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Abstract Toxic elements present in airborne particulate mat-
ter (PM) are associated with human health effects; however,
their toxic characteristics depend on the source of their origins
and their concentrations in ambient air. Twenty four elements
(AL, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, K, Li, Mg, Mn,
Na, Ni, Pb, Se, Sr, Te, Tl, and Zn) in 12 different size fractions
of PM ranging from 10 nm to 10 um were characterized in
Singapore during two different atmospheric conditions
(smoke haze and non-haze periods) in 2012 for the first time.
In addition, their possible sources were identified based on
backward air trajectory analysis and principal component
analysis (PCA). The health implications of inhalable particles
were assessed using a human airway deposition model, the
Multiple-Path Particle Dosimetry model (MPPD). The results
concerning particle-bound trace elements are interpreted in
terms of coarse (PM,s5_1(), fine (PM, 5), ultrafine (PM ¢,
—0.1» 0.01 um<Dp<0.10 um), and nano (PMg g1-0.056,
0.01 um<Dp<0.056 pum) particles. The ratios of elemental
concentrations measured between the smoke haze episode and
the non-haze period in coarse, fine, ultrafine, and nano parti-
cles varied from 1.2 (Bi) to 6.6 (Co). Both the PCA and
backward trajectory analysis revealed that trans-boundary
biomass-burning emissions from Indonesia were primarily
responsible for enhanced concentrations of particulate-bound
elements during the smoke haze episode. The particle deposi-
tions in the respiratory system were higher during the smoke
haze episode compared to the non-haze period. The study
finds that ultrafine and nano particles present in the atmo-
sphere have higher tendencies to be deposited into the deeper
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parts of the respiratory system, compared to coarse and fine
particles.
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Introduction

Particulate matter (PM) is a mixture of chemical constituents
that have both natural and anthropogenic origins (Fang et al.
2005; Behera and Sharma 2010; Khare and Baruah 2010).
Among the constituents of PM, some trace elements are
potentially toxic in nature. For example, even in lower con-
centrations, particulate-bound Cd, Cr, Cu, Fe, Mn, Ni, Pb, and
Zn can cause harmful health effects among exposed individ-
uals on a short-term and/or long-term basis depending on
many factors, including their inherent toxicity, concentrations,
time, duration, and place of exposure. Toxicity studies in the
past confirmed that elements associated with ambient PM
catalyze the formation of reactive oxygen species (ROS),
leading to oxidative stress, and the production and release of
inflammatory mediators by the respiratory tract epithelium
(Carter et al. 1997; Ghio et al. 1999; Wilson et al. 2002;
Mura’nszky et al. 2011).

In the past, several studies characterized trace elements in
fine particles (PM, s; PM with aerodynamic diameter (AED)
<2.5 um) and coarse particles (PM, 5-1¢) in different urban
environments (Kim et al. 2003; Koulouri et al. 2008;
Clements et al. 2014). Recent studies indicated that ultrafine
(PMy,;) and nano (PM,s) particles play a major role in
triggering a series of health problems, including premature
death, aggravated asthma, and chronic bronchitis, due to their
ability to penetrate easily into the alveolar region of the lungs
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(Asgharian and Price 2007; Martins et al. 2010; Sioutas et al.
2005; Russell and Brunekreef 2009; Leiva et al. 2013; Farina
et al. 2013). Therefore, it is essential to characterize size-
resolved particulate elements (specifically ultrafine and nano
particles) and assess their potential health effects through its
deposition mechanisms inside the human body.

The frequent occurrence of forest and peatland fires in
Indonesia due to land-clearing activities releases large
amounts of PM with unique chemical compositions into the
atmosphere (Balasubramanian et al. 2003; Abas et al. 2004;
Hyer and Chew 2010; See et al. 2006, 2007; Betha et al. 2013;
Reid et al. 2013). The resultant particulate emissions undergo
trans-boundary transportation, and are transformed into re-
gional smoke haze episodes affecting several neighboring
countries in Southeast Asia (SEA), most notably Singapore,
Malaysia, Indonesia, and Thailand (Heil and Goldammer
2001; Reid et al. 2013). The frequent occurrence of
biomass-induced smoke haze episodes in SEA during dry
seasons with elevated PM levels is a matter of public health
concern in view of a high population density situated in this
region (Balasubramanian et al. 1999, 2003). Smoke haze
episodes also occur in other parts of the world, such as
China, India, USA, and South America, and have therefore
received considerable attention because of their impacts on
atmospheric visibility, cloud formation, and even global cli-
mate (e.g., Menon et al. 2002; Nel 2005; Tan et al. 2009).

The size of PM is an important factor to consider for health
impact assessments because AEDs determine where each
particle is likely to be deposited in the human respiratory
system upon inhalation (Herner et al. 2006; Ham et al.
2010). In the past, several studies (e.g., Nazaroff et al. 1993;
Venkataraman and Raymond 1998; Alfoldy et al. 2009) have
used particulate size distribution data to estimate respiratory
deposition efficiencies, based on laboratory-scale experi-
ments. Szoke et al. (2007) used ambient size-resolved com-
position data obtained through field experiments to estimate
respiratory deposition efficiencies. Ham et al. (2010) studied
the patterns of respiratory deposition efficiencies of health-
relevant trace elements in size-distributed PM during a severe
winter in California’s San Joaquin Valley, USA. Subsequently,
Ham et al. (2011) carried out a more extensive study to
estimate respiratory deposition efficiencies with respect to
size-distributed PM in different seasons. However, systematic
studies on size-resolved elemental characterizations of PM
and their associated human health risks are lacking during
smoke haze episodes.

