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Abstract Principal component analysis (PCA) and correla-
tion have been used to study the variability of particle mass
and particle number concentrations (PNC) in a tropical semi-
urban environment. PNC and mass concentration (diameter in
the range of 0.25—>32.0 um) have been measured from 1
February to 26 February 2013 using an in situ Grimm aerosol
sampler. We found that the 24-h average total suspended par-
ticulates (TSP), particulate matter <10 um (PM, ), particulate
matter <2.5 um (PM, 5) and particulate matter <1 pm (PM;)
were 14.37+£4.43, 14.11+£4.39, 12.53+4.13 and 10.53+
3.98 pg m >, respectively. PNC in the accumulation mode
(<500 nm) was the most abundant (at about 99 %). Five prin-
cipal components (PCs) resulted from the PCA analysis where
PC1 (43.8 % variance) predominates with PNC in the fine and
sub-microme tre range. PC2, PC3, PC4 and PCS5 explain 16.5,
12.4, 6.0 and 5.6 % of the variance to address the coarse,
coarser, accumulation and giant fraction of PNC, respectively.
Our particle distribution results show good agreement with the
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Introduction

Atmospheric aerosol particles affect human health deleteri-
ously. Particle exposure via dermal contact, ingestion and in-
halation lead to acute and chronic effects on human health (Hu
et al. 2012; Kampa and Castanas 2008). Small particles, par-
ticularly in accumulation modes, have an even greater adverse
impact on human health (Leitte et al. 2011; Meng et al. 2013).
Pope et al. (2004) have reported that the long-term exposure to
fine particulate matter is strongly associated with a cardiopul-
monary mortality risk which includes pulmonary and system-
ic inflammation, accelerated atherosclerosis and altered cardi-
ac autonomic function. Exposure to airborne particulate mat-
ter has been implicitly linked to mortality and morbidity rates
through studies on the systematic oxidative stress on the vas-
culature system, heart, lungs, blood and brain (Pope and
Dockery 2006; Wan Mahiyuddin et al. 2013). Further, aerosol
particles play a key role in changing global climate through
the scattering and absorption of atmospheric radiation
(Harshvardhan 1993; Jacobson 2002; Morales Betancourt
and Nenes 2014; Ramanathan et al. 2001). For instance, tro-
pospheric aerosol particles can have a cooling effect via two
mechanisms: Firstly, particles reflect incoming solar radiation
back into space and thereby alter the radiative balance of the
Earth-atmosphere system. Secondly, aerosols modify the mi-
crophysics, the radiative properties and the lifetime of clouds
(Haywood and Boucher 2000).
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Due to rapid industrialization and population growth,
the Southeast Asian region (including Malaysia) has be-
come highly prone to aerosol loading as a result of emis-
sions from both natural sources and anthropogenic
activities. A study by Reid et al. (2013) highlighted a
complex aerosol system in Southeast Asia and empha-
sized the need for further study into the impact of aerosols
in this region. In Southeast Asia, biomass burning has
been one of the most significant sources of fine mode
aerosol loading (Feng and Christopher 2013). During
June—September, smoke, which predominantly originates
from central and southern Sumatra as well as southern and
western Borneo, is transported north-westwards when
south of the equator and north-eastwards when north of
the equator, to the South China Sea (Xian et al. 2013).
Due to the limited number of studies on the characteriza-
tion of particle number concentration (PNC) in tropical
sites, this study aims to undertake the comprehensive
characterization of TSP, PM;o, PM, 5, PM; mass and
PNC in terms of local meteorology, synoptic and station
scale wind patterns, trajectory analysis and moderate res-
olution imaging spectroradiometer (MODIS) fire data.
This study also aims to identify the possible source
groups of PNC in this tropical area using a multivariate
statistical technique.
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Methodology
Sampling site

Universiti Kebangsaan Malaysia is located in the Bangi area
in the state of Selangor on the Malaysian Peninsula (2° 55’
31.91" N, 101° 46’ 55.59" E). The sampling station was situ-
ated about 65 m above the sea level and located in a residential
suburban area about 20 km south of Kuala Lumpur (Fig. 1).
An aerosol sampler (Environmental Dust Monitor (EDM)-
SVC 365, Germany) was placed on the rooftop of the
Biology Building (five storeys high) of the Faculty of
Science and Technology, Universiti Kebangsaan Malaysia.
The sampling site was less than 1 km away from two busy
main roads (Jalan Bangi and Jalan Reko) which are commonly
used by light vehicles and about 3 km away from the Utara
Selatan Highway, where both heavy-duty and light vehicles
travel. The site was otherwise surrounded by dense forest. The
sampling was conducted between 1 and 26 February 2013,
during the north-easterly monsoon period.

