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Abstract. An intensive field study was conducted in the centrations throughout the entire sampling period. This cor-
urban atmosphere of Singapore to investigate the comporelation with ozone suggested that the secondary aerosol con-
sition of organic compounds in both gaseous and particustituents such as phthalic and cis-pinonic acids were probably
late phases during the period of August to early Novemberformed through @induced photochemical transformation.
2006. 17 atmospheric samples were collected. These sam-
ples were subjected to accelerated solvent extraction with a
mixture of dichloromethane and acetone and separated intg
functional group fractions for analyses by GC/MS. Over
180 organic compounds belonging to three major fractionsajr pollution in Southeast Asia (SEA) is a subject of inter-
(n-alkanes, polycyclic aromatic hydrocarbons — PAHS, andeg; from both regulatory and scientific perspectives since re-
polar organic compounds — POCs) were identified and quangiona| emissions are growing rapidly as a result of increasing
tified. The characteristics and abundance of the ”'alka”espopulation, expanding economies, and the associated sys-
PAHs, mono and dicarboxylic acids, methoxylated phenolsiems of energy consumption and production. The poten-
and other POCs were determined. The composition of thesgg for trans-boundary air pollution problems in SEA is also
organic compounds fluctuated temporally with most of themgreat due to high emissions and the close proximity of many
being relatively higher in October than those in other monthsy¢ the major industrial and urban centers (e.g. Bangkok,
of the sampling period. 3-D backward air mass trajectorykyaja Lumpur, Singapore, and Jakarta). Regional air pollu-
analyses together with the carbon preference index (CPl)ion problems such as reduced visibility and acid deposition
molecular diagnostic ratios and molecular markers were used ¢ already apparent in the region (Balasubramanian et al.,
to investigate the origin of organic species measured inggg, 2003; Siniarovina and Engardt, 2005; See et al., 2006).
this study. Based on these diagnostic tools, the increaseflia|ly because of the recurring regional haze episodes re-
abundance of atmospheric organic species during Octobeg ting from forest and peat fires (detailed background infor-
could be attributed to the occurrence of regional smoke haze,ation in the Supplement), caused by land-clearing activities
episodes due to biomass burning in Indonesia. Among thé, symatra and Borneo, and to a lesser extent Malaysia, there
POCs investigated, phthalic acid and cis-pinonic acid wereyas heen an increase in the number of air quality monitoring
abundant during October 2006. These two acids showedaions in the region. These regional smoke haze episodes
strong linear relationships with maximum daily 0zone con-paye occurred almost every dry season since the late 1990s
in Southeast Asia (Fang et al., 1999; Narukawa et al., 1999;
Muraleedharan et al., 2000; Mukherjee and Viswanathan,