During the past decades, several studies were conducted to
investigate the potential environmental and health impacts of
smoke haze episodes through physicochemical and toxicolog-
ical characterization of PM in tropical urban environments
situated in SEA (e.g., Balasubramanian et al. 2003; Abas
et al. 2004; See et al. 2007; Hyer and Chew 2010;
Pavagadhi et al. 2013). In all the previous studies, the
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emphasis was placed on the characterization of particles that
were PM, 5 or bigger, during biomass burning-induced smoke
haze episodes. However, the chemical characterization and
health impacts of smaller particles (ultrafine and nano parti-
cles) remain poorly understood. In this study, we characterized
24 elements (Al, B, Ba, Be, Bi, Ca, Cd, Co, Cr, Cu, Fe, Ga, K,
Li, Mg, Mn, Na, Ni, Pb, Se, Sr, Te, T1, and Zn) in different size
fractions of PM, ranging from 10 nm to 10 wm, during two
different atmospheric conditions (smoke haze and non-haze
periods) in a tropical urban atmosphere (Singapore: latitude
1° 17" N and longitude 103° 50" E; Fig. 1) within SEA from
September to November 2012. The possible sources of these
elements were identified on the basis of principal component
analysis (PCA) analysis. The measured concentrations of all
trace elements were used in a human airway deposition model,
Multiple-Path Particle Dosimetry model (MPPD), to estimate
deposition patterns within each region of the human respiratory
system (i.e., head, tracheobronchial, and pulmonary) in order to
identify suitable mitigation measures for the purpose of
protecting public health.

Methodology and experiments
Sampling site

This field study was conducted at the Atmospheric Research
Centre (67 m above the sea level and about 1 km from the
open sea), National University of Singapore (NUS), located at
the southern tip of the Malayan Peninsula, between latitudes
1°09’ N and 1° 29" N and longitudes 103° 36" E and 104° 25’
E (Fig. 1). The important sources of PM pollution in
Singapore are combustion activities occurring in industries,
including oil refineries and power plants, transportation
through vehicles, and domestic cooking (Behera et al. 2013).
Apart from these emission sources, Singapore faces an in-
crease in PM levels when trans-boundary smoke resulting
from forest and peatland fires in Indonesia reach Singapore
and transformed into a smoke haze episode. From past re-
cords, it has been observed that smoke haze episodes occur
largely from May to October, when uncontrolled forest and
peat fires take place in Indonesia, and the southwest monsoon
prevails in the region (Balasubramanian et al. 2003; See et al.
2007; Betha et al. 2014; Behera and Balasubramanian 2014).

Sampling campaign

Size-segregated PM samples were collected by using micro-
orifice uniform deposition impactor (MOUDI) (model 100R,
MSP Corp, USA) and nanomicro-orifice uniform deposition
impactor (NanoMOUDI) (model 115, MSP Corp, USA) sam-
plers. The collection of PM samples was done in different size
ranges, 5.6-10, 3.2-5.6, 1.8-3.2, 1.0-1.8, 0.56-1.0, 0.32-0.56,



Environ Sci Pollut Res (2015) 22:4265-4280

4267

100E 102E 104E 106E 108E 110E 112E 114E 116E

4N
2N

E .
1 Kalimanthan

Indonesia
- ( )

4S

6S

8S

(. ] Atmospheric Research

Landuse patterns
Singapore

" I Commercial
i * Industrial

- agl, Infrastructure
=N

Institution

b Open space
. Reserve

Residential

BN special use

I utility
Water body

Centre, NUS Singapore

Fig. 1 A map showing the study area Singapore and its neighboring regions in Southeast Asia and the location of the Atmospheric Research Centre

(sampling site) at NUS, Singapore

0.18-0.32, 0.10-0.18, 0.056-0.100, 0.032-0.056, 0.018-0.032,
and 0.010-0.018 pum. In this study, the experimental data is
reported in terms of four size groups: coarse (PM,s_0), fine
(PM, 5), ultrafine (PMg91—0.1, 0.01 um<Dp<0.10 um), and
nano (PMy 01-0.056, 0.01 um<Dp<0.056 pm) particles.
Ambient air was drawn at air flow rates of 30 liters per
minute (LPM) and 10 LPM, respectively, for MOUDI and
NanoMOUDI samplers. The impactor plates were loaded with
preconditioned (7=22 °C and relative humidity (RH)=35 %)
and pre-weighed (Microbalance; Sartorius, MC 5)
polytetrafluoroethylene (PTFE) filters (Pall Corporation,
USA). Post-sampling conditioning and weighing of the ex-
posed filters were performed, using methods that were similar
to pre-sampling filters. PM mass concentrations in different
size ranges were estimated by dividing the mass of the parti-
cles collected on filters by the volume of air sampled. The
duration of air sampling was 48 h. During this measurement
campaign, four and five sets of smoke haze and non-haze
samples were collected, respectively. Altogether, a total of
108 PM samples were collected for gravimetric and chemical
analyses. During the sampling program, meteorological pa-
rameters (temperature, RH, wind speed, wind direction, and
rainfall) were acquired every 5 min by an automated meteo-
rological station located at the sampling site. Temperature and
RH were measured using suitable sensors (Vaisala, model
CS500), while wind speed and wind direction were measured
using an anemometer and a wind vane (RM Young, model
03001). The entire system was connected to a Console/

Receiver (Part Number 6310) and to a personal computer
via WeatherLink for Vantage Pro data logger (CSI, model
CR10X). Table 1 shows the period of the sampling program,
meteorological parameters (temperature, RH), and pollution
indicators (pollution standard index (PSI), PM, 5) during the
field campaign.

