [K+]� [0.036 ×Na+], nss-Ca2+ = [Ca2+]� [0.038 ×Na+], and nss-SO4
2�= [SO4

2�]� [0.252 ×Na+])
were estimated following the procedure explained by Remoundaki et al. [2013] and Terzi et al. [2010].
Correlation among them and others are demonstrated in Figures 6a–6k. As shown in Figure 6f, the strong

Figure 6. Correlation plots of PM2.5 compositions, PNC, and size distribution of particle mass on basis of month and day of the week.
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correlation between nss-K+ and EC (R2 = 0.94) supports the above argument. K+ is a tracer widely reported in
the literature as representing the biomass burning source [Dai et al., 2013; Heo et al., 2009; Rahman et al.,
2011; Jun Tao et al., 2013]. As shown in Figure S10, SOC and CO showed a moderate correlation (R2 = 0.69).
EC and CO showed a poor correlation (R2 = 0.40; Figure S11). Thus, the results of the correlation pairs indicate
that motor vehicles have a moderate impact on the formation of SOC. However, a large portion of EC might
be released by the biomass burning source during the dry season at this location. The strong correlation
between nss-Ca2+ and OC indicates that they might link to a common source, but poor correlation between
nss-Ca2+ and EC indicates a different origin for these variables. PM2.5, captured by HVS, was moderately cor-
related (R2 = 0.69) to PM2.5 estimated by the Grimm Environmental Dust Monitor (Grimm180, Grimm Aerosol
Technik, Germany). However, the correlation of the pair was significant (p< 0.05) as is shown in Figure 3b.
Figures 6k and 6l show the size distribution of mass concentration by month and day of the week, respec-
tively. The mass distribution of the smaller fraction (<300 nm) in July was stable compared to the standard
deviation of the mass distribution in August. However, there was a shift of about 100 nm in mass mean dia-
meter (MMD) to the coarse fraction of particulate matter in July 2014. On the other hand, the MMDwas stable
in fine and coarse modes for the comparison of the day of the week, excluding the MMD on Monday in the
fine mode.

3.5. Source Apportionment by PMF 5.0 Receptor Modeling
3.5.1. Seven-Factor Solution for PM2.5 Composition Data Set
To determine the source profiles for PM2.5 at this site, U.S. EPA PMF 5.0, a robust receptor model, was applied
using a data matrix of 39 × 33 (data points × variables). An optimum of a seven-factor result was chosen based
on the most physically meaningful profiles. In the PMF solution, the fij matrix shows the “weight within the
factor” of the constituents. Together with the dimensionless fij matrices, an “explained variation” (EV) shows
the variance in the raw data set accounted for each factor [Beddows et al., 2015]. Comparing the five-, six-, and
seven-factor solutions, the major common sources were biomass burning coupled with sea salt, road dust
and industrial emissions, coal-fired combustion, secondary inorganic aerosol (SIA) coupled with the F�,
and motor vehicle emissions coupled with sea salt. The final seven factors identified were (i) biomass burning
coupled with sea salt [I], (ii) aged sea salt andmixed industrial emissions [I], (iii) road dust and fuel oil combus-
tion, (iv) coal-fired combustion, (v) mineral dust, (vi) SIA coupled with F�, and (vii) motor vehicle emissions
coupled with sea salt [II], as demonstrated in Figure 7. Our results showed that the measured PM2.5 concen-
trations and the predicted PM2.5 were in good concordance (slope = 1.055, R2 = 0.89; Figure 8a).
3.5.1.1. Factor 1: Biomass Fire Factor Coupled With Sea Salt [I]
The biomass burning factor was characterized by the presence of K+, Ca2+, Na+, Cl�, NO3