Experimental measurements

The measurements of TSP/PM/PM, 5/PM, o concentrations
and PNC distribution in the range of 0.25—>32 pm in diameter
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were taken simultaneously using a multi-channel Grimm aero-
sol spectrometer (EDM-SVC 365, Germany). The instrument
can measure volatile and non-volatile components, such as
sulphate, crustal material and elemental carbon, as well as
semi-volatile materials, such as ammonium nitrate, some or-
ganic materials and water (Grimm and Eatough 2009; Weber
et al. 2010). The aerosol spectrometer system consists of an
aerosol spectrometer (Model 179) combined with two sets of
sampling inlet tubes: a Nafion tube (dryer tube/non-heating
tube) and a semi-volatile compound (SVC) tube (heating
tube). Ambient air is directly fed into the measuring cell at a
rate of 1.2 L min~' using a volume-controlled pump and
passes through the heart of the patented Grimm spectrometer
cell that has been designed as a single particle detection and
counting system. All aerosol particles passing through the
measurement cell are classified by its 31 size distribution
channels. It was assumed that the particles were spherical in
shape, and thus, the particle mass was estimated by multiply-
ing the obtained count concentrations with the corresponding
specific density factors. These were then added to the total
mass of each particulate matter channel. Following a proce-
dure modified by Jung et al. (2010), the instrument was set for
automatically controlled readings. Every 10 minutes, these
alternated between the heating (at 100 °C) and non-heating
tube, where the PNC was measured every minute. During the
non-heating period, the temperature of the sampling tube was
equal to the ambient temperature. The theoretical mass equa-
tion and measurements principle can be found in previous
studies based on the light-scattering technology for single par-
ticle counts (Grimm and Eatough 2009; Technik 2006; Xiaoai
et al. 2010). In the conversion process, particle diameter data
was first converted into a particle volume using the mean
particle diameter between the thresholds of the 31 different
channels. This volume data was converted into mass distribu-
tion of particles using a density factor which Grimm had
established as an ‘urban environment’ factor (Grimm and
Eatough 2009). In addition to the aerosol spectrometer, the
instrument was also equipped with a global positioning sys-
tem (GPS) and weather station providing meteorological data,
such as temperature, relative humidity and pressure level.
Data was recorded at an interval of 1 min on the data storage
card. The comma-separated value (CSV) data files were then
analysed using the 365-SVC-Count-data-V2-5 software.

Contribution of synoptic wind, backward trajectory,
biomass fire and the MODIS aerosol data to the particle
number and mass concentration

A synoptic wind stream is shown in Fig. 2. Every year, the
south-westerly wind stream during June—September and the
north-easterly wind stream during December—March blow to-
wards the Malaysian Peninsula. These wind streams have
been found to have greatly intensified PNC. To investigate

this, the synoptic wind fields at 925 hPa (500 m), latitude of
—10°, 20° N, longitude of 90°, 120° E, were plotted using the
Grid Analysis and Display System (GrADS version 2.0.2).
The wind field datasets were (u, v - wind) downloaded from
the National Centres for Environmental Protection (NCEP)/
National Centre for Atmospheric Research (http://www.esrl.
noaa.gov/psd/data/-gridded-/data.ncep.reanalysis.pressure.
html) for analysis over the sampling site. The flow pattern of
the wind vector revealed a north-easterly wind in the upper
right and easterly and south-easterly in the lower part of  Fig.
2a, b during the first and third weeks of February 2013. The
wind blew from the north-east towards the Malaysian
Peninsula and then passed over the Bay of Bengal to
Sumatra in Indonesia. However, the mean synoptic wind in
February 2013 deviated slightly from the circulation in the
third week. The mean circulation showed that the Malaysian
Peninsula experienced both north-easterly and easterly wind
streams.

The 3-day back trajectories were plotted online using the
National Oceanic and Atmospheric Administration (NOAA)/
Earth System Research Laboratory (ESRL) Physical Sciences
Division website (Draxler and Rolph 2013). The mean cluster
of trajectories was produced using the Hybrid Single Particle
Lagrangian Integrated Trajectory Model (HYSPLIT 4.9).
Figure 3a—c shows the travel path of the back trajectories,
which were re-plotted using IGOR Pro 6.0.1 (WaveMetrics,
OR, USA). To ensure consistency with the wind field, the
releases of the trajectories were chosen at 925 hPa (500 m),
and the time interval was 3 h. The fire data from MODIS
represents biomass burning hotspots in the specific area of
interest. Fire hotspot data was downloaded from the
National Aeronautics and Space Administration-Land
Atmosphere Near Real-Time Capability for Earth Observing
System (EOS)-Fire Information for Resource Management
System (NASA LANCE FIRMS) fire archive (http://firms.
modaps.cosdis.nasa.gov/download/) for the range of 8° S to
20° N and 90° E to 120° E and appended onto the back
trajectory graphs (Fig. 3a—c). Over the period of 1-26
February 2013, trajectories were stagnant over the Gulf of
Thailand. The origin and pathway of backward trajectories
in February 2013 (first and third weeks) coincided with the
wind field which was plotted using GrADS software. Thus,
the results of this study were validated using the output of
GrADS and HYSPLIT. However, from Fig. 3c, the mean
cluster of the HYSPLIT back trajectory suggests that the
trajectories predominantly originated from localized sources
and some of them passed over the South China Sea and inland
across the Peninsula before reaching the sampling site. These
results indicate that the aerosol particles in the study location
of the Malaysian Peninsula originated from localized sources
as well as transported over the South China Sea from regional
sources, which strongly indicates the influence of long-range
transport (trans-boundary) during the season studied.
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Fig. 2 Wind vector a 1-8 February 2013, b 15-24 February 2013 and ¢ overall mean of February 2013