Correspondence tcR. Balasubramanian  2001; Koe et al., 2001; Bin Abas et al., 2004). Moderate
BY (eserbala@nus.edu.sg) and dense smoke from these fires could be transported from
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South Sumatra and Kalimantan during the Southwest monban atmospheres. We recently studied the gas/particle par-
soon season such that the atmosphere over Singapore couitioning of PAHs and PCBs in the tropical atmosphere of
be polluted by smoke haze to some extent. These smok8EA based on both absorption and adsorption models (He
haze episodes are different from localized transient smognd Balasubramanian, 2009).
conditions occurring in urban areas from the trapping of an- In the present study, the compositions of the nonpolar and
thropogenic emissions in a nearly stagnant atmosphere. Thegolar organic compounds in both gas and particulate phases
spread of smoke haze resulting from biomass burning couldvere determined from August through early November 2006
lead to some local and regional air pollution problems overin order to determine temporal variability. Molecular dis-
this area. tributions and concentrations of n-alkanes, PAHs and POCs
Among air pollutants, airborne particulate matter (PM) is were quantified under different meteorological conditions.
unigue because of its potential complexity in terms of bothBased on molecular distributions of the compounds stud-
chemical composition and physical properties. In order toied, biomass burning and other potential emission sources
understand the role of PM in regional air pollution and at- for the atmospheric particles were assessed and suggested.
mospheric chemistry issues, it is important to know their de-This article represents the first study of its kind on report-
tailed chemical composition. A number of studies on PM ing the detailed chemical composition of organic aerosols for
compositions in SEA have been reported, but most of thes&ingapore.
studies were focused on measuring specific aerosol compo-
nents (e.g. total mass, elements, organic carbon/elemental
carbon (OC/EC) and water-soluble ionic and organic specie® Experimental
over a limited period of time (Takeuchi et al., 1998; Gras
et al., 1999; Nakajima et al., 1999; Narukawa et al., 1999;2.1 Sample collection
Radojevic and Hassan, 1999; Muraleedharan et al., 2000;
Okada et al., 2001; Salam et al., 2003). We did a comprehenSVOCs distributed between particulate and gaseous phases
sive characterization of atmospheric aerosols in Singapore owere collected from August to early November 2006 by a
a daily basis for a year (Balasubramanian et al., 2003) whichigh-volume sampler (Model: PUF-3300 BRL, HI-Q Envi-
revealed that a significant fraction of the total mass can bgonmental, USA) at the Atmospheric Research station with a
attributed to organic constituents. 12 h or 24 h sampling time; this site is located on the roof of
Organic matter in aerosols is composed of a large numbeone of the tallest buildings at the National University of Sin-
of individual compounds and is widespread in the environ-gapore campus. Singapore is located at the southern tip of the
ment. The typical sources include natural and anthropogenidlalayan Peninsula, between latitude99 N and £29' N
emissions such as forest fires, volcanic eruptions, incomand longitudes 10386 E and 10425 E, and measures 42 km
plete combustion of fossil fuels, wood, agricultural debris or from aast to west and 23 km north to south. The sampling
leaves, and fugitive emissions from industrial processes (Sisite is 67 m a.s.l.,, and is approximately 800-1000 m away
moneit et al., 1977; Simoneit, 1984; Rogge et al., 1993; Fangrom the open sea. The air quality at the sampling site is in-
etal., 1999; Fraser et al., 1999; Schauer et al., 2007). PM cafiuenced by local emissions from chemical industries, major
also be formed from nucleation of atmospheric transforma-power plants, and petroleum refineries located in the south-
tion products of volatile organic compounds (VOCSs) or their west direction and also by urban vehicular traffic. There
adsorption on the surface of the pre-existing aerosol (Pandigre two main seasons, the Northeast Monsoon from Novem-
et al., 1992; Penner and Novakov, 1996). Formation of secber through February and the Southwest Monsoon from July
ondary organic aerosol (SOA) has been extensively studiethrough October. These two seasons are separated by two
under simulated laboratory conditions in the last two decadeselatively short inter-monsoon periods, with winds blowing
(Seinfeld and Pankow, 2003). However, data on detailed spei no fixed direction. The months of February and March are
ciation of organic species in urban aerosols especially in SEAelatively drier.
are still limited. This is probably due to analytical difficulties  Total suspended particles (TSP) were collected by a pre-
and the complexity of the compounds present. fired quartz filter of 10.2 cm diameter followed by an adsor-
To improve our knowledge on the particulate air pollution bent cartridge filled with 3 pieces of 2.54 cm PUF plugs con-
in SEA and to address the needs for a comprehensive charaoected in series (7.62 cm) which were used to trap organic
terization of PM and their effects, it is necessary to have in-compounds partitioned into gas phase. These filters were an-
formation on the detailed chemical composition of urban or-nealed at 450C for 24 h prior to use. Pre-cleaning of PUF
ganic aerosols. An important aspect with regard to the atmoplugs was carried out using 33 mL stainless steel vessels of
spheric fate of organic aerosols is that semi-volatile organica Dionex ASE 200 with the pure hexane, mixture of hex-
compounds (SVOCs) such as n-alkanes, polycyclic aromati@ne and acetone (3:1) and pure acetone for two cycles, re-
hydrocarbons (PAHs) and polychlroniated biphenyls (PCBs)spectively, to remove the possible interference from organic
tend to be partitioned between the gas and particle phasesompounds of non-polarity, semi-polarity and high polarity.
which could affect their transport and transformation in ur- To check whether the PUF plugs were sufficiently clean after
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the pre-cleaning procedure, one more cycle (hexane, mixture2.3 Quality control
and acetone) of extraction was applied. Their extracts were
analyzed by the same GC-MS protocols as used for the tarThe analytical quality of the data obtained was determined
get compounds in this study. It was found that their concen-using the limit of detection (LOD), recovery, linearity of
trations were detected at the same level as in pure solventalibration, and by checking and eliminating sampling ar-
used for pre-cleaning. The high-volume PUF sampler carfifacts. During each set of extractions, the field blanks (fil-
collect air at a rate of ca. 250 L min. After sampling, PUF  ter and PUF plugs) were included and the mean blank value
plugs were wrapped in pre-cleaned aluminum foil and storedvas subtracted from the measured levels. The reliability of
in moisture-free and air-tight glass containers, while particu-the entire procedure for each sample was evaluated by using
late filters were conditioned in a desiccator for 24h, weighed surrogate standards. Breakthrough was evaluated under field
wrapped and placed with paired PUF plugs. The samplegonditions by connecting three 2.5 cm plugs in series and an-
were stored-20°C before they were shipped to the collab- alyzing them separately. For 24 h samples, measured semi-
orator’s laboratory in the Department of Atmospheric Sci- Volatile organic compounds (SVOCs) at the third plug were
ences at Desert Research Institute (Nevada, US) for GC-M$1 the range of those found in blanks. Calibration standards
analysis. The sampling information is provided in Table 1. spiked with internal standards were measured regularly to
ensure the consistency of analytical instrument performance
2.2 Analytical methodology during chemical analysis.

