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ARTICLE INFO ABSTRACT

Handling Editor Adrian Covaci Biomass burning (BB) is an important contributor to the air pollution in Southeast Asia (SEA), but the emission
sources remain great uncertainty. In this study, PMy 5 samples were collected from an urban (Chiang Mai Uni-
versity, CMU) and a rural (Nong Tao village, NT) site in Chiang Mai, Thailand from February to April (high BB
season, HBB) and from June to September (low BB season, LBB) in 2018. Source apportionment of carbonaceous
aerosols was carried out by Latin Hypercube Sampling (LHS) method incorporating the radiocarbon (}*C) and
organic markers (e.g., dehydrated sugars, aromatic acids, etc.). Thereby, carbonaceous aerosols were divided
into the fossil-derived elemental carbon (ECg), BB-derived EC (ECyp), fossil-derived primary and secondary
organic carbon (POC;, SOCy), BB-derived OC (OCpp) and the remaining OC (OCpt, other). The fractions of ECpyp,
generally prevailed over EC¢ throughout the year. OCpp, was the dominant contributor to total carbon with a clear
seasonal trend (65.5 & 5.8 % at CMU and 79.9 + 7.6 % at NT in HBB, and 39.1 4+ 7.9 % and 42.8 4+ 4.6 % in
LBB). The distribution of POCf showed a spatial difference with a higher contribution at CMU, while SOCs dis-
played a temporal variation with a greater fraction in LBB. OCyf, other Was originated from biogenic secondary
aerosols, cooking emissions and bioaerosols as resolved by the principal component analysis with multiple liner
regression model. The OCys, other contributed within a narrow range of 6.6 %-14.4 %, despite 34.9 + 7.9 % at NT
in LBB. Our results highlight the dominance of BB-derived fractions in carbonaceous aerosols in HBB, and call the
attention to the higher production of SOC in LBB.
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1. Introduction

Biomass burning (BB) is defined as the combustion of plant matter in
open fires and as biofuels (Li et al., 2021). BB can affect the air quality
(Bo et al., 2008), the regional/global climate (Li et al., 2003; Myhre
et al.,, 2013), and are strongly correlated with negative health effects
(Marlier et al., 2013; Reddington et al., 2015).

Around 15 % of the world’s tropical forests are distributed in
Southeast Asia (SEA, normally including Myanmar, Thailand, Laos,
Cambodia and Vietnam). Large scale BB in SEA are performed annually
in the dry season (February-April) (Gautam et al., 2013; Jian & Fu, 2014;
Koplitz et al., 2017; Tsay et al., 2013). A number of studies concerned
the BB-derived air pollution in SEA have been conducted. In general, BB
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dominates the air pollution and peaks in March in this area. Specifically,
forest fire prevails over agricultural residue burning (ARB), and rice
straw burning is pronounced in ARB emissions. Notably, BB aerosols
originated from SEA can affect downwind areas, e.g., Southern China
and northwestern Pacific (Deng et al., 2008; Huang et al., 2019; Jian &
Fu, 2014; Lee et al., 2011; Sheu et al., 2010; Zheng et al., 2018), Malay
Archipelago (Bagtasa et al., 2019; Dotse et al., 2016; Liang et al., 2019)
and even further to North America (Peltier et al., 2008). The molecular
tracers, diagnostic ratios, Positive Matrix Factorization (PMF) model,
Principal Component Analysis (PCA) and stable isotopes (613C, 615N) are
the main methods used to do the aerosol source apportionment in SEA
(Boreddy et al. 2018a, 2018b; Chansuebsri et al. 2022; Choochuay et al.
2020a; ChooChuay et al. 2020b; Chuang et al. 2013; Kawichai et al.
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2020; Phairuang et al. 2019; Pongpiachan et al., 2017; Tsai et al. 2013;
Yin et al. 2019; Zheng et al. 2018).

Previous studies in SEA were mostly concerned the haze episodes in
high BB season (HBB), however, there is still discrepancy between the
observed PM, 5 concentration and the air quality guideline (5 pg m~3)
by World Health Organization (WHO) even in low BB season (LBB). This
campaign covered both HBB and LBB to uncover the emission sources
besides BB.

Vehicular emission (VE) is another important contributor to the air
pollution in SEA. Choochuay et al (2020a, 2020b) found that VE was the
greatest contributor to PMy 5 in Phuket, Thailand. Kawichai et al (2020)
demonstrated the important contribution from VE to the air pollution in
Chiang Mai, Thailand. Fossil-fuel-powered two-wheeled vehicles
(FPTWs) are widely used in SEA wherein Thailand ranks number 3
worldwide in terms of the ownership of FPTWs per 1000 population
(Haworth, 2012). The motorcyclists are directly exposed to the vehicle
exhaust which is undoubtedly harmful to human body, and the harm
could be aggravated in traffic congestion due to the increment of the
emission factors for exhaust emissions as well as the exposure time (Tet
et al., 2002).