�, and EC. K+ is com-
monly used as a tracer for the biomass burning source [Dall’Osto et al., 2013; Kim and Hopke, 2007; Mustaffa
et al., 2014; Wahid et al., 2013]. Locally, a similar indication was used for the biomass burning source. For
example, K in PM2.5 measured by particle-induced X-ray emission was used for Kuala Lumpur [Rahman
et al., 2011]; K+ by IC on the east coast of Malaysia [Mohd Tahir et al., 2013]; and K+ by IC [Amil et al., 2016;
Khan et al., 2016a] for Kuala Lumpur and Bangi, Malaysia. Each year between June and September,
Malaysia experiences dark haze episodes due to the burning of agricultural waste as well as natural forest
fires in Indonesia. During this event, which sometimes prevails for several weeks, there were high concentra-
tions of aerosol pollution and an associated reduction in visibility. A strong correlation (R2 = 0.94) between
nss-K+ and EC verified that the tracers were released due to biomass burning. Zhang et al. [2010] also
explained the biomass burning source as having a high contribution to EC. Other studies have also identified
a biomass burning source of PM2.5 with K, OC, and EC as tracers [Hasheminassab et al., 2014; Heo et al., 2009].
The ratio of OC/EC to this factor is 0.76. This value is much lower compared to the values of 1.2, 2.64, and 5.5
reported for the biomass burning source by Cheng et al. [2014], Cheng et al. [2011], and Crutzen and Andreae
[1990], respectively. The BT analysis showed that the air mass was dominantly transported from the south-
west region with the southwesterly wind originating from the biomass burning-prone areas. Meanwhile,
the outdoor biomass fire count/locations traced by MODIS Aqua and Terra satellites appeared to relate to
haze in SEA and neighboring regions, as shown in Figure 2a. Reid et al. [2013] reported a high intensity of fire
counts in Indonesia during September, while Khan et al. [2015c] reported many hotspots in Thailand,
Vietnam, and Laos during January to March. Chang and Song [2010] also reported that fire emissions were
mainly concentrated in the same region, i.e., Indonesia, Thailand, Myanmar, and Cambodia. Biomass burning
in Asia is the predominant source of trace gas and particulate matter. However, the season of biomass fires in
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Asia varies with the region. China was found to contribute 25% to the total biomass burning in Asia [Streets
et al., 2003] with Heilongjiang Province reported to have been seriously affected by forest fires between the
years 2000 and 2011 [Yang et al., 2013]. In addition, the suburbs of Shenzhen and the city center of Beijing
were also reported as affected by biomass burning sources [Dai et al., 2013; L. Yu et al., 2013; Zhang et al.,
2013]. Seneviratne et al. [2011] reported that the main emission source for particulates in Colombo, Sri

Figure 7. Source profiles of PM2.5 predicted by PMF version 5.0.
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Lanka, was biomass burning. In addition to biomass burning, this factor profile was also dominated by the
Na+ and Cl� with 20% and 51% EVs, respectively, which supports the inclusion of a sea salt source. Overall,
this factor contributed 7% of the estimated PM2.5 concentration, as shown in Figure 8b.
3.5.1.2. Factor 2: Aged Sea Salt and Mixed Industrial Emissions
The aged sea salt factor was suggested by the dominance of Na+ and NH4

+ with Cl� loss due to the displace-
ment by acidic atmospheric gases. Studies by Amil et al. [2016], Khan et al. [2016a], Khan et al. [2010b], and
Mohd Tahir et al. [2013] described chlorine deficiency under humid and high-temperature conditions. The
aged sea salt factor was also identified by Hasheminassab et al. [2014], Kim and Hopke [2004], and
Ramadan et al. [2000], who based this on the theory that the chlorine contribution to the aged sea salt factor
is negligible. Studies by Khan et al. [2010b] and Lestari and Mauliadi [2009] identified the following reaction
(equation (11)) behind the loss of Cl� for Japanese and Indonesian sites, respectively:

H2SO4 aqð Þ þ 2NaC1 aqð Þ→Na2SO4 pð Þ þ 2HC1 gð Þ (11)