A detailed description of the analytical procedure used for2.4 Airmass backward trajectory analysis

extraction, separation and analysis of the main organic frac-

tions has been published elsewhere (Rinehart et al., 2006Fhe latest, updated Hybrid Single-Particle Lagrangian Inte-
Mazzoleni et al., 2007). Briefly, several isotopically labeled grated Trajectory (HYSPLIT) model (Version 4.9) (Draxler
internal standards were added to each quartz filter and PUBnd Rolph, 2003; Rolph, 2003), developed by the Na-
cartridge sample prior to extraction. Those quartz filterstional Oceanic and Atmospheric Administration (NOAA),
paired with PUF samples were extracted by accelerated solwas used to compute backward trajectories for air samples
vent extraction (Dionex ASE 300 Accelerated Solvent Extra-taken from August 2006 to November 2006. Meteorologi-
tor by using 34 mL extraction cells at the pressure of 7000 Pacal data were obtained from National Centers for Environ-
and the temperature of 7€) with dichloromethane fol- mental Prediction (NCEP) Global Data Assimilation System
lowed by acetone; these extracts were then combined an@fGDAS, global, 2005-present). Kinematic 3-D trajectories
concentrated by rotary evaporation followed by moisture-were used as they are reported to provide an accurate descrip-
filtered ultra high purity (UHP) nitrogen blow down and tion of the history of air masses in comparison with all of the
then split into two fractions. The first fraction was an- other approaches (isentropic, isobaric) (Stohl, 1998; Stohl
alyzed without further alteration for PAHs and n-alkanes and Seibert, 1998). Backward air trajectories were generated
by gas chromatography coupled with mass spectrometnat eight starting times per sample (every 3 h during each sam-
(GC/MS). The second fraction was evaporated to 100 uL unspling event) for 96 h back in time with 500 ma.g.l. (above
der moisture-filtered UHP nitrogen and transferred to 300 uLground level). This atmospheric level is very frequently used
silanized glass inserts. Samples were further evaporated tfLee et al., 2006; Erel et al., 2007) and ensures that the
50puL and 25pL of pyridine, and 150 uL of BSTFA with trajectory starts in the atmospheric boundary layer (ABL)
1% TMCS [N, O-bis (trimethylsilyl) trifluoroacetamide with (Dvorsl& et al., 2009). In addition, cluster analysis was con-
1% trimethylchlorosilane] was added. These derivatizingducted by using HYSPLIT model (version 4.9) as well to
reagents convert the polar compounds into their trimethylsi-classify the trajectory groups of similar length and curvature
lyl derivatives for analysis of organic acids, methoxyphenols,for monsoon and pre-monsoon seasons (Stohl, 1998).
cholesterol, sitosterol, etc. The glass insert containing the

sample was put into a 2 ml vial and sealed. The sample was

then placed into a thermal plate (custom made) containing in3 Results and discussion

dividual vial wells at 70C for 3 h. The calibration solutions ] ) o

were freshly prepared and derivatized just prior to the analy-3-1  Trajectory analysis and temporal variations

sis of each sample set, and then all samples were analyzed by N TSP concentrations

GC/MS within 18 h to avoid degradation. The samples were, . . . -
analyzed by electron impact ionization GC/MS technique us-The 96_h bacl<.ward .trajectorlles of ar masses arriving at the
ing a Varian CP-3400 gas chromatograph with a model CP-StUdy site d_urmg th|_s sampling period were computed, and
8400 Auto-sampler and interfaced to a Saturn 2000 lon Trapare categorized in Fig. 1.

Mass Spectrometer. Results are reported after blank subtrac-1 ¢ ster 1
tion with a composite field blank of 5 individual field blanks
which were treated identically as above.

— a category of air masses representative of
Southwest monsoon season (August—September 2006).
This category accounted for 98.6% of all the air masses
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Table 1. Summary of meteorological parameters, TSP and PSI data during the sampling period in 2006.

Sampling Date Air Temperatuf€  Humidity %  Wind Speed msl TSP pgnt3  PSI

10-11 August 26 84 1.7 46 42
16-17 August 27 83 3.1 43.7 45
4-5 September 29 78 1.9 39.3 47
20-21 September 29 74 3.3 394 44
2-3 October 28 76 1.1 80.5 68
4-5 October 28 77 25 57.9 53
7-8 October 28 79 1.6 2179 130
10 October-D 30 70 1.8 127.5 59
10-11 October-N 26 81 0.4 108.8 71
12 October-D 29 73 1.5 63.1 54
13-14 October-N 25 78 1.2 57.7 85
14-15 October 28 78 1.4 134 116
16-17 October 28 80 0.8 143.4 118
18-19 October 29 76 0.8 123.7 97
21-22 October 29 79 0.7 128 81
23-24 October 28 88 0.3 64 69
26-27 October 28 89 0.6 43.9 38
2—-3 November 27 86 0.8 32.6 37
5-6 November 28 84 0.6 49.8 58
9-10 November 28 85 0.8 37.0 35

Note: 24 h sampling started from 08:00 a.m. to 08:00 a.m. next day.
D: daytime sampling started from 08:00 a.m. to 08:00 p.m. on the same day for 12 h.
N: nighttime sampling started from 08:00 p.m. to 08:00 a.m. next day for 12 h.

received at the sampling site during the SW monsoon. elling over the South China Sea; some originated from
The air quality in Singapore was partially influenced the Southern China such as Hainan, Canton provinces
by the air masses transported from Indonesia, and few  or Taiwan Island/strait as well. The air quality in Sin-
hotspots (forest and peat fires) were observed in Suma-  gapore was influenced by cleaner air masses of oceanic

tra and Kalimantan during this period as evident from origin following their long-range transport from NE di-
satellite images (National Environment Agency (NEA), rection.
Singapore).