The size distribution of aerosol data from MODIS was used
to identify the sources of aerosol (Fig. 3d). The MODIS mea-
surements were used to derive the thickness of spectral aerosol
and aerosol size parameters (0.41—15 pm) over both land and
ocean. The radius size data of aerosol particles was retrieved
from NASA’s Terra satellite. The red and green areas show an
aerosol plume consisting of smaller (sub-micrometre

@ Springer

<1000 nm) and larger particles (>1000 nm) emitted from an-
thropogenic sources, such as smoke from fires, industry or
automobiles along with natural sources, such as windblown
dust, volcanic ash and sea salts, respectively. The yellow areas
show aerosol plumes where both larger and smaller particles
intermingle, while the black areas indicate the lack of satellite
data and recorded measurements (Fig. 3d).
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Fig. 3 Trajectory and biomass fire hotspots a 1-8 Feb, b 15-24 Feb and ¢ overall mean of Feb 2013, and d MODIS aerosol size distribution

Results and discussion

Concentration of aerosol particle mass (TSP, PM,,, PM, 5
and PM,)

The mean concentration of particles estimated from the num-
ber concentration of aerosol particles is shown in Table 1. The
24-h average mass concentrations for TSP, PM;, PM, 5 and
PM, were 14.37+4.43, 14.11£4.39, 12.53+4.13 and 10.53=+
3.98 ug m >, respectively. The mean concentrations of the
above particulate fractions are within the limits of the

Malaysian Air Quality Guideline (MAQG), the World
Health Organization (WHO) and United States Environmental
Protection Agency (US EPA) guidelines. Figure 4 illus-
trates the time series of TSP, PM,,, PM, 5 and PM; mass
for the period. The high concentration of aerosol particles,
i.e. pollution days, was observed on the 6, 8, 18 and 24
February. The 24-h mass concentrations of the particulate
matter on selected pollution days are summarized in
Table 2. Total daily average of PNC is 223.3 cm . The
maximum and minimum daily average PNC are 417 and
106 cm >, respectively. The daily results on pollution days

@ Springer
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Table 1  Summary statistics of aerosol mass (pg m73) and particle number concentration (PNC) (cm73)
Variables Mean Median Minimum Maximum Std. dev.

Daily Hourly Daily Hourly Daily Hourly Daily Hourly Daily Hourly
TSP (ug m™) 14.37 14.30 13.05 12.50 8.65 1.60 23.53 45.55 443 743
PM, (g m™>) 14.11 14.04 12.78 12.37 8.44 1.45 23.04 4547 4.39 7.44
PM, 5 (ug m ) 12.53 12.49 10.75 11.06 7.26 1.12 20.89 4349 4.13 6.85
PM; (ug m ) 10.53 10.51 9.00 8.87 5.38 0.86 18.54 39.26 3.98 6.24
PNC (total) (cm™>) 223.27 223.05 175.00 189.73 106.00 16.64 417.00 821.13 94.30 141.13
PNC (<0.5 pm) (cm ) 216.69 216.54 170.00 182.97 102.00 15.86 409.00 788.97 93.00 137.98
PNC (>0.5 pm) (cm ) 6.53 6.51 6.26 5.70 4.08 0.74 10.90 32.16 1.89 4.07
PNC (I um) (cm ) 222.31 222.13 174.50 189.03 105.00 16.53 416.00 818.19 94.14 140.87
PNC (2.5 pum) (cm ) 0.84 0.84 0.87 0.81 0.45 0.11 1.08 2.81 0.17 0.38
PNC (10 pm) (cm ) 0.08 0.08 0.08 0.06 0.04 0.01 0.19 0.30 0.03 0.06

showed higher concentrations of particle mass with larger
variability. On these days, the temperature range recorded
was 21.2-34.7 °C and relative humidity (RH %) varied in
the range 39.8-100 %. On the pollution days, high relative
humidity was accompanied by low temperature. At lower
temperatures, the precursor gases transform to the aerosol
phase through gas-to-particle transformation reactions. In am-
bient conditions, the temperature in the saturated air mass is
lower, such that the vapour pressure of the saturated air mass
decreases. Thus, the air mass is accompanied by a substantial
increase in relative humidity or achieves super saturation
(>100 %), thereby contributing to the growth of aerosol par-
ticle mass or cloud droplets (Hinds 1999; Seinfeld and Pandis
2006). However, whether or not a particle initiates nucleation-

oy (@)