Song and Carmichael [1999] introduced the above mechanism which explains that the chlorine is depleted as
sea salt reacts with the atmospheric gases, i.e., HCl and H2SO4, during transport when emitted from distant
point sources. This source was predominant in the fourth week of June and the first week of September
2014 and accounted for 12% of the estimated PM2.5 concentrations. In addition to sea salt tracers, this profile
was dominated by Mn, Mg, V, As, Cs, and Cu. These metals are emitted by a range of industries such as metal-
manufacturing industries and power plants [Minguillón et al., 2014]. Overall, this source contributed to 5% of
the estimated PM2.5 concentrations.
3.5.1.3. Factor 3: Road Dust and Fuel Oil Combustion
Having a similar contribution to the estimated PM2.5 concentrations as biomass fire at 7% this factor was char-
acterized by high concentrations of Pb, Cu, Se, Cd, Al, Zn, and Co. Pb is seen in the literature as a tracer of
motor vehicle sources [Choi et al., 2013]. Although Pb had previously been added as an additive to gasoline
fuel, this practice has been phased out in Malaysia since the 1980s. Consequently, Khan et al. [2016a] argue
that Pb does not reflect the emissions from engine combustion but instead indicates non-exhaust traffic
sources. Furthermore, the Pb source of PM2.5 in Kuala Lumpur was detected in soil dust that had been con-
tributed to by road dust [Rahman et al., 2011]. Meanwhile, Tao et al. [2014] identified Pb in coal combustion.
Cu is also associated with road dust released from nonexhaust car sources [Amato et al., 2011; Khan et al.,
2016a], while Wåhlin et al. [2006] identified Cu to be emitted from the brake wear or the brake
pads/tailpipes of cars. This profile was also dominated by Ni and V; both are widely known to be released
by the combustion of heavy engine oil [Police et al., 2016; Vallius et al., 2005]. The V and Ni in this context were
mainly released by shipping emissions, refining of crude oil and industrial power plants using heavy oil
[Minguillón et al., 2014].
3.5.1.4. Factor 4: Coal-Fired Combustion
The dominant presence of As, Bi, OC, and OP can be classified as a coal-fired combustion source. The EV for
As, Bi, OC, and OP to this factor was 66%, 68%, 50%, and 46%, respectively. As is the major species released
into atmosphere from coal-fired power plants [Khan et al., 2016a; Meij and te Winkel, 2007; Moreno et al.,
2013; Querol et al., 1995], there are several coal-fired power plants installed on the west coast of Malaysia.
During the southwest monsoon season, the synoptic wind will predominantly blow from the southwest
direction. Thus, the nearby power plants may well influence the emission of As, along with other low-
concentration marker species. The ratio of OC/EC to this factor is 7.3, which is higher compared to the back-
ground minimum ratio of 0.55, as reported in the previous section. The value is also higher compared to 5.6,
2.97, and 2.70 for coal combustion, coal-fired boilers, and the residential coal burning source, as reported by
Huang et al. [2006], Watson et al. [2001], and Zhang et al. [2009], respectively. However, it is still low com-
pared to the value of 12.0 for the OC/EC ratio representing the coal combustion source as reported by
Cao et al. [2003]. With an overall account of 25% of the estimated PM2.5 concentrations, this factor is the lar-
gest contributor to PM2.5 at the site during the southwest monsoon season with a dominant influence in the
fourth week of June 2014.
3.5.1.5. Factor 5: Mineral Dust
This factor profile was enriched predominantly by the Mg2+ (70% of EV) followed by the small EVs of Na+, Ba,
Cu, and K+ at 19%, 14%, 12%, and 11%, respectively. Mg2+ can be resuspended into ambient air frommineral
dust sources. Mineral dust contributed 8% of the estimated PM2.5 concentrations. This source was pro-
nounced in the week 1 of 2014, as demonstrated in Figure 8c.
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Figure 8. (a) A correlation of the estimated PM2.5 by PMF 5.0 and observed PM2.5 (HVS), (b) contribution of each source by the
percentage (UD: undefined), and (c) time series of the source-specificmass concentration of PM2.5 predictionby PMF version 5.0.