Figure 2 shows the daily average concentrations of TSP
2. Cluster 2 — a category of air masses for October 20062and Pollution Standard Index (PSI) readings which are in-
The pre-northeast monsoon, characterized by relativedicative of ambient air quality. An index value of 1 to 50 in-
low wind speeds, is usually experienced in the monthdicates that the air quality is in the good range for that day,
of October. However, the air mass sources were still51 to 100 in the moderate range and a value &0 would
the same as those in August and September 2006, witfnean that the air quality is unhealthy (NEA). As can be seen
89.7% of air masses originating from the Southwest secfrom Fig. 2, both the PSI and the TSP concentrations tracked
tor. These air masses were partly terrestrial and partlyeach other reasonably well during this sampling period, sug-
oceanic in origin, passing through islands of Southerngesting that the PSI for the day was determined by the pre-
Indonesia such as Sumba, Lombok and Sumbawa, Ja\/@.l'lng TSP concentrations. It could also be seen that there
Sea, mass islands of Java and Southwestern Sumatr#/as a sporadic increase in the values of both the PSI (maxi-
and in some cases crossing Kalimantan (Borneo) Isum 150) and the TSP (maximum 273.4 ugnon a num-
land before arriving at Singapore. Notably, the numberber of occasions during October which was presumably due
of dense hotspots detected in Sumatra and Borneo into the influence of biomass burning-impacted air masses ad-
creased significantly during this month (representativevected from Indonesia (Fig. 1b). As a result of the onset
hotspot map in Fig. 1d). of the inter-monsoon season in early November, relatively
cleaner oceanic air masses blew into Singapore (Fig. 1c),
3. Cluster 3 — a category of air masses during earlyleading to a significant improvement in air quality as re-
November 2006. 100% of air masses received at thelected by the PSI and TSP values.
site came from the Northeast (NE) areas (Fig. 1c). Most
of air masses sampled were of oceanic character, trav-
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Fig. 2. Temporal Changes in Total Suspended Particulate matter (TSP) concentrations and Pollutants Standard Index (PSI) from August to
October 2006 (PSI from National Environment Agency of Singapore).

3.2 Aliphatic Hydrocarbons (AH) trations (particulate plus gas) of AH were 66431.04,
45.3242.91, 801.34-443.9 6 and 71.2& 21.56ngnm3

The measurement of the homologous series n-alkanes in tha!"ng August September, October and November 2006,

hydrocarbon fraction of the air samples allowed the deter-"€SPectively.

mination of their occurrence, relative distribution, CPh 4 The number of carbons contained in n-alkanes detected in

(carbon number maximum), and wax n-alkanes (WNA) con-this study mainly ranged from4G to Czs (some of the rep-

tent as shown in Table 2. The monthly average concensesentative distributions are shown in Fig. 3). It has been
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Table 2. Organic compounds characteristics of air samples of 2006 over Singapore (total concentration of both gaseous and

particulate phases, ng*rﬁ).

J. He et al.: Influence of biomass burning

Compound classes (ng*rﬁ) August 2006  September 2006 October 2006  November 2006
n-alkanes
Total concentration 66.18 11.04 45.32:2.91 801.34t443.96 71.2@21.56
Homologues range

C12-Css
Cpmax G1 C21, C22 C21, Ca1 Cz1
CPl 1.20+0.21 1.11+£0.07 1.59+0.10 1.23t0.13
CPb 1.27+0.14 1.06+0.23 1.88+0.26 1.56+0.32
CPl3 1.48+0.44 1.39£0.23 1.770.18 1.41+£0.13
WNA (%) 10.88+4.89 6.72:3.77 35.75: 3.58 15.16t 3.69
PAHs
Non-alkylated 10.083.89 10.58+1.48 16.33:10.63 4.50t2.61
Methyl-alkylated 8.7 4.65 4.60+ 1.06 13.78:8.14 4.93:0.74
Oxygenated 3.060.23 1.90t 0.66 9.65+-3.74 4.14+1.42
Others 0.60:0.42 0.15:0.16 1.52+1.54 0.214+0.26
FIt/(FIt + Pyr) 0.44+0.05 0.44+0.03 0.52+0.02 0.48+0.11
Ind/(Ind +B(g, h, i)P) 0.35:0.02 0.35:0.04 0.54+0.11 0.43+:0.08
Co/(Co+Cq) PIA 0.44+0.02 0.34:0.12 0.52£0.10 0.48+0.06
Co/(Co+Cyp) FIP 0.56+0.05 0.53+:0.08 0.80+0.05 0.65+0.07
Polar Compounds
n-Alkanoic acids 96.9%1.05 95.48:6.11 301.56-132.44  135.2%10.57
CPI for n-alkanoic acids 0.980.56 1.30£0.42 3.52+1.37 1.5 0.97
n-Alkanedioic acids 83.12 6.92 54.22-18.96  217.22-40.76 86.02+ 23.28
Methyl-alkanedioic acids 23.028.47 9.73+:3.76 70.3% 46.70 5974 2.41
Anhydrosugar (levoglucosan) 264:2125.8 334.2:70.2 2381.5:1239.8 161.3:101.9
Aromatic monocarboxylic acids ~ 190.9658.70  134.8@15.32 316.43:125.72 73.6@:29.35
Aromatic dicarboxylic acids 6.82 3.65 5.02£2.91 18.38+3.98 9.84+4.70
Methoxylated phenols 0.950.12 1.31+0.31 6.4@:9.28 2.274+0.90
Others 20.9A411.02 13.49:2.26 52.65t20.46 2419 15.45
Total concentration of 514.16110.86  379.56:56.59 1831.4A658.1 425.6%113.54