Relative Humidity

Temperature (°C)

condensation depends on its size, shape, chemical composi-
tion, surface structure and surface charge (Hinds 1999).

The time series plots, as shown in Fig. 5, were examined
for variations in PNC and to observe abrupt increases in con-
centration, condensational growth or transportation of aged
particles. At the beginning of the data analysis, the number
concentration of aerosol particles was sub-grouped into two
categories in order to represent various modals (accumulation
and coarse mode): (1) <500 and (2) >500 nm. Kittelson et al.
(2004, 2006) distinguished aerosol particles in the size range
30-500 nm as the accumulation or soot mode. However,
Rimnagova et al. (2011) described particle sizes of >100 nm
as the accumulation mode. As the cut-off points for Grimm
samplers are 0.50 and 0.65 pum, the modal limits of <0.50 and
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Table 2 Twenty-four-hour mass
concentration particulate matters Variable 6 February 8 February 18 February 24 February
during selected pollution days
TSP (ug m ) 16.23+6.10 15.75+10.58 18.20+9.25 20.99+13.26
PM,o (g m ™) 16.05+5.91 15.54+10.58 17.80+9.30 20.89+13.24
PM, 5 (ug m™) 14.54+5.96 13.79+9.35 16.63+8.79 19.77£12.67
PM; (ug m™>) 12.45+5.86 11.85+8.09 14.84+7.98 17.90+11.49

>0.65 um were set for the accumulation and coarse modes,
respectively. Ninety-nine per cent of the particles were
assigned to the accumulation mode (<500 nm), and only
1 % of the particles were assigned to the coarse mode
(>500 nm). The range of particle sizes, from 0.25 to
>32 um, is also considered in the time series plots. An abrupt
increase in accumulation mode particles was observed on the
pollution days. The number of particles rapidly decreases once
they reached an apex. Several atmospheric mechanisms, such
as diffusion on surfaces, evaporation and coagulation, might
play an important role in this phenomenon. When two parti-
cles collide due to Brownian motion (coagulate), they form a
larger particle. Thus, coagulation reduces PNCs and shifts the
distribution to a greater size (Hinds 1999; Whitby et al. 1975;
Zhu et al. 2002). Air masses transported to the Malaysian
Peninsula during the south-westerly wind and north-easterly
wind events (Fig. 2) may well have played a significant role in
increasing aged aerosol particles.

The back trajectories from the first and third week of
February are also in good agreement with the synoptic wind
fields. The results of the trajectory analysis indicate that the
polluted air masses have originated from the biomass burning-
prone region, particularly from the north-east direction and
have been transported to the sampling site (Fig. 3a-b). The
mean cluster of the HYSPLIT model produced trajectories
arriving predominantly from localized sources as well as from
the north-east direction (Fig. 3c). Furthermore, the MODIS
data showed the distribution of smaller sub-micrometre
(<1000 nm) particles over the Selangor region in February
2013 (Fig. 3d). A study by Badarinath et al. (2004) observed
the highest concentration of aerosol mass in the size range of

Fig. 5 Time series of
accumulation and coarse mode
particles
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650-1100 nm occurred during a day on which biomass burn-
ing occurred compared to concentrations on days pre- and
post-burning. Referring to our site in particular, good agree-
ment was observed between the particle distribution results
and the MODIS distribution indicators.