Elemental characterization

Our established protocol for the analysis of total particulate
elements was used in this study (Karthikeyan et al. 2006). The
method is summarized here. In this method, 4 mL of HNOs,
2 mL of H,0,, and 0.4 mL of HF are put into a Teflon vessel
along with half of the sampled filter or blank filter. Samples in
the Teflon vessels undergo digestion through a closed vessel
microwave digestion system (MLS-1200 mega, Milestone
Inc., Italy), after the vessels are capped. In this study, the
digestion process was performed at three stages of power
requirements; i.e., 250 W for 5 min, followed by 400 W for
5 min, and finally, 600 W for 2 min. After completing the
digestion processes, all relevant sample extracts were filtered
carefully through 0.2-um Teflon membrane filters and diluted
to 50 mL with ultra-pure water (Millipore). The filtered sam-
ples meant for the analysis of total elements in the instrument
of inductively coupled plasma mass spectrometry (ICP-MS)
were refrigerated at 4 °C for further analysis. For quality
control procedures on recovery tests, we prepared samples
of SRM 1648a for the analysis of total elements.
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Table 1 Details of sampling program conducted during 2012

Sample set no Period of sampling Temp (°C) RH (%) WS (m/s) WD (°) RF (mm) PSI* PM, 5 (ug/m’)?*
During smoke haze episode
1 16/9/2012 to 17/9/2012 28.5 76.8 2.3 202 0.0 59 56
2 20/9/2012 to 21/9/2012 27.9 74.8 22 198 0.0 64 63
3 30/9/2012 to 1/10/2012 28.2 75.3 1.9 192 0.0 56 54
4 8/10/2012 to 9/10/2012 27.5 78.9 2.4 205 0.0 53 51
During non-haze period
1 3/10/2012 to 4/10/2012 284 80.6 2.1 125 0.1 26 24
2 29/10/2012 to 30/10/2012 28.6 77.5 32 86 0.0 28 27
3 31/10/2012 to 1/11/2012 27.6 70.5 1.8 87 0.0 17 16
4 3/11/2012 to 4/11/2012 25.8 79.5 2.1 131 0.1 22 21
5 6/11/2012 to 7/11/2012 26.1 76.4 1.8 65 0 18 16

Temp temperature, RH relative humidity, WS wind speed, WD wind direction, RF rainfall, PSI pollution standard index

The data were taken from NEA, Singapore

The instrument ICP-MS (Agilent 7700 Series, USA) was
used for analyses of total elements present in the extracted
samples. During the sample run, it was observed that the flow
rates of the plasma gas, auxiliary gas, and nebulizer gas were
observed to be 15, 1, and 1 LPM, respectively. Filtered sam-
ples were introduced at a rate of 1 mL/min, and waste removal
was conducted from the nebulizer through a peristaltic pump.

We collected field blanks of 47-mm PTFE filters at regular
intervals. These blank filters were subjected to the same
storage, handling, and analytical protocols as field samples
for both MOUDI and NanoMOUDI impactors. The limit of
detection (LOD) of any species of an analytical method de-
pends only on the capability of the instrumental system. On
the other hand, the method detection limit (MDL) accounts for
various uncertainties that occur during sampling, extraction,
calibration, matrix effect, recovery, etc. Therefore, there are
significant differences between LOD and MDL of a specific
method. In this study, we estimated both LOD and MDL of
each element for two different sampling conditions (MOUDI
and NanoMOUDI impactors) as per the procedures reported
in the literature (e.g., Dillner et al. 2007, Homazava et al.
2008; Kabir et al. 2011; Kim and Kim 2012).

The MDL of each element was estimated based on the
product of standard deviation of seven replicates of the filter
blank values multiplied by the Student’s ¢ value at 99.9 %
confidence level (USEPA 1991), as shown in Eq. (1):

MDL = ¢x§ (1)

where r=Student’s ¢ value for a 99 % confidence level with
n—1 degrees of freedom (¢=3.14 for seven replicates) and S=
standard deviation of the replicate analyses.

The LOD of each element was determined as three times
the standard deviation of background noise of seven replicates
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of filter blank values. Table 2 presents the estimated
LOD and MDL of each element in two different sam-
pling systems, expressed in the unit of nanogram per
cubic meter. It is to be noted that the measured ambient
concentration levels of each element were higher than
the respective LOD values.

The validity of the system calibration as part of quality
control/quality assurance protocol was performed by using
spiked samples after every 10 samples. We used an exact
amount of 10 mg SRM 1648a for total element recovery
studies. We estimated the analytical recovery of target ele-
ments by comparing the results of total elements from the
extracted samples with certified values for SRM 1648a.
Equation (2) shows the estimation method for recovery as

% recovery

Concentration obtained from extracted samples

Concentration from certified values

x 100 (2)

The recovery of total elements fell in the range of 92—
108 %. These values are within the acceptable range recom-
mended by the Association of Analytical Communities. In the
ICP-MS, a seven-point calibration was performed with con-
centrations of 2, 5, 10, 20, 50, 75, and 100 pug/L of standards
for each batch of analysis. In all calibration plots, it was
observed that the regression coefficients for all 24 elements
were more than 0.999.

Principal component analysis

To further identify the possible sources for particulate-bound
elements in the atmosphere, the PCA method was used, as
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Table 2 Limits of detection (LODs) and method detection limits (MDLs)
for elements analyzed in this study under two different sampling conditions

Elements LOD MDL LOD MDL
(ng/m’)" (ng/m’)° (ng/m’)® (ng/m’)°
Al 0.181 0.422 0.073 0.151
B 0.092 0.167 0.039 0.065
Ba 0.141 0.247 0.061 0.088
Be 0.001 0.002 0.001 0.001
Bi 0.001 0.002 0.001 0.001
Ca 0.205 0.585 0.076 0218
Cd 0.001 0.002 0.001 0.001
Co 0.009 0.012 0.005 0.006
Cr 0.056 0.118 0.022 0.044
Cu 0.097 0.224 0.036 0.079
Fe 0.210 0.446 0.088 0.156
Ga 0.019 0.042 0.016 0.027
K 0.135 0.328 0.113 0.146
Li 0.009 0.011 0.003 0.005
Mg 0219 0.498 0.078 0.172
Mn 0.075 0.111 0.030 0.045
Na 0.146 0.326 0.050 0.131
Ni 0.132 0.274 0.050 0.098
Pb 0.023 0.045 0.009 0.018
Se 0.127 0.224 0.045 0.080
Sr 0.019 0.031 0.008 0.012
Te 0.011 0.014 0.004 0.006
Tl 0.007 0.009 0.003 0.004
Zn 0.170 0.370 0.057 0.131