all organic compounds

reported that a fax in the range of 27 to 33 is characteris- epicuticular waxes of vascular plants (Yassaa et al., 2001) or
tic of biogenic sources (higher plant wax) while a4 at uncontrolled forest fires (Bin Abas et al., 2004). In addition,
lower carbon numbers may indicate a major input from pet-the Gnax diverged with bi-modal distributions of n-alkanes
rogenic source (Gogou et al., 1996; Abas et al., 2004). In thidor those samples collected in the second week of October
study, the Gax was at G1 or Cy, for August and September (e.g. 13—14 October 2006, Fig. 3). Early in November, the
samples, with monomodal distributions at low carbon num-abundance of n-alkanes decreased to 74.20.56 ng n3,

bers which is characteristic of dominant petrogenic sourcesbut the Gnax was still centered at £ (e.g. 2-4 Novem-
mostly from local urban emissions. However, during the ber, 9-11 November 2006, Fig. 3), indicating that residual
first and third weeks of October, thengy increased to & amounts of n-alkanes of pyrogenic (biomass burning) origin
(e.g. 7-8 October, 16-17 October 2006, Fig. 3) with peakgpossibly still existed on a regional scale. The n-alkanes of
in both TSP and PSI values (Fig. 2), indicating a substantialpyrogenic origin include hentriacontanesf€lss) and pos-
contribution of higher plant wax from the smoke of biomass sibly heptacosane ¢ZHsg), honcosane (&9He0), and tria-
combustion for n-alkanes. The shift in the,& to a higher  contane (GoHe2) which showed a significant increase during
carbon number could be attributed to the transport of biomasshe smoke haze period as compared to those during pre- and
burning-impacted air masses from Indonesia (see Fig. 1post-haze periods (see the supplementary table). The dom-
where more organic components could be emitted from theénant n-alkanes emitted from local urban emissions include

Atmos. Chem. Phys., 10, 114011413 2010 www.atmos-chem-phys.net/10/11401/2010/
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Fig. 3. Distributions of n-alkanes from August to November 2006.

heneicosane (£2H44) and docosane (GH46) which did not  In general, CPI values-2 indicate predominant biogenic
large variations between pre- and post-haze periods. Figure 8ources such as epicuticular waxes of terrestrial plants, and
thus clearly indicates a significant change in the n-alkaneCPI values of near unity signify the source of fossil fuels
profile from an anthropogenic source dominated pattern inor incomplete combustion of petroleum products (Simoneit,
the non-haze period to a biomass burning dominated patter984; Wu et al., 2005). The average CPI values for the en-
in the smoke haze period. tire range (CPY), petrogenic (CRJ) and biogenic/pyrogenic
The CPI which expresses the ratio of odd-carbon-(CPL) forthose samples collected during August, September
numbered to even-carbon-numbered n-alkanes in a giveand November 2006 were lower than those during October
sample has been used to differentiate biogenic n-alkaneglable 2). Although the influence of anthropogenic activities
from those of petrogenic or anthropogenic origin (Simoneit such as fossil fuel combustion, petroleum and diesel residues
and Mazurek, 1982; Simoneit, 1989; Zheng et al., 2000; Bion the local air quality was evident from the CPI valueg),
et al., 2002; Young, 2002). All the CPI values for n-alkanesthe contribution of biomass burning-related sources to the
were calculated as in Egs. (1)—(3) (Kavouras et al., 1999): increased abundance of atmospheric organic compounds in
October is particularly noteworthy.

i whole range for n-alkanes: : . :
Since n-alkanes derived from fossil or petroleum sources

Cp|1=2(013_035)/2(012_034) (1) have CPI close to 1, the residual plant WNA could be
separated from fossil components by subtracting the cor-
i petrogenic n-alkanes: responding n-alkane concentrations of CPI close to 1
(Simoneit, 1989; Simoneit et al., 1991). The plant
CP|2:Z(C13—C25)/Z(C12_C24) (2)  WNA can be estimated through the following equations
o . (Simoneit et al., 1991):
iii biogenic n-alkanes:
Wax Cl [Cn [(Cn+l + Cn,]_)/Z] (4)
CPk =1 (Co5—Css)/ ) (Ca—Caa) ) %WNA=Wax G,/ (Cr2— Css) x 100% (5)
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The highest plant WNA input with 35.723.58% was 30

observed during October; the atmospheric samples col-

lected during the months of August, September and Novem- 25 .

ber 2006 showed the plant wax n-alkanes inputs of £ 20 |

10.88+4.89%, 6.72+3.77% and 15.16-3.69%, respec- = .

tively. Both of CPI and % WNA are based on the entire % 15 %

carbon range of n-alkanes {£&-Css) in this study and can z .