Diurnal variations of TSP, PM,,, PM, s and PM,

The measurements were divided into two groups. Intense hazy
and cloudy days with high aerosol concentrations during the
experiment are regarded as pollution days. Rest of the mea-
surement days are regarded as non- pollution days. Several
processes influence the variability of particle concentration
during the daytime and night-time. The diurnal variations of
PNC and precursor gases are shown in Fig. 64, ii (a, b, and ¢).
The 24-h variation pattern was very similar during pollution
and non-pollution days (Fig. 6). However, the concentrations
of particle mass, PNC and trace gases (CO, O; and NO,) were
higher on pollution days (Fig. 6i (a, b, and ¢)) compared to
non-pollution days (Fig. 6ii (a, b, and c)). During pollution
days (Fig. 6i (a, b)), TSP, PM,o, PM, 5 and PM; concentra-
tions decline sharply between 8:00 and 11:00. The sun’s radi-
ation warms the surface, and air masses start rising and mixing
with the surrounding air, so the boundary layer is well mixed
and reaches its deepest during the day. As a result, the disper-
sion of pollutants is high during this time. A similar downward
trend in TSP, PM,,, PM, s and PM; was observed on non-
pollution days between 10:00 and 12:00 (Fig. 6ii (a and b)).
On non-pollution days, the concentration remained stable after
the sharp decline until the increasing point, whereas on pollu-
tion days, the concentration showed variation after the sharp
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downward phase. The change in cloud cover will alter the
amount of radiation reaching the surface and the boundary
layer mixing, and dispersion of pollutants will also change
accordingly. The stagnant period at night favours the accumu-
lation of aerosol particle mass and at the same time tempera-
ture inversion prevails, which eventually makes the air mass
stable thereby reducing dispersion. This process generally oc-
curs under stable atmospheric conditions (Galindo et al.
2013). However, in general, the wind speed increases substan-
tially during the day, causing dispersion of the aerosol particle
mass. At the present location, the wind speed was recoded as
9.1+5.4 km h™" and 7.1+4.5 km h™" for day and night, re-
spectively. The dilution effect in the lower planetary boundary
layer (PBL), along with relatively higher ambient and surface
temperature as well as higher wind speed, results in lower
concentrations of aerosol particles (Choi and Choi 2008).
This dilution effect is generally observed during the daytime
(Chow et al. 1999).

The PNC variation for all sizes showed a similar pattern
(Fig. 6i (b), ii (b)). The diurnal variation of PNC can be ex-
plained by traffic frequency and the dynamics of atmospheric
motion. The PNC diurnal variation is mainly caused by mete-
orological conditions such as solar radiation, formation of the
connectively mixed boundary layer (CBL) and wind condi-
tions (Cyrys et al. 2008). CO and NO, profiles showed similar
temporal variation to that observed for PNC (Fig. 61 (c), ii (c)).
Between 6.00 and 9.00, the concentration of CO and NO, is
high. After 9.00, the concentration curves were flat, and the
values were lower than the earlier times. The concentration of
PNC and NO, depends on traffic emissions and turbulent
dilution generated by traffic movement and wind (Johansson
et al. 2007). Moreover, Durant et al. (2010) showed that the
early morning correlation between PNC and NO, were stron-
ger than later in the morning when mixing is greater. High O;
concentrations were observed on both pollution and non-
pollution days (Fig. 6i (c), ii (¢)). During pollution days, with
high concentrations of NO, at night or in the early morning
(Fig. 6i (c)), ozone reacts with NO, to form NO;3 which rap-
idly reacts with NO, to form N,Os. The N,Os reacts with
water droplets to form a larger nitrate particle. However, this
pathway is not favourable in the daytime as observed by
Richards (1983). Thus, the high concentration of O3 and
NO, at night and early morning favours the larger concentra-
tions of PNC (Fig. 6i (b)).

Correlations and source apportionment analysis

For a better understanding of the relationships between the
variables, the Spearman correlation multivariate statistical
technique and principal component analysis (PCA) were used
as shown in Tables 3 and 4, respectively. The 1-h resolution of
TSP, PM,o, PM, 5, PM; and PNC, as measured in February
2013, were used in this analysis. The correlation analysis
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Fig. 6 Diumal variability of TSP, PM,, PM, 5, PM,, particle number P>
concentration (PNC (>10, <10, 2.5 and 1 um)) and trace gases (CO, Os,
NO, and SO,) during pollution and non-pollution days

showed that PM; and PNC (0.27-0.43 pm) are significantly
correlated (>R=0.90). Thus, the concentration of particle
number and mass is dominantly within the sub-micrometre
mode. A similar observation was reported by Xu et al.
(2013) in which 97 % of particles were attributed to the sub-
micrometre (N »5<4<1 M) range.

To determine the possible sources of PNC, PCA analysis
followed by varimax rotation was conducted using the nor-
malized dataset. The normalization of the variables was per-
formed using the following equation to transform the dataset
into a dimensionless standardized form