The traditional source apportionment methods are inevitably being
subjectively influenced thus lessen the reliability of the results. And
most of the previous works tended to study a specific class of the aerosols
(e.g., PAHs, water soluble ions, etc.) which can hardly explain or on
behalf of the overall PMy 5. In our work, the bulk carbon in PM; 5 was
studied and the introduced radiocarbon (*C) analysis can greatly
reduce the uncertainties in source apportionment of carbonaceous
aerosols because “C exists exclusively in non-fossil materials. The
reason for fossil-fuels (FF) free from 14C is that radiocarbon’s half-life
(~5730 years) is much shorter than the time required by the forma-
tion of FF. Accordingly, 1*C brings a better constrain for aerosol source
apportionment comparing to the traditional methods mentioned above.

To the best of our knowledge, this is the first time *C used in the
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aerosol study in SEA. The '*C measurements were performed on total
carbon (TC), elemental carbon (EC) and water-soluble organic carbon
(WSOC) separately, which can better constrain the contributions from
varied emission sources to different carbonaceous fractions and provide
more insights into the air quality controlling strategies.

2. Method
2.1. Aerosol sampling

The collection of PM, 5 samples were conducted at an urban site
(18.80°N, 98.96°E, 345 m, Chiang Mai University, CMU) and a rural site
(18.68°N, 98.55°E, 1016 m, Nong Tao village health center, NT) in
Chiang Mai (shown in Fig. 1), Thailand during an HBB campaign
(February to April 2018) and an LBB campaign (June to September
2018). The definition of HBB and LBB season is based on the number of
hotspots. In this work, there were on average 69.8 and 0.1 hotspots per
day during HBB and LBB in Chiang Mai province. The urban site is
located in a basin and affected by multiple pollution sources including
BB, traffic emissions, cooking emissions, etc. The rural site is located in a
remote village surrounded by forest and farmland. The medium-volume
air samplers (KC-120H, Qingdao Laoshan Co., 1td, China) with a flow
rate of 100 L min~! were used to collect the PMy5 samples on pre-
combusted (450 °C, 6 h) quartz filters (2500QAT-UP, Pall, diameter is
90 mm). After sampling, the filters were wrapped with aluminum foil
papers separately and stored in the freezer at —20 °C before analysis.

2.2. Chemical analysis

2.2.1. OC/EC analysis

The concentrations of OC and EC were analyzed by using an OC/EC
analyzer (Model 4, Sunset Lab. Inc.; Oregon, USA). Filters with a
diameter of 8.5 mm were punched out and analyzed in accordance with
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Fig. 1. Location of sampling sites. The image on the right was obtained from © Google Maps.
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the NIOSH 5040 protocol (Lin et al., 2009).

2.2.2. Organic compounds

The organic compounds were determined by gas chromatography-
mass spectrometry (GC-MS) system (GC7890B/MS5977A, Agilent
Technologies; Santa Clara, CA). The filter aliquots were extracted with
dichloromethane/methanol (2:1; v/v) under ultrasonication for 10 min
and three times, and then being concentrated by using a sand bath and
nitrogen sweeping. The extracts were then reacted with 50 L of N,O-bis-
(trimethylsilyDtrifluoroacetamide (BSTFA) with 1 % trimethylsilyl
chloride and 10 pL of pyridine at 70 °C for 3 h prior to the GC-MS
determination (Wu et al., 2020). The levoglucosan, mannosan, gal-
actosan, erythritol, 2-methylglyceric acid, pinonic acid, pinic acid,
p-caryophyllenic acid, and two saturated fatty acids (Cie.0, C1s:0) Were
analyzed in this work. Recoveries for the target compounds were better
than 80 % as obtained by spiking standards to pre-combusted quartz
filters followed by extraction and derivatization. Field blank filters were
analyzed using the same procedure performed on the filter samples, and
no target compounds could be detected. Duplicate analyses showed the
analytical errors were less than 15 %.

Water-soluble ions: In this work, the water-soluble ions on the
sample filters were measured by ion chromatography (IC, ICS 5000+,
Thermo Scientific) after being extracted with ultra-pure water (Milli-Q
Reference, America) under ultrasonication for 30 min. There are two
systems for determining the cations (guard column: CG12A 4 mm;
separation column: CS12A 4 mm) and anions (guard column: AG11 HC
4 mm; separation column: AS11 HC 4 mm) (Liu et al., 2019). Na*, NH},

K*, Mg?t, Ca?*, CI-, NO3, SO%, etc. were measured in this study.