LOD ofindividual elements was estimated using three times the standard
deviation of background noise of seven replicates. MDL of individual
elements was estimated as the product of standard deviation of seven
replicates multiplied by the Student’s ¢ value at 99.9 % confidence level,
i.e., degree of freedom, df=6 and =3.14

4LOD for the ICP-MS method with 47-mm field blank Teflon filter in
NanoMOUDI impactor and sampling volume of 28.8 m’

" MDL for the ICP-MS method with 47-mm field blank Teflon filter in
NanoMOUDI impactor and sampling volume of 28.8 m*

°LOD for the ICP-MS method with 47-mm field blank Teflon filter in
MOUDI impactor and sampling volume of 86.4 m*

4MDL for the ICP-MS method with 47-mm field blank Teflon filter in
MOUDI impactor and sampling volume of 86.4 m*

several studies reported its usefulness for source apportion-
ment (Henry and Hidy 1979; Henry et al. 1984; Thurston and
Spengler 1985; Carmine et al. 1999; Salvador et al. 2004;
Vallius et al. 2008; Kothai et al. 2011). This method has
been widely used to factorize the input concentration
data of different species, assuming a linear relationship
between the total mass concentration and the individual
concentrations of different species. In this approach,
several steps are involved for the mathematical method
to group the elemental data. In the first step, the

concentration data is converted into a dimensionless
form by standardization, as shown in Eq. (3):

Ci—Ci
X =" (3)

where C;, is the concentration of the variable 7 in the sample
tand C; and d; are the arithmetic mean and standard deviation
of the variable 7 for all samples included in the analyses.

The PCA model is expressed as Eq. (4):

N
Xi= LySp+Ei (4)
=1

where L; is the factor loading of the variable i in the source
Jj with N number of sources, S, is the factor score of the source
Jj for sample ¢, and E;; is the residual of variable 7 in the sample ¢
not accounted by the j sources or factors. The PCA model
(Eq. (3)) is solved by eigenvector decomposition. Then, a
varimax normalized rotation is applied to maximize or mini-
mize the values of the loading factors of each compound
analyzed in relation to each rotated principal component,
and this provides the most interpretable structure to the
factors.

Deposition modeling in the respiratory system

The experimental results were used in a human airway depo-
sition model (MPPD model, MPPD v 2.11; Asgharian and
Anjilvel 1998) to estimate the deposition patterns within each
region (head, tracheobronchial, and pulmonary) of the human
respiratory system. The MPPD model was developed by the
Chemical Industry Institute of Toxicology and the Dutch
National Institute of Public Health and Environment to esti-
mate human and rat airway particle dosimetry. The theoretical
foundations of the MPPD model are described by Anjilvel and
Asgharian (1995). The details of the model are described in
Winter-Sorkina et al. (2002). Several papers reviewed the use
and validation of the MPPD model applications (e.g.,
Teeguarden et al. 2007; Rostani et al. 2009). In the context
of its application in aerosol characteristics, several research
groups (Oberdorster et al. 2004; Elder and Oberdorster 2006;
Nong et al. 2009; Kane et al. 2010; Ham et al. 2011) are using
the model to estimate the patterns of deposition of various
sizes of particulate chemical species in different regions of the
human respiratory system.

In this study, the dosimetry modeling through the MPPD
model was performed with certain assumptions, listed as
follows: spherical particles with nose-only breathing, a tidal
volume of 625 mL, and a breathing frequency of 12 breaths/
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min to simulate the respiratory system of an average human
adult.

Two important parameters of the size-distributed PM mass
and particulate elemental mass are the mass median aerody-
namic diameter (MMAD) and geometric standard deviation
(GSD). We followed a log-probit method described by
O’Shaughnessy and Raabe (2003) to estimate the MMAD
and GSD values for each elemental species, based on data
obtained from actual field measurements. With the assump-
tions mentioned above and the values of MMAD and GSD,
size-resolved deposition fractions were estimated for each
region of the respiratory tract (i.e., head, tracheobronchial,
and pulmonary). The results from MPPD modeling for size-
resolved deposition fractions were utilized to estimate the
deposited mass of a chemical species in each size bin. In other
words, the deposited mass of a chemical species in a specific
size bin was estimated by multiplying the mass of a chemical
species with a corresponding deposition fraction. Then, the
deposited masses estimated in each size bin were summed up
to an AED of 2.5 um to find a combined fine particle depo-
sition value. The specific deposition efficiency of each species
in each respiratory tract was estimated as deposited, per mi-
crogram PM, s mass inhaled during the smoke haze episode
and the non-haze period.

Results and discussions
Overall results

Figure 2 shows the particle mass size distributions observed
during the smoke haze episode and the non-haze period. The
PM mass showed bimodal distributions during both these
periods. During the smoke haze episode, the dominant mass
peak occurred at 0.56—1.0 um, followed by a secondary peak
at 1.8-5.6 um. On the other hand, during the non-haze period,
the maximum mass peak occurred at 0.18-0.32 um, followed
by a secondary peak at 1.8-3.2 um. The latter patterns of
particle size distributions were also observed in some of the
earlier studies conducted in different parts of the world (e.g.,
Venkataraman et al. (1999) in Mumbai, India; Tan et al. (2009)
in Guangzhou, China). The particle size distribution observed
during the smoke haze episode is similar to the one reported
by Duan et al. (2006) in Guangzhou, China.