Cu—C;

gi

Ziy =

(1)

where i=1, 2, 3,....n, the total number of elements in the data
set, k=1, 2, 3,....m, the total number of observations, Z;, is the
standardized form of the value for variable ith and observation
k, C;;. is the concentration of ith variable and k observation, C;
is the mean concentration of ith variable and all observations,
and o; is the standard deviation of ith variable. Details of the
procedure have been explained by Khan et al. (2010) and
Thurston and Spengler (1985). PCA analysis identified five
potential sources explaining 84.4 % of the total variance and
an eigen value >1. Factor loadings of >0.70 for the variables
were considered for interpretation. PC1 explained 43.8 % of
the variance, and PNC was predominant in the fine and sub-
micrometer range, 540 to 1800 nm. Thus, PC1 represents the
particles in the fine and sub-micrometer mode. During the
pollution episode, the smaller particles condense onto the sur-
face of larger particles within an aged air mass which may
contribute to the higher concentrations of larger particles no-
ticed by Cusack et al. (2013). Therefore, the first factor score
can be explained by fine and sub-micrometer mode aged par-
ticles. A 16.5 % of the variance has been explained by PC2
marking a significant factor loading for PNC in the range of
2250 to 7000 nm. Thus, PC2 addresses the coarse fraction of
the PNC. A study by Silva et al. (1999) observed that the
coarse mode (d>1 pm) particles are released from natural
wildfires. Further, coarse particles in the aerodynamic size of
~3 um are enriched with sea salt (Van Malderen et al. 1992).
During the present study, natural wildfire or biomass burning
originated mainly from regional or distant sources which are
consistent with the origin of the trajectory as well as transport
pathways of the air masses. PC3 included 12.4 % of the var-
iance, and the significant factor loading shown by the vari-
ables, i.e. 9250 to 16,250 nm, represents coarser particles. The
particles of sizes 4 to 15 wm are composed of aluminosilicates,
one of the predominant compositions of windblown soil dust
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Table 4 Predicted principal component (PC) factors to the particle
number concentration (PNC)

Variables PC1 PC2 PC3 PC4 PC5

Nags 0.40 0.15 0.11 0.86 0.01
Naoo 0.38 0.16 0.08 0.88 0.01
Nips 0.37 0.20 0.03 0.89 0.01
Ni7s 0.40 0.23 —0.01 0.87 0.01
Nyos 0.55 020  —0.02 0.79 0.01
Nyzs 0.67 0.22 —0.05 0.66 0.01
Nsao 0.77 0.18 —0.04 0.56 0.02
Ne1s 0.87 0.14  —0.02 043 0.02
Ne7s 0.90 0.12 —0.02 0.38 0.02
N7so 0.93 0.10 0.01 0.34 0.02
Nooo 0.94 0.10 0.01 0.31 0.02
Niiso 0.95 0.08 0.05 0.25 0.01
Niaso 0.95 0.09 0.09 0.16 0.01
Nisoo 0.89 0.31 0.05 0.07 0.01
Naaso 0.54 079  —0.08 0.12 0.04
Na7s0 0.26 0.92 -0.12 0.16 0.04
Nazso 0.19 094  —0.14 0.15 0.04
Ni7s0 0.16 096  —0.11 0.14 0.04
Nisoo 0.10 098  —0.04 0.13 0.03
Ns7s0 0.02 0.96 0.06 0.14 0.01
N7o00 0.02 0.88 0.27 0.14 —0.01
Nsooo 0.04 0.64 0.50 0.12 -0.14
Noaso 0.10 0.31 0.72 0.06 -0.15
Nii2s0 0.06  —0.01 0.80 0.07 —0.11
Ni3750 0.01 —0.13 0.76 0.00 -0.03
Nig2s0 0.00 —0.18 0.68 0.04 —0.06
Nig7s0 -0.04  —0.13 0.66  —0.01 0.00
Nazsoo 0.02  —0.17 0.65 0.01 —0.21
Na7s00 —0.04  —0.06 0.16  —0.01 —0.97
N31000 0.01 —0.12 0.33 —0.03 0.02
N300 -0.02  —0.02 0.04 —0.02  —-0.98
Expl. var 8.31 6.97 3.63 5.24 2.02
Prp. totl 0.27 0.22 0.12 0.17 0.07

13.57 5.12 3.85 1.86 1.76
43.79 16.52 12.42 5.99 5.69
43.79 60.31 72.73 78.72 84.40

Eigen value
Total variance (%)

Cumulative (%)

Values in bold are stronger factor loadings that >0.70

(Kim et al. 2006; Van Malderen et al. 1992). Therefore, it is
likely that particles in this size range mainly consist of soil
dust that has been resuspended and transported from trans-
boundary sources. PC4 has been explained by 6.0 % of the
total variance and represents particles in the accumulation
mode in the range of 265 to 425 nm. A study by Pey et al.
(2009) described the PC dominating the accumulation mode

(575-800, 310415, 415-575 nm) as released from an urban
background source. A study conducted at an urban site by
Harrison et al. (2011) observed a PC factor with a particle
number distribution at 0.1 um and the volume distribution
of around 0.35 um. Therefore, the accumulation mode parti-
cles in this factor score might originate from urban back-
ground sources. With respect to this station, the urban back-
ground site consists of the tropical rainforest, agriculture as
well as road traffic or line sources. PC5 has shown 5.6 % of
the total variance and is classified as giant particles, wind-
blown from distance sources, in the aerodynamic size range
0f 27,500 to 34,000 nm. Similar observations were noted by
Nicolas et al. (2009), where three factor components were
identified as the accumulation mode (<0.9 pm), coarse
(>7.5 um) and coarser particles i.e. wind resuspension of soil
particles, respectively. Thus, the sources of PNC clearly dem-
onstrate that the accumulation and sub-micrometer aged par-
ticles are predominantly released from local or background
sources. In contrast, the coarse, coarser and giant particles
might be abundant at this study location due to biomass burn-
ing, sea salt and windblown soil dust transported from distant
sources.