be considered as diagnostic indices for the source apportion- g 10 . )

ment of plant wax alkanes. Their linear relationship was ; R*=0.98
explored to determine the consistency of the source identi-

fication capabilities of these two indices. A strong linear 0

relationship ®% = 0.98) between WNA % and CPlwas 1.00 1.20 1.40 1.60 1.80

observed as shown in Fig. 4. This correlation was slightly

higher than those reported for other urban areas such as
i 2 _

Guangzhou of ChinaR® =0.91) (Wu et al., 2005) and rig 4 correlation of % plant wax alkane and GPI

Greece R?=0.95) (Gogou et al., 1996), indicating that the

CPI and % WNA could be used in the source assignments of ..~

CPI;

atmospheric organic compounds including those in both the i 80
particulate and gaseous phases. % 0 r .
E 60 | .
3.3 Polycyclic aromatic hydrocarbons % 0
g 40 r
The levels of 93 PAH compounds including non-alkylated, % 30 ¢
methyl-alkylated, and oxygenated PAHs determined in this & 20 | 5
study are given in the Supplemental Table S1. The occur- § 10 R"=0.52
rence levels of PAHs during August, September and Novem- g 0
ber 2006 were relatively lower than those in October. From = 0.00 0.02 0.04 0.06 0.08
10 to 14 October, air samples were collected for 12 h (day- ' ' ' ' '
time and nighttime). The presence of non-alkylated and Concentration of retene (ng m”)

methyl-alkylated PAHs in the nighttime were 2-3 times
higher than that in the daytime, which might be due to their Fig. 5. Correlation between retene and total PAHs.
degradation (photooxidation processes) in the daytime dur-
ing the dry, oxidative environmental conditions of this pe- suggests that the atmospheric composition in Singapore was
riod coupled with low wind speeds. This may also be due tojnfluenced by long-distance pyrogenic (biomass combustion)
different meteorological conditions during day and night, for sgurces in Indonesia.
example, lower inversion layer at night. PAH concentration ratios have been widely used to iden-
Since PAHs are produced and emitted through incom-tify combustion-derived PAHs (Benner et al., 1995; Yunker
plete combustion processes, most of the PAHs cannogt al., 1996; Budzinski et al., 1997). In order to assess
be used as exclusive markers for biomass combustiontheir potential sources in this study, a variety of PAH ra-
Among the PAHs identified in this study, 1-methyl-7- tios were calculated for all air samples as listed in Table 2.
isopropylphenanthrene (retene) has been reported to be lahas been reported that fluoranthane/fluoranthane + pyrene
molecular tracer compound for coniferous wood combus-(FIt/FIt + Pyr) ratios below 0.40 imply the contribution of un-
tion which is formed by thermal degradation of resin com- burned petroleum (petrogenic sources) and ratios between
pounds in the wood (Ramdahl, 1983; Standley and SimoneitD.40 to 0.50 suggest their emissions from the combustion
1994; Oros and Simoneit, 2001). During most of the sam-of liquid fossil fuels (vehicle and crude oil), whereas ra-
pling period, retene was either non-detectable or existed withios larger than 0.50 are characteristic of grass, wood, or
very low concentrations (2 to 7 pgm). However, its con-  coal combustion (Yunker et al., 2002). In addition, it has
centration was significantly higher in the month of Octo- been suggested that indeno(1,2,3-cd)pyrene/indeno(1,2,3-
ber with its range between 6 and 73 pg¥and showed a  cd)pyrene +benzo(g, h, i)perylene (Ind/Ind + B(g, h, i)P) ra-
moderate positive correlation with total PAHs with tRé tios lower than 0.20 likely imply petroleum emissions, ratios
of 0.52 (Fig. 5). Satellite images indicated that both peatbetween 0.20 and 0.50 imply liquid fossil fuel combustion
and forest fires took place in Indonesia in October 2006 anchnd those greater than 0.50 are indicative of grass, wood
conifer combustion occurred in Sumatra as dense hotspotand coal combustion (Yunker, 2002). In this study, both
were found there during the hazy period. This observationof these two ratios Flt/(Flt+ Pyr) and Ind/(Ind + B(g, h, i)P)
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were between 0.30 and 0.48 for those samples collected duB.4 Polar organic compounds

ing the months of August, September and November, sug-

gesting the dominant contributions of local sources of PAHsA total of 63 polar organic compounds from both partic-
such as emissions from on-road vehicles and petroleum inulate and gaseous samples were detected as reported in a
dustry in general. However, for samples collected in Oc-Supplemental Table S1, which include alkanoic acids, n-
tober 2006, these ratios were slightly greater than 0.50, inalkanedioic acids, aromatic carboxylic acids, anhydrosugar
dicating biomass/peat combustion in Indonesia might con<{levoglucosan), and methoxylated phenols (Table 2).