In addition to the above observations, the acrosol MMAD
shifted towards a larger particle size (0.95 pum) during the
smoke haze episode, compared to the one observed during the
non-haze period (0.88 um). We compare this observation to
the study by Lai et al. (2009), in which they assessed the
influence of smoke haze (caused by rice straw burning) on the
size distribution of PM mass. Lai et al. (2009) observed that
the mass median diameters (MMD) in the particulate phase
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were 0.92 and 1.21 pm, during non-burning and burning
periods, respectively, at one of the sites in Taiwan. Based on
this observation, Lai et al. (2009) concluded that freshly
emitted particles from rice straw burning probably undergo
hygroscopic growth during their transport, resulting in a larger
MMD, compared to those emitted from local urban sources.

A possible explanation in the context of observations in
this study is that biomass burning emitted more fine particles
than coarse particles, which were then transported to
Singapore (See et al. 2006). During the long-range transport
process, some finer particles agglomerated, resulting in an
increase in the sizes of particles as well (See et al. 2006;
Betha et al. 2013). With the help of scanning electron micro-
scope (SEM) images during the smoke haze and the non-haze
periods, See et al. (2006) concluded that the particles from
local sources (non-haze) are freshly emitted and young in
nature. On the other hand, particles associated with the smoke
haze episode are aged in nature and formed through particle
agglomeration.

PM in the size range from 0.4 to 1.0 wum is classified as
accumulation mode particles, whereas PM in the size from 2.5
to 10.0 pum is referred to as coarse mode particles (Lin et al.
2005; Duan et al. 2012). In general, it is believed that PM in
the accumulation mode is mainly responsible for light scatter-
ing due to their high scattering efficiency (See et al. 2006; Lai
et al. 2009). It was observed that the total mass of the accu-
mulation mode PM was close to that of the coarse mode PM
during the non-haze period. However, the total mass PM in the
accumulation mode PM was more than that of the coarse
mode PM during the haze period, implying that biomass
burning-induced smoke haze episodes might have a strong
influence on regional climate change. These observations are
consistent with those made for other biomass burning events
in that PM in the accumulation mode is dominant during haze
episodes (Yang et al. 2006; Karar and Gupta 2007; Lai et al.
2009).

The total mass of airborne particles classified in different
size ranges (coarse, fine, ultrafine, and nano particles; see
“Sampling campaign”) was much higher during the smoke
haze episode, in comparison to that within the non-haze
period. Specifically, the mean concentrations of coarse, fine,
ultrafine, and nano particles during the smoke haze episode
were 2.7, 3.2, 1.5, and 1.6 times of the concentrations of the
non-haze period, respectively. The relative enhancement in
the mass of PM in the fine mode during the smoke haze
episode could be due to freshly emitted particles or new
particle formation in the accumulation mode (Fang et al.
2005; Zhang et al. 2010).

Elemental characterization

The elemental concentrations in all sizes of particles were
higher during the smoke haze episode than those during the
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Fig. 2 Levels of size-distributed 20
PM during the (a) smoke haze
episode and (b) non-haze period
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non-haze period, as can be seen from Fig. 3. For example, the
ratios of concentration (smoke haze episode to non-haze peri-
od) of elements such as Co, Cr, Cd, Mn, and Sr were >5. Trace
elements within the observed levels of elements present in fine
particles during the smoke haze episode were classified into
three groups: (i) major elements: Na, Fe, Al, Mg, K, Ca, B, Ba,
Zn, and Ni >200 ng/m?; (ii) sub-major elements: Se, Cu, Cr,
Mn, and Pb ~30 to 199 ng/m3; and (iii) minor elements: Sr,
Co, Ga, Li, TI, Te, Cd, Bi, and Be <30 ng/m3. We used the
same classification for trace elements measured during the
non-haze period for consistency. Figure 3(al), (a2) show the
levels of major elements in coarse, fine, ultrafine, and nano
particles during the two distinct periods. The mean concentra-
tions of major elements in coarse, fine, ultrafine, and nano
particles were 2158, 5211, 760, and 470 ng,/m3 during the
smoke haze episode and 1109, 2166, 295, and 179 ng/m’
during the non-haze period, respectively.

Most of the major elements (Na, Fe, Al, Mg, K, and Ca) are
normally of crustal origin, while the remaining elements (B,
Ba, Zn, and Ni) are derived from anthropogenic sources

PM diameter (um)

(Duan et al. 2005; Lin et al. 2005; Duan et al. 2012). The
presence of B, Ba, Zn, and Ni in the group of major elements
suggested that the air quality at the measurement site was
influenced by vehicular and industrial activities during the
non-haze period. However, the increase in levels of major
elements during the smoke haze episode confirmed that the
trans-boundary transport from biomass burning emissions
could have a significant impact on the atmospheric loading
of particulate elements (Betha et al. 2013).

Figure 3(bl), (b2) show the levels of sub-major ele-
ments in coarse, fine, ultrafine, and nano particles dur-
ing the two distinct periods. The corresponding mean
concentrations of sub-major elements (Se, Cu, Cr, Mn,
and Pb) were 124, 512, 90, and 37 ng/m® during the
smoke haze episode and 58, 217, 29, and 15 ng/m’
during the non-haze period, respectively. Figure 3(cl),
(c2) show the levels of minor elements (Sr, Co, Ga, Li,
Tl, Te, Cd, Bi, and Be) in coarse, fine, ultrafine, and
nano particles, during the two distinct periods. The
corresponding mean concentrations of minor elements
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Fig. 3 Mass distribution of elemental composition in different size
ranges of coarse, fine, ultrafine, and nano particles: major elements in
the (al) smoke haze period and (a2) non-haze period, sub-major elements

were 19, 50, 6, and 2 ng/m3 during the smoke haze
episode and 6, 14, 2, and 1 ng/rn3 during the non-haze
period, respectively. From all four modes of particles, it
is obvious that the major elements accounted for over
90 % of the total mass of the particulate elements in
PM.