Journal of Geophysical Research: Atmospheres 10.1002/2016JD025894

KHAN ET AL. AEROSOL LOAD IN TROPICAL MONSOON SEASON 14,605



3.5.1.6. Factor 6: SIA Coupled With F�

The SIA was characterized by NH4
+, F�, and SO4

2�. Strong solar radiation during the dry season may trigger
the oxidation of SO2 to SO4

2�, as observed by Querol et al. [1999] during the summer season. nss-SO4
2� was

estimated at 1.95μgm�3 (98% of the total SO4
2�), suggesting that the dominant source of sulfate and its pre-

cursors originated from anthropogenic sources. Anthropogenic SO2 is predominantly released from the point
sources [Heo et al., 2009], where industrial combustion plays a vital role in the release of SO2 into ambient air.
NH4

+ is formed in the atmosphere from the precursor gas NH3. Meanwhile, Police et al. [2016] reported that
the airborne F� is mostly emitted in gaseous form and released from anthropogenic sources. However, F�

was detected in PM2.5 particulate form, and this might be due to the phenomenon of gas-to-particle conver-
sion. Several researchers have reported SIA in PM2.5 in Beijing [Zhang et al., 2013], Lisbon [Almeida et al., 2005],
New Taipei City [Gugamsetty et al., 2012], and northern Vietnam [Hang and Kim Oanh, 2014]. Overall, this fac-
tor accounts for 15% of the PM2.5 estimated concentrations and showed a dominant presence during early
September 2014 (Figure 8c) with the highest contribution on 28 August 2014.
3.5.1.7. Factor 7: Motor Vehicle Emissions Coupled With Sea Salt [II]
Themotor vehicle emission source was characterized by the presence of Fe, Mn, Mg, EC, OC, OP, Na+, and Cl�.
The compositions of this factor profile are significant signatories to both traffic combustion and noncombus-
tion sources. EC and OC are widely used as markers of motor vehicles [Amato et al., 2014; Khan et al., 2010a,
2010c; Song et al., 2006]. ECmight be released into ambient air as result of the incomplete combustion of fossil
fuel. The EC/OC ratio value was 0.51 (0.09–1.82), which wasmuch higher than the 0.03 ratio value obtained for
biomass burning [Chen et al., 2011]. Based on sampling site background, the emissions of EC and OC in this
study were comparatively similar to the emission factors for diesel and gasoline as calculated in Minnesota,
USA [Chen et al., 2011]. Thus, the combustion of gasoline and diesel were both found to contribute to this fac-
tor profile. The OC/EC ratio (to this factor) was 0.85, which is comparable to the values of 0.88 and 1.1, as
reported by Watson et al. [2001] and Zhang et al. [2009], respectively, for vehicular combustion sources.
Thus, it is notable that the ratio of OC/EC obtained in this study is similar to the ratio for the motor vehicle
source obtained from other studies. The ratio of OC/EC is also comparable to the 0.55 background minimum
ratio of OC/EC, reported in the previous section. Hence, the ratio of OC/EC strongly supports that this factor
profile represents the background emissions from motor vehicle combustion, i.e., local transportation.
Further, the concentration and pattern of CO (as described in the previous section) represent a proxy for emis-
sions frommotor vehicles. As shown in Figure S12, the covariation of CO showed that the assignment of com-
bustion factor is consistent with the elevated concentrations of CO. Meanwhile, the presence of Fe and Mn
was predominantly determined as being derived from non-combustion origins. This factor profile was also
dominated by Na+ and Cl� with 21% and 32% of EV, respectively, which supports the influence of marine
aerosol. Overall, this factor is the second largest contributor to the PM2.5 at the site during the dry season with
24% (of the estimated PM2.5) and demonstrated a pronounced concentration in July and September 2014.