The lognormal distribution model
The size distribution of aerosol can be determined as a func-

tion of particle diameter using the following lognormal equa-
tion (Birmili et al. 2001; Heintzenberg 1994):

(2)

y:

Aoxp (Indp (x) — lnzCMD)z
2(Inog)

where particle numbers and mass concentrations (y) were plot-
ted against the logarithmic scale of the diameter (nm). The
lognormal multiple fitting tool was employed using IGOR
Pro, a graphical software (Wavemetrics, Lake Oswego, OR,
USA) for the plots of number and mass concentrations to
extract microphysical parameters such as the count median
diameter (CMD), mass median diameter (MMD) and geomet-
ric standard deviation (04q) of each mode. The size distribu-
tion of aerosol number concentration was determined for the
month of February 2013 (Fig. 7), and this clearly shows a
sharp uni-modal distribution in the accumulation mode
(230.5 nm). Thus, the CMD for the accumulation mode in
February 2013 was 230.5 nm. As shown in Tables 5 and 6,
the geometric standard deviation (0,s4) of number distribution
in February 2013 was estimated as 1.2. The weekly CMDs
were estimated as 233.9, 233.2, 233.6 and 228.4 nm for week
1 (WK1)-February 2013, week 2 (WK2)-February 2013,
week 3 (WK3)-February 2013 and week 4 (WK4)-February
2013, respectively. The 0,4 values were calculated as 1.2, 1.2,
1.2 and 1.3 for WK1-February 2013, WK2-February 2013,
WK3-February 2013 and WK4-February 2013, respectively.
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Fig. 7 Size distribution of aerosol particle number concentration (PNC)

@ Springer



Environ Sci Pollut Res (2015) 22:13111-13126

13123

Table 5 Estimated aerosol count median diameter (CMD), peak width
and geometric standard deviation (GSD)

CMD (nm) Width (nm) GSD
Overall February 2013 230.5 0.3 1.2
WK1-February 2013 233.9 0.3 1.2
WK2-February 2013 2332 0.3 12
WK3-February 2013 233.6 0.3 12
WK4-February 2013 228.4 0.3 1.3
6/2/2013 233.7 0.3 1.2
8/2/2013 224.9 0.4 1.3
18/2/2013 195.0 0.5 1.4
24/2/2013 222.0 0.4 1.3

Likewise, the CMD was estimated for some polluted days
in which we found high concentrations of particle num-
bers, and the resulting CMDs were 233.7, 224.9, 195.0
and 222.0 nm for 6, 8, 18 and 24 February 2013, respec-
tively. The o44q values for the selected daily sets of data
were calculated as 1.2, 1.3, 1.4 and 1.3 for 6, 8, 18 and
24 February 2013, respectively. The geometric standard
deviations for the weekly, daily and whole month number
distributions in the accumulation mode varied from 1.6 to
1.8; these were nearly constant. A study conducted at the
surface and above the Malaysian rainforest canopy re-
ported that smaller fungal spores dominated particles in
the range of 2—5 pum (Gabey et al. 2010). Thus, the bio-
logical aerosol generated near the rainforest had an insig-
nificant effect on the distribution of number concentration
in the Bangi area. Furthermore, the diameter of the num-
ber size distribution shifted from 60 for clean to 80 nm
for polluted days at the Peking University site in Beijing,
China (Yue et al. 2009). The lognormal fitting model for
the mass distribution of aerosol particles was subjected to
the estimation of MMD and 0,4 (Fig. 8). Unlike the
number distribution, the results of this lognormal fitting