In addition to the above observations, it was clear that the
patterns of elemental concentrations in different size distribu-
tions could fall into one of three distinct regions (region 1,
region 2, and region 3). In region 1, elements are mostly
concentrated in the coarse mode that includes Al, Ba, Ca,
Fe, Mg, and Sr. The elements in region 2 are mostly concen-
trated in the accumulation mode, including Cd, Ni, Pb, Se, Te,
and T1. The remaining elements (B, Be, Bi, Co, Cr, Cu, Ga, K,
Li, Mn, Na, and Zn) are considered under region 3, which
showed multimode size distributions.
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Minor elements

in the (b1) smoke haze period and (b2) non-haze period, and minor
elements in the (¢1) smoke haze period and (¢2) non-haze period

Source attribution for particulate-bound elements

To identify the enrichment of particulate elements either from
crustal or anthropogenic origin, enrichment factors (EFs) of
various elements were estimated using Eq. (2) as

(C,/Al)aerosol

EF,
(Cy/Al)crust

(5)

where “(C,/Al)acrosol” represents the concentration ratio
of element x (C,) (in aerosol) to Al in aerosols, and “(C,/
Al)crust” represents the corresponding element (C,)-to-Al
ratio in crustal matter (Balasubramanian and Qian 2004;
Behera and Sharma 2010).
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In general, an element of purely crustal origin has a value of
EF as 1. However, due to variations in crustal composition and
uncertainties in fractionation during weathering, the EFs of
elements of crustal origin may deviate from the specified
magnitude, i.e., 1<EF<10. Elements with EF>10 are
enriched, and a significant proportion of them has a non-
crustal source (Marcazzan et al. 2001; Zhang et al. 2002).
Elements with EF<10 are non-enriched, and a significant
proportion of them originates from crustal sources
(Marcazzan et al. 2001; Zhang et al. 2002).

Figure 4 shows EFs of elements in coarse, fine, ultrafine,
and nano particles during the smoke haze episode and the non-
haze period. The estimated values of EFs during both the
smoke haze and non-haze period were as follows: (1) 10—
100 for Ba, Be, Co, Cr, Ga, and Li; (2) 100-1000 for Cd, Cu,
Ni, Pb, Tl, and Zn; (3) 1000-10,000 for B and Bi; and (4)
100,000-1,000,000 for Se and Te. However, Ca, Fe, K, Mg,

1000000

Mn, Na, and Sr have EFs<10 for all sizes of PM (except K, in
the ultrafine and nano particles during the smoke haze epi-
sode), indicating that these elements were derived predomi-
nantly from crustal sources. However, K appears to be of
mixed origin (from crustal and non-crustal sources). It should
be noted that K is also considered to be an indicator of
biomass burning, i.e., when biomass burning sources become
dominant, the levels of K are also increased (See et al. 2006;
Ye et al. 2011; Shon et al. 2012). The higher enrichment of
(EF>10) of K in ultrafine and nano particles during the smoke
haze episode indicates the importance of biomass burning as
an additional source of K. In addition, the statistical test, using
the paired ¢ test for both smoke haze and non-haze samples,
revealed that there is a significant difference (P<0.05) in the
enrichment factors for K, Fe, Ni, Zn, and Cd between the
smoke haze and non-haze periods. However, the remaining
elements have no significant difference, with P>0.05.
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From the above facts, it was clear that Ba, Be, Co, Cr, Ga,
Li, Cd, Cu, Ni, Pb, T1, Zn, B, Bi, Se, and Te were enriched and
derived from non-crustal sources. The non-crustal sources
could be local anthropogenic sources, including vehicular
emissions, industrial emissions, domestic cooking, etc., dur-
ing the non-haze period. However, during the smoke haze
episode, apart from the local anthropogenic sources, the
trans-boundary transport from biomass burning emissions in
Indonesia could also be responsible. To identify the role of
trans-boundary emissions from biomass burning on the local
air quality, PCA and backward trajectory analyses were per-
formed during the smoke haze episode and the non-haze
period.

The archived data of the Global Data Assimilation System
of the National Oceanic and Atmospheric Administration
(NOAA) was utilized in the Air Resource Laboratory (ARL)
Hybrid Single-Particle Lagrangian Integrated Trajectory
(HYSPLIT) model, to obtain the air mass back-trajectories
(Draxler and Rolph 2013). The backward trajectory analysis
was simulated at 14:00 hours (local time) at 500, 1000, and
1500 m above the ground level, for the duration of 120 h
during the sampling period. Figure 5 presents the representa-
tive results of the backward trajectory analysis during the two
distinctly different time periods. During the smoke haze epi-
sode, in terms of wind direction, the meteorology was favor-
able towards bringing the air masses from biomass fires
(hotspots) taking place in Indonesia to Singapore. On the other
hand, during the non-haze period, the wind direction was just
the opposite of what was experienced during the smoke haze
episode. Therefore, it appears that trans-boundary transport
from biomass burning emissions intermixed with the local
anthropogenic sources (vehicular, industrial, and domestic
emissions) enhanced the concentrations of particulate ele-
ments during the smoke haze episode.

In this study, the data of particulate elemental concentra-
tions were used in Minitab 15 English to perform PCA with
varimax rotation, to extract the major sources of the trace
elements. This method yielded a number of key factors asso-
ciated with the chemical fingerprint elements of different
sources. To obtain accurate results by PCA, it is essential that
the data sets should contain an adequate number of PM
samples. As reported by Henry et al. (1984), the number of
samples to run (V) should be greater than 30+((V+3)/2),
where V is the number of elements. With the number of
elements being 24 in this study, the number of PM samples
required to run the PCA for accurate results should be greater
than 44. As we had four sampling days for the smoke haze
episode and five for the non-haze period, we preferred the
results of all size fractions in a single run of the data sets. In
this process, the number of sample runs was 48 and 60, during
the smoke haze episode and the non-haze period, respectively.
We therefore performed the PCA separately for the non-haze
period and the smoke haze episode. In both these sampling
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periods, elemental concentrations in all PM size ranges were
considered as inputs in the PCA analysis. Tables 3 and 4
present the PCA factor loadings for all measured elements
during the non-haze period and the smoke haze episode,
respectively.