3.6. Transboundary Impact From SEA and Tracing the Source Regions

Figure 9 shows the distribution of the PSCF value of the PM2.5 sources identified by PMF 5.0. The days with the
highest concentrations of PM2.5 contributing to factor 1 to 7 were selected. The 48 h BTs for the selected days
were then calculated and compared to the total integrated BT for the sampling period. The PSCF results
showed that the region with a high probability of being the origin of factor 1 is the North Sumatra area with
an influence of air mass originating from the ocean. Also, high numbers of hotspots are located in the
Sumatra region during the dry southwest monsoon. A strong fire intensity was also observed in the above
region representing a strong magnitude of fire counts. As shown in Figure 2a, these satellite-detected fire
counts are not only confined to the burning of agricultural waste and forest fires but also the smoke emitted
from the spontaneous smoldering combustion of peat soil. The combined effect of the two fire sources serves
to magnify the aerosol pollution during the dry southwest monsoon in Malaysia and its neighboring coun-
tries. It is presumed that there is a greater accumulating effect on PM2.5 as it can be transported to intercon-
tinent locations. El Niño is most likely to play major role behind this as it predominantly brings dry weather to
SEA, as suggested by Satterfield [2015]. This dry weather usually makes the overall situation of aerosol pollu-
tion far worse. Overall, Figure 1a demonstrates that the emission of PM2.5 per year was significantly higher in
Jakarta, the capital city of Indonesia. The BLH on the trajectories, as well as the gridded region, showed that
the concentration of aerosol at the sampling site and in South Sumatra was largely concentrated in the
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comparatively thick BLH. Factor 2 was seen to be influenced by the air mass transporting from the ocean.
Factors 3 and 4 were governed by the Malacca Strait. Factor 3 was influenced by a local factor as well as
the air masses from the Malacca Strait. The local factor was either combustion of heavy oil in shipping activ-
ities and/or several power plants along the coast of the Malacca Straits, which uses heavy oil to produce elec-
tricity. As for factor 4, the presence of petroleum refineries and coal-fired power plants on the west coast of
Malaysia is likely to be the reason. The air mass travelling from South Sumatra might carry the mineral dust
and that is a potential contributor to factor 5. The sources of factor 6 were found in the local area. As for factor
7, the sources were mainly influenced by both local and transboundary areas.

4. Conclusions

This study focused on the physicochemical properties of aerosols and the combined measurements of in situ
and gravimetric mass, satellite data, and SA techniques. During the southwest monsoon, the transport of air
masses originating or passing over the islands of Sumatra and Kalimantan region, areas with the largest num-
ber of biomass burning or wildfire hotspots, potentially impacted on the severe haze episodes in Malaysia.
The air mass transports from the downwind region and the prevalence of lower mixing depths and low atmo-
spheric pressure govern the concentration of PM2.5 at this study area. The results showed that the range of
24 h average concentrations of PM2.5 was 6.64μgm

�3 to 68.2μgm�3. The predominant ions and trace spe-
cies were found to be NH4

+, K+, Ca2+, Na+, Zn, Al, Mg, and Fe. The results of SOC estimation, by applying the
minimum ratio of OC to EC (0.55), showed that the largest fraction of total OC was SOC, and the remaining OC
may have been released from primary combustion sources. Furthermore, the appearance of haze was clearly
observed on 24–30 June 2014, with a high OP/OC4 value (>4). The results of the correlation analysis
between nss-K+ and EC indicated that EC tends to be emitted from the biomass burning-prone areas.
Seven sources were identified by the PMF SA technique. The contribution of the seven factors follows the
trend coal-fired combustion>motor vehicle emissions coupled with sea salt [II]> SIA coupled with the
F�>mineral dust> biomass burning coupled with sea salt [I], road dust and fuel oil combustion> aged
sea salt and mixed industrial emissions. The results of the PSCF and the HYSPLIT model suggest that the

Figure 9. PSCF modeled for each of the PM2.5 source prediction by PMF version 5.0. The symbol of triangle represents the sampling station.
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outline of source regions were consistent to the predicted sources by PMF 5.0. The PSCF successfully repro-
duced the impact of biomass burning from Sumatra, maritime sea salt, local activities, point sources at the
west coast of Peninsular Malaysia, and the emission of traffic from local and transboundary areas that were
clearly affecting the concentration of PM2.5 in a tropical site during the summer monsoon.
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