tribute relatively more to the PAHs measured during this pe- N-alkanoic acids ranged fromigto Cp4 with a strong
riod. The relative abundance ofyGo C; alkyl-PAH ho- even carbon number predominance with total monthly con-
mologues (G-178 and 202 isomers) has also been usedcentrations ranging from 27.48 to 467.58 ngdrand with

to distinguish between petroleum and combustion emis-CPI between 0.46 and 4.63. During the sampling period
sions, among which §Cy+ C;_MW178 (ratio of phenan- with the exception of the month of October, myristic acid
threne to phenanthrene plus anthracene plysl® iso-  (Ci14) was the most abundant species in most of the compos-
mers) and @/Cp + C;_MW202 (ratio of fluoranthene to flu- ites, followed by palmitic acid (&), which was presumably
oranthene plus pyrene plus;<202 isomers) were applied contributed by microbial activities and urban emissions (Si-
in this study (Gogou et al., 1996; Budzinski et al., 1997; moneit and Mazurek, 1982; Simoneit, 1984). However, in
Simo et al., 1997). In general, environmental samples withOctober 2006, @Gax was centered at£ and Gg, suggest-
Co/Co + C1_MW202 or Gy/Co+C,_MW178 below 0.5 sup- ing possible influence from biomass combustion sources of
posedly indicate petroleum sources, while ratios higher tharaerosols (Simoneit, 1984).

0.50 are indicative of combustion emissions (Yunker, 2002). A series of alkanedioic acids (saturated dicarboxylic acids)
The average ratio of §Cy + C;_MW202, a better indicator were present in atmospheric samples, ranging frammaC

of combustion sources other than petroleum (Yunker et al.C14 (Supplemental Table S1). The alkanedioic acids could
2002), was particularly highere{0.5) for the air samples col- originate from a variety of sources in the environment. The
lected in the month of October as compared to those for othe€s and G homologues are formed by the oxidation of
months (Table 2), implying higher PAHs measured duringcyclic olefins (Hatakeyama et al., 1985), whilg &d G

this sampling duration could be due to regional combustionones are formed by the photo-oxidation of unsaturated car-
sources such as biomass and peat combustion. boxylic acids such as oleic {g1) and linoleic acids (&s.2)

It should be noted that PAH diagnostic ratios have (Stephanou, 1993). As can be seen from Table S1, succinic
some limitations for source assignments as stated byacid (&) was predominantin most of the samples. This find-
Galarneau (2008) due to various factors such as substantiahg is consistent with earlier reports in the literature that suc-
intra-source variability and inter-source similarity of PAH cinic acid was the most abundant dicarboxylic acid in most
isomer ratios, variations in PAH concentrations because obf the urban atmosphere and was attributed to both vehic-
gas/particle partitioning, precipitation scavenging, particleular emissions and biomass combustion (Kawamura, 1987;
deposition, etc. However, considering the fact that Singa-Rogge, 1998). The distribution of dicarboxylic acids was
pore is a small but highly industrialized country with no dis- bimodal in the atmospheric samples collected during Octo-
tinct seasons in a year, there is little variation of atmospherider, with the Gyax located at @ and Go_12. High molec-
temperatures leading to relatively consistent gas/particle parlar weight alkanedioic acids: &Cip) have been identified
titioning processes throughout the year. In this study, the efin rural aerosol particles and their source might be oxidation
fect of gas/particle partitioning variations on PAH diagnostic products of hydroxyl alkanoic acids from polyester biopoly-
ratios was overcome by calculating diagnostic ratios of totalmer (Simoneit and Mazurek, 1982).

PAH concentrations (gas plus particle). As reported by He Anhydrosugars such as levoglucosan are known to be
and Balasubramanian (2008), organic compounds with moremitted from biomass burning (Abas et al., 2004; linuma
volatility tend to be redistributed onto larger particles while et al., 2007; Simoneit, 2007; Simoneit et al., 1999). As
the less volatile compounds remain onto the fine particlesshown in Fig. 7, levoglucosan concentrations were observed
with which they were directly emitted from their correspond- in the ranges of 170-380ngmh, 350-7700ngm?3, and

ing sources. From this distribution pattern, it is reasonableéd0-280 ng m?3, for August—September, October and early
to assume that the compounds with similar volatility (LMW November in 2006, respectively. The correlations between
or HMW) may have similar particle scavenging efficiency levoglucosan and TSP were found to be high for both the en-
by precipitation or similar dry deposition as the particle sizetire sampling duration and the hazy period (October 2006)
distribution of PAH species is a major factor affecting the with 2 up to 0.79 and 0.87, respectively. The temporal
efficiency of the above-mentioned atmospheric removal protrends of levoglucosan and TSP are quite similar during the
cesses. Based on these considerations, we hypothesize thaittire sampling period, both of which showed significant
the molecular diagnostic ratios of PAHs used in this studypeaks in October 2006, indicating that the air quality in Sin-
provide some insights into the temporal variations of theirgapore was affected by the smoke haze transported from
source profiles. biomass burning sites in Indonesia during the hazy period.
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Substituted phenols, the lignin decomposition products 6
as phenols with methoxy groups attached on the aromatic (a)
rings, were investigated in this study as well (Simoneit, 2002; .z 5 1
linuma et al., 2007). Vanillin, 3-hydroxy-4-methoxybenzoic
acid, was found to be most pronounced in this group of or-
ganic compounds with a peak occurrence (19.16 néron
7-8 October 2006, which suggests vanillin emissions from
biomass and peat combustion (linuma et al., 2007).