As shown in Table 3 for the non-haze period, the PCA
identified four possible sources as factors, PC1, PC2, PC3,
and PC4. The first factor (PC1) was heavily loaded with Al,
Ca, Fe, Ga, K, Mg, Mn, Na, and Sr with a variance 0of 42.2 %
and an eigenvalue of 11.7. These elements could likely be
from nearby roads and/or crustal dust particles (Marcazzan
et al. 2001; Trapp et al. 2010). In addition, K may originate
from biomass burning-related sources in the form of fine soil
particles, transported from hot spots by prevailing winds. PC2
was heavily loaded with Ba, Cd, Cu, Ni, Se, and Zn, with a
variance of 24.5 % and an eigenvalue of 6.8. The overloaded
elements in PC2 are normally associated with vehicular
emission sources and therefore represent the influence of
vehicular emissions (Marcazzan et al. 2001; Lin et al.
2005). PC3 was heavily loaded with B, Be, Bi, Co, Pb,
Te, and Zn, with a variance of 16.9 % and an eigenvalue
of 4.7. Out of all the elements identified in PC3, Be, Bi,
B, Co, and Te were generally from industrial sources,
while Pb and Zn were from waste incinerators
(Marcazzan et al. 2001; Trapp et al. 2010; Lin et al.
2005). Therefore, it could be inferred that the overloading
of elements in PC3 was mostly influenced by point
sources of pollution. PC4 was overloaded with Cr with a
variance of 12.3 % and an eigenvalue of 3.4. Cr is a well-
known marker of PM emissions from power plants, in-
dustries, and fossil fuel combustion (Marcazzan et al.
2001; Lin et al. 2005). As the sampling site was not far
from the industrial area, it appears that the Cr in PM was
mainly derived from power plants and petrochemical
plants.

For the smoke haze episode, the observation was
slightly different from that during the non-haze period.
As shown in Table 4, the fourth factor, PC4, had more
elements with significant loadings compared to the non-
haze period. The reason for such observations could be
due to the trans-boundary transport of biomass burning
emissions, intermixed with emissions from local anthro-
pogenic sources during the smoke haze episode, which
might increase the atmospheric loading of some trace
elements. The previous study of Betha et al. (2013) also
found significantly higher concentrations of Al, Cr, K, Ni,
and Pb in emissions of Indonesia peat fires compared to
background emissions. Therefore, it can be confirmed that
the long-range transport of biomass burning emissions
occurring in Indonesia contributed a significant propor-
tion of particulate elements to the local air pollution in
Singapore. Thus, the combined impact of local urban PM
emissions and the long-range transport of biomass
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haze episode and non-haze period

burning emissions might be the reason for the increased
levels of particulate elements in four modes of PM
(coarse, fine, ultrafine, and nano) during the smoke haze

episode as shown in Fig. 3.

Particulate element deposition in the respiratory system

As explained in “Deposition modeling in the respiratory sys-
tem”, MPPD modeling was performed with adjusted specific
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Table 3 PCA factor loadings for particulate elements during non-haze

Table4 PCA factor loadings for particulate elements during smoke haze

period episode
Elements Factors Elements Factors

PC1 PC2 PC3 PC4 PC1 PC2 PC3 PC4
Al 0.96 Al 0.82 0.68
B 0.94 B 0.81 0.59
Ba 0.94 Ba 0.92
Be 0.82 Be 0.78 0.91
Bi 0.53 0.84 Bi 0.58 0.81
Ca 0.97 Ca 0.94
Cd 0.96 0.52 Cd 0.96 0.53
Co 0.94 Co 0.84 0.62
Cr 0.92 Cr 0.96
Cu 0.82 Cu 0.86 0.52
Fe 0.94 Fe 0.86 0.52
Ga 091 Ga 0.92
K 0.96 K 0.76 0.61
Li 0.53 Li 0.56
Mg 0.97 Mg 0.92
Mn 0.94 Mn 0.86 0.69
Na 0.92 Na 0.94
Ni 0.96 Ni 0.89 0.51
Pb 0.95 Pb 0.76 0.54
Se 091 Se 0.82 0.68
Sr 0.92 Sr 0.92
Te 091 Te 0.71
Tl 0.64 Tl 0.84
Zn 0.92 0.61 Zn 0.72 0.64
Eigenvalue 11.7 6.8 4.7 34 Eigen value 10.1 6.2 43 35
Variance (%) 424 24.5 16.9 12.3 Variance (%) 39.8 234 15.7 12.9
Cumulative % 42.4 66.9 83.8 96.1 Cumulative % 39.8 63.2 78.9 91.8

Extraction method: principal component analysis; rotation method:
varimax; only factor loadings >0.5 listed; only factors with eigenvalue
>1 shown; source apportionment method: PCA

model parameters to estimate deposition fractions of different sizes
of PM mass and their corresponding elemental composition.
Figure 6 shows the average deposition fractions of coarse, fine,
ultrafine, and nano particles in the head, tracheobronchial, and
pulmonary regions of the human respiratory system during the
non-haze period and the smoke haze episode. Among all the sizes,
coarse particles had the highest deposition fractions in the head
region of the respiratory system (non-haze, 39 %; smoke haze,
34 %) followed by fine particles (non-haze, 25 %; smoke haze,
22 %). The deposition of larger fractions of coarse and fine
particles on the head airways could be due to a combination of
sedimentation and the impaction of particles onto the larynx and
airway bifurcations (Zhang and Yu 1993).