revealed that the two peaks were sharply and widely sep-
arated to produce a bimodal distribution. These results
are consistent with the bimodal peaks of mass size dis-
tribution described in the previous work (Salam et al.
2012). The MMD of these two peaks were 189.2 and
2360.1 nm, with o4 values of 1.7 and 1.8, respectively.
The results suggested that the mass concentration was
mainly associated with the fine and coarse mode, which
is consistent with other studies in which a bimodal dis-
tribution was found in urban aerosol (Lonati et al. 2011;
Tsai et al. 2011). Furthermore, by means of the lognormal
fitting model (Table 6), the MMDs for the weekly data
were estimated as 180.8, 198.0, 196.8 and 194.3 nm for
WK1-February 2013, WK2-February 2013, WK3-
February 2013 and WK4-February 2013, respectively, as
presented in peak 1 (Fig. 8). The geometric standard de-
viations (0gsq) of peak 1 were calculated as 1.8, 1.7, 1.7
and 1.7 for WK1-February 2013, WK2-February 2013,
WK3-February 2013 and WK4-February 2013, respec-
tively. The geometric standard deviation of MMD at peak
1 varied insignificantly, and the range of MMD was
found to be 0.18-0.20 um. However, the particles of
tropical biomass burning were confined to the fine mode
at 0.33 um (Weinzierl et al. 2011), which was close to
the MMD of peak 1. Likewise, the lognormal fit model
was applied to the peak 2 into the weekly and selected
daily data sets. As shown in Table 6, the MMD for the
weekly data were observed as 2100.3, 2537.7, 2315.6
and 2400.0 nm for WK1-February 2013, WK2-February
2013, WK3-February 2013 and WK4-February 2013, re-
spectively, as presented in peak 2 (Fig. 8). The geometric
standard deviations (ogq) of peak 2 were estimated as
1.7, 1.7, 1.7 and 1.8 for WKI1-February 2013, WK2-
February 2013, WK3-February 2013 and WK4-February
2013, respectively. The results showed that the geometric
standard deviations at this mode were also fairly stable.
The results for MMD showed a range of 2.1-2.5 um,
which represents dust particle aging and a shift from

Table 6 and estimated aerosol

mass median diameter (MMD), Peak-1 Peak-2

peak width and geometric

standard deviation (GSD) MMD (nm) Width (nm) GSD MMD (nm) Width (nm) GSD
Overall February 2013 189.2 0.8 1.7 2360.1 0.8 1.8
WK 1-February 2013 180.8 0.8 1.8 2100.3 0.7 1.7
WK2-February 2013 198.0 0.7 1.7 2537.7 0.7 1.7
WK3-February 2013 196.8 0.7 1.7 2315.6 0.8 1.7
WK4-February 2013 1943 0.8 1.7 2400.0 0.8 1.8
6/2/2013 205.0 0.7 1.6 2328.1 0.8 1.7
8/2/2013 195.9 0.7 1.7 2735.4 0.7 1.6
18/2/2013 180.0 0.9 1.9 1888.0 0.7 1.7
24/2/2013 190.5 0.8 1.8 1969.4 0.8 1.7
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accumulation mode particles (Weinzierl et al. 2011).
Likewise, sulphate and organic aerosol mass diameter
exhibited a range of 170-270 nm in a clean atmosphere
which was reported to be released from natural sources
(Rimselyte 2007); this supports the results for peak 1
identified in this study.

Conclusions

This study investigated the concentrations of particle mass and
number concentration in a tropical semi-urban area. The var-
iability of size-fractionated particle (TSP, PM,,, PM, 5 and
PM,) concentrations in terms of local and synoptic meteorol-
ogy, regional biomass fire hotspots, back trajectory analysis,
correlation and PCA was determined. The mean concentra-
tions of TSP, PM,,, PM, 5 and PM, were 14.37+4.43, 14.11
+4.39, 12.53+4.13 and 10.53+3.98 pg m > respectively,
which are within the limits of the MAQG, WHO and US
EPA guidelines. Particles in the accumulation mode
(<500 nm) dominated the overall number concentration (99
%). This indicates that gas-to-particle conversion, adsorption
on pre-existing particles and the growth of ultrafine particles
due to the coagulation process have occurred. One per cent of
particles were found to be in the coarse mode (>500 nm).
Correlation analysis showed a strong correlation between
PM; and PNC (r=0.99). Five potential factors resulted from
the PCA analysis, and PC1 (43.8 % variance) predominated in
terms of particle numbers in the fine and sub-micrometre
range. PC2, PC3, PC4 and PC5 have explained 16.5, 12.4,
6.0 and 5.7 % of the variance to address the coarse, coarser,
accumulation and giant fraction of PNC, respectively. The
pronounced regional contribution to the concentration of par-
ticles, particularly on polluted days, was due to the north-
easterly wind flow towards the Malaysian Peninsula. The
PNC at the current location was substantially higher when
compared to other locations in the world due to the complex
aerosol system in this region. It also highlights the importance
of further integrated aerosol studies, particularly into ultrafine
particles. Our results were in good agreement with the
MODIS distribution indication. We strongly recommend that
the continued monitoring of high resolution PNC data cover-
ing the ultrafine range is undertaken. We also recommend that
research on size distribution and new particle formation is
carried out, in order to aid a more comprehensive understand-
ing of the aerosol system in this study area.
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