phthalic acid: R* = 0.76
4 t n"

Diacid concentration (ng

Among other polar organic compounds, both cis-3-acetyl- cis-pinonic acid: R® = 0.67 —
2,2-dimethyl cyclobutaneacetic acid (cis-pinonic acid) and Ll . L -7 - A
1,2-benzenedicarboxylic acid (phthalic acid) merit special at- _ -7
tention as they have been identified as photochemical prod- LS S o
ucts in smog chamber experiments and proposed as sur 20 30 40 50 60

rogates for the contribution of secondary organic aerosols
(SOA) to ambient samples (Lee and Kamens, 2005; Ray
and Mcdow, 2005; Park et al., 2006; Na et al., 2007). Cis-
pinonic acid is one of the-pinene oxidation products (Jang
and Kamens, 1999; Larsen et al., 2001) while phthalic acid *
is a product of naphthalene photodegradation (Bunce et al.,
1997) and possibly photodegradation of other polycyclic aro-
matic hydrocarbons in atmospheric aerosols (Jang and Mc-
Dow, 1997). The formation of these organic acids through
atmospheric oxidation could be partially explored by com-
paring concentration trends between these compounds an
ozone as shown in Fig. 6. Moderately strong linear relation- 2r o7 m oan )
ships R®? = 0.52—0.76) were obtained for all sampling pe- -~ cis-pinonic acidR™ = 0.52
riods, suggesting that more abundant phthalic acid and cis- 4 ‘ ‘

pinonic acid, as secondary constituents, were formed during 0 20 40 60 80
the hazy period, October 2006, through atmospheric oxida- Average daily ozone concentration (ppb)

tion processes such ag duced photo-degradations.

Average daily ozone concentration (ppb)
12

)
=
[

phthalic acidR” = 0.68

gm

Diacid concentration (n,

(=)

Fig. 6. Correlations between phthalic acid, cis-pinonic acid and
ozone ( phthalic acidA cis-pinonic acid;(a) August, September,

4 Conclusions November 2006(b) October 2006).
The molecular composition of organic compounds presen*  9o00 250
in both gaseous and particulate atmospheric samples co  sooo + EET Levoglucosan
lected in Singapore from August to early November 2006 vg) 7000 ——TSP T 200
has been determined by GC-MS. In this study, a total of £ 000 | 150 2
17 samples were analyzed for over 180 organic compound g 3% 2
grouped into three major fractions (n-alkanes, PAHs andifo jggg r 100 E
POCs). As for n-alkanes, thenfgx shifted from Gg—Cy2 ;% 2000 |
during August-September 2006 tg@i®r bi-modal distribu- 1000
tions at G; and G, in October 2006, indicating that or- 0 = Lo
ganic pollutants in August—September 2006 samples weri @o o@a%&ﬁ%o%c‘0%90&%&9L\ioiof‘o@:oioio%é@@

OOV SV A > 0D

. . K . PATE NP O ® O
of dominant petrogenic signatures, while those from Octo- &SP e,

ber 2006 were derived from vascular plant wax alkane in-

puts. In addition, the CPI values (GPICPR, CPk) in-  Fig 7. Temporal trend of levoglucosan and TSP from August to
creased from 1.1%0.14, 1.1A40.19, 1.44+0.29 before  October 2006.

October to 1.59-0.10, 1.88+0.26, 1.7A-0.18 during Oc-

tober 2006. On the average, 35.7% of n-alkanes came from

plant wax emission or biomass combustion during Octo-ing October 2006 as compared to those investigated in other
ber 2006; in contrast, only 9.6% of alkanes were of plantmonths. Among the polar organic compounds, which were
wax input from August to September 2006. The influence ofconverted to their trimethylsilyl derivatives and measured
biomass burning on the regional air quality is supported byby GC/MS, organic acids and levoglucosan were the most
the general increasing tendency of PAH diagnostic ratios durabundant group detected in almost all samples, followed by
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methoxyphenols and sterols, etc. Our results suggest that tHavorska, A., Lammel, G., and Holoubek, I.: Recent trends of per-
contribution of biomass burning inputs to the observed abun- sistent organic pollutants in air in central Europe-Air monitoring
dance of atmospheric organic compounds in Singapore dur- in combination with air mass trajectory statistics as a tool to study
ing October 2006 was significant as compared to those found the effectivity of regional chemical policy, Atmos. Environ., 43,

in other months of the sampling period. 1280-1287, 2009.
pling p Erel, V., Kalderon-Asael, B., Dayan, U., and Sandler, A.: European

atmospheric pollution imported by cooler air masses to the East-

Supplgmentqry mater_lal r6|f?lt6d to this ern Mediterranean during the summer, Environ. Sci. Technol.,
article is available online at: 41, 5198-5203, 2007.

http://www.atmos-chem-phys.net/10/11401/2010/ Fang, M., Zheng, M., Wang, F., To, K. L., Jaafar, A. B., and Tong, S.

acp-10-11401-2010-supplement. pdf L.: The solvent-extractable organic compounds in the Indonesia
biomass burning aerosols-characterization studies, Atmos. Envi-
ron., 33, 783-795, 1999.
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