The deposition patterns of ultrafine and nano particles were
observed to be different from those of coarse and fine particles
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Extraction method: principal component analysis; rotation method:
varimax; only factor loadings>0.5 listed; only factors with eigenvalue
>1 shown; source apportionment method: PCA

with regard to greater deposition of those particles occurred in the
pulmonary region, in comparison to other regions of the respira-
tory system. The deposition fractions in the pulmonary region
during the non-haze period and the smoke haze episode were as
follows: coarse, 19 and 21 %; fine, 15 and 21 %; ultrafine, 21 and
25 %, nano, 25 and 28 %; respectively. This deposition pattern
could be due to the fact that the flow path of smaller particles in
the human respiratory system is primarily governed by
Brownian diffusion, leading to their preferential deposition in
the pulmonary region (Ingham 1984; Martins et al. 2010; Ham
etal. 2011).

This study finds that the particle depositions in the respiratory
system would be more severe during the smoke haze episode
than during the non-haze period. In addition, the average depo-
sition fractions of fine, ultrafine, and nano particles in the
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tracheobronchial and pulmonary regions increased during the
smoke haze episode, while they decreased in the head
airway region. The reason for such observations could be
due to accumulation of submicron-sized particles in the
accumulation mode during the smoke haze episode, as
discussed in the previous section. In addition, higher particle
mass or number concentrations during the smoke haze epi-
sode could also increase the probability of particle deposition

in the respiratory system. Overall, it was confirmed that
more deposits of finer particles can reach the innermost
region of the human respiratory system, in comparison to
coarse particles. Therefore, prolonged exposure to lower
concentrations of ultrafine and nano particles present in the
ambient air can cause adverse health impacts.

Figure 7 shows the mean deposition efficiencies of all ele-
ments of fine particles in the head, tracheobronchial, and pulmo-
nary regions, in the units of microgram of each component
deposited per microgram fine particle component mass inhaled.
The outputs of the MPPD modeling were used to estimate the
individual deposition efficiency during the smoke haze episode
and the non-haze period, as explained in “Deposition modeling
in the respiratory system”.Only the fine particles (PM, 5) were
considered, since they represent a commonly regulated air pol-
lutant and included as a part of the national ambient air quality
standards in many countries. The total deposition efficiency (the
sum of head, tracheobronchial, and pulmonary regions) varied
from 41 % (B) to 55 % (Mg) for various elements during the
smoke haze episode and 35 % (Cu) to 53 % (Ca) during the non-
haze period. The head region had a higher deposition of the
elements that were more concentrated in the coarse mode. Pb had
the lowest amount deposited in the head region: 15 and 17 %

Fig. 7 Mean deposition 0.6
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fine particles in all of the 05 1

respiratory regions during the (a)
haze episode and (b) non-haze
period (head, tracheobronchial,
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during the smoke haze episode and the non-haze period, respec-
tively. The highest deposition in the head region was observed
for Ca, at 29 and 32 % during the smoke haze episode and the
non-haze period, respectively.

Similar to the observations on deposition in the pulmonary
region, trace elements also exhibited trends of higher deposi-
tion in the tracheobronchial region during the smoke haze
episode, compared to during the non-haze period. Overall, it
was observed that the trace elements that are concentrated in
the accumulation mode have a higher probability of getting
deposited in the innermost region of the human respiratory
system.

Summary and conclusions

The present study investigated the size-resolved characterization
of 24 trace elements present in atmospheric PM during a recent
smoke haze episode that occurred in Singapore. The results of
elemental characterization were used in HYSPLIT and PCA
models, to assess the influence of the smoke haze episode on
the increased atmospheric loading of particulate-bound elements.
For assessment of the potential health impacts on humans, the
MPPD model was used to estimate the particle deposition frac-
tions of three regions (head, tracheobronchial, and pulmonary) of
the human respiratory system. The results of elemental charac-
terization showed that (i) the elements concentrated in the coarse
mode were Al, Ba, Ca, Fe, Mg, and Sr; (ii) the elements
concentrated in the accumulation mode were Cd, Ni, Pb, Se,
Te, and TI; and (iii) the remaining elements (B, Be, Bi, Co, Cr,
Cu, Ga, K, Li, Mn, Na, and Zn) showed multimode distributions.
The ratios of the concentration of elements during the smoke
haze episode and non-haze period in coarse, fine, ultrafine, and
nano particles varied in the range from 1.4 (Li) to 6.3 (Cd), 2.0
(Bi) to 6.6 (Co), 1.2 (Bi) to 5.7 (Mn), and 1.2 (Bi) to 5.5 (Mn).
The estimated EFs confirmed that Ba, Be, Co, Cr, Ga, Li, Cd,
Cu, Ni, Pb, Tl, Zn, B, Bi, Se, and Te were enriched in the
atmosphere, due to emissions from non-crustal sources. The
backward trajectory analysis of air masses based on HYSPLIT
modeling showed that the prevailing wind direction during the
smoke haze episode brought biomass burning-impacted air
masses to Singapore from Indonesia. The PCA revealed that
the trans-boundary transport of biomass burning emissions was
primarily responsible for the enhanced concentration of particu-
late elements during the smoke haze episode. The MPPD model-
ing results revealed that coarse particles had the highest deposi-
tion fractions in the head region of the respiratory system (smoke
haze, 34 %; non-haze, 39 %) followed by fine particles (smoke
haze, 22 %; non-haze, 25 %). For ultrafine and nano particles,
the deposition fractions were higher in the pulmonary region
than in the head region. This study suggests that prolonged
exposure to lower concentrations of ultrafine and nano particles
present in the atmosphere raises health concerns.
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