2.3. Radiocarbon analysis

Thirty filters were selected for the *C measurements (including
T“C, E'4C and WSO'Q). Those filters were distributed over the whole
campaign and their concentrations were close to that of the whole
samples. The 1C of TC and EC were measured using a one-step protocol
under pure O3 (99.9995 %) at 760 °C for 400 s (Vlachou et al., 2018)
using a Sunset OC/EC analyzer (Model 5L, Sunset Laboratory, USA)
coupled with the accelerator mass spectrometer Mini Carbon Dating
System (MICADAS) at the Laboratory for the Analysis of Radiocarbon
(LARA; University of Bern) (Zhang et al., 2012; Szidat et al., 2014). Prior
to the 1*C measurement for EC, the filters were extracted with deionized
water to remove the WSOC to minimize the positive artifact from OC
charring, then the extracted solution was collected for '*C measurement
of WSOC. After air drying in the fume hood, the extracted filters were
thermally desorbed in the OC/EC analyzer with the use of the first three
steps of the Swiss_4S protocol (Zhang et al., 2012) to isolate EC with EC
yields of 74 % + 12 %. The workflow diagram for radiocarbon mea-
surement is shown in Fig. S1 for reference. F14C(EC) was extrapolated to
100 % EC yield and corrected for pyrolyzed OC with a thermal-
desorption model (Rauber and Salazar 2022, Rauber et al. 2022 (in
prep.)). F4C(WSOC) was measured by chemical wet oxidation of the
water extraction eluate (Rauber et al. 2022 (in prep.)). The 14¢ results
are the modern fractions of the measured carbon (F**C), which is
expressed as (Reimer et al., 2004):

FlC = (14C/12C)Samplc/(14C/12C)]950 O

where ( 14C/ 12C), 45, is the reference isotopic ratio in 1950. In this
study, 1*C data analysis were carried out accounting for the charring of
water-insoluble organic carbon (WINSOC) (~1 %), and EC yield after
OC removal (CMU: 63.0 %-87.4 %; NT: 43.1 %-90.4 %) (Sonke Szidat
et al., 2014; Zhang et al., 2012). In addition, the F 14C values were
corrected for the nuclear bomb in 1950 s by dividing the reference value
(fat ret) to obtain the non-fossil fractions (f,s) of carbon:

Environment International 168 (2022) 107466

F #C
- fnf.ref

As the modern carbon can come from BB and biogenic (bio) sources,
the f,r should be divided into fiy.r and fi;orr, Wherein fiy ¢ is calcu-
lated by a tree-growth model (Mohn et al., 2008). In this study, fib et
(1.11) and fiiorr (1.01) were set as the upper and lower limits of fyy er,
and the median value of them (1.06) was set as the middle value of f, ..
(details of the calculation is described in Supplement).

St @
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fu(re) = EETC) ®)
f;ﬁf,ref

TC,; = TC Xf;-lf(TC) (C))

Given non-fossil EC is exclusively from BB, the correction formula for
far(EC) could be expressed as follows:
F “C(EC) F “C(EC
Fr(EC) = (EC) _ (EC) ©)

fAf,ref fbb.ref

EC, = TC x fy(EC) ©
Analogously, the non-fossil fraction of WSOC is calculated as follows:

F 4C(WSOC)

.f;lf Jref

Jur(WSOC) = @]

WSOC,; = WSOC X f,;(WSOC) (€)]

The non-fossil fractions of OC and WINSOC were calculated by
following a mass-balance-like approach described in previous study
(Hou et al., 2021):

OC,s = TC,s — ECy¢ 9

WINSOC,; = OC,; — WSOC,¢ (10)

2.4. Source apportionment methodology

Zhang et al. (2015a, 2015b) introduced the LHS method in great
detail, here it is described briefly. EC is emitted from the incomplete
combustion of FF and NF sources:

EC = EC; + ECy¢ an

Given that ECy is exclusively from BB (Hou et al. 2021; Zhang et al.
2015a, 2015b), the formula is modified as:

EC = EC; + ECyp, (12)
where EC; is regarded entirely emitted by vehicles in the study area, and
ECy, is calculated by using the measured EC mass and f,,;(EC) as follows:
EChb =EC Xﬁ,f (EC) (13)
where f,s(EC) could be derived from equation (5). Analogously, OC
could also be separated into FF and NF fractions:

OC = OCs + OCy¢ a4
where OCy; is got from equation (9), and OC; could be derived from (12)

and (13). OCy could be further divided into primary and secondary OC
(POC; and SOCy) emitted from fossil-fuel combustion:

OC; = POC; + SOC; (15)

As FF sources in Chiang Mai is almost exclusively from vehicle
emissions, they can be derived as follows:

POC; ~ POC,, = EC,, x (OC/EC) (16)

ve, pri

wherein (OC/EC) is a reference value of vehicle emissions (details

ve, pri
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are in Table S1), ECy. equals to EC;.
OCnI" = chb + OCnI'. other (17)

where OCy¢, omer includes all the remaining non-fossil OC fractions other
than from BB, e.g., biogenic and cooking emissions. OCyy, is derived as
follows:

LGori

OCy, = ——2
** 7 LG/OCyp

18

wherein (LG/OCyy,) is a reference value of BB, and LG is the abbreviation
of levoglucosan. It is noteworthy that LG will undergo distinct chemical
degradation after being emitted (Y. Li et al., 2021), which means the
ambient LG concentration cannot be directly used for calculation
otherwise the contribution from biomass burning would be under-
estimated. In this study, the concentration of measured LG was cali-
brated to its theoretical original concentration (LGe) by using the
following equation (Li et al., 2021):

LG x nss-K™*

LG =— 2R
G 0.18LG + 0.08nss-K*

(19

where LG and nss-K™ are the concentrations of measured LG and non-
sea-salt K' in the ambient air (Keene et al., 1986),

nss-K* = K* — 0.037Na* (20)
where Na™ is the concentration of measured Na*.

To evaluate the uncertainties introduced by the variables mentioned
above, a random sampling model inspired by the Latin hypercube

Environment International 168 (2022) 107466

sampling method (Gelencsér et al., 2007) was used. The variables varied
within a range (Table S1), and the calculations were performed with
3000 random sets of variables. The negative simulated values were
excluded and the median of the remaining simulations was considered
as the best estimate.

2.5. Backward trajectories

The 48 h air-mass back-trajectories were calculated to study the in-
fluence of the regional transport. The calculations were carried out at
the elevation of 345 m (at CMU) and 1016 m (at NT) above the see level
at 09:00 local time using the NOAA HYSPLIT model. The characteristics
of air mass origins were determined by cluster analysis.

3. Results and discussion
3.1. Overadll results

3.1.1. Characteristics of PM2 5, OC, EC and organic compounds
concentrations

Time series of the concentrations of PM; s, organic carbon (OC),
elemental carbon (EC), number of hotspots and meteorological param-
eters (including temperature, relative humidity, precipitation) are
plotted in Fig. 2 and summarized in Table 1. The average concentrations
of PMy 5 were 55.5 + 20.1 pg m > and 48.5 + 23.3 yg m~> at CMU and
NTin HBB, 14.7 £ 7.5 pg m 2and7.0+25 ng m % in LBB, respectively.
The highest level of PMy 5 was 88.8 pg m~> (CMU) and 103.1 pg m™3
(NT), and there were 13 out of 23 and 12 out of 25 observational days
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Fig. 2. Time series of the concentration of chemical species measured on the collected sampling filters, as well as the hotspots and meteorological data.
(a) PMys/pg m~3; (b) OC/pg m~>; (c) EC/pg m—> (d) the number of hotspots in Chiang Mai province (requested from https://firms.modaps.eosdis.nasa.gov) and (e)
temperature/°C, relative humidity (RH) and precipitation/mm. The meteorological data are from the AQM station in Chiang Mai (18.78°N 98.99°E).
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Table 1

Concentrations of carbonaceous aerosols, inorganic ions and organic tracers, as well as the diagnostic ratios and modern fractions of carbonaceous aerosols (F*C) for
the campaign.

Parameters CMU NT

Mean =+ sd (min-max) Mean =+ sd (min-max) Mean + sd (min-max) Mean + sd (min-max)
Sampling period 2018.2.2-2018.3.28 2018.6.18-2018.9.24 2018.3.8-2018.4.29 2018.6.18-2018.9.24
PM, 5 (pg m—3) 55.5 + 20.1 (22.1-88.8) 14.7 + 7.5 (6.7-33.7) 48.5 + 23.3 (10.7-103.1) 7.0 + 2.5 (2.9-11.6)
TC (pg m73) 11.4 + 4.7 (2.1-20.0) 3.7 £ 1.0 (2.5-5.7) 25.6 + 10.7 (3.5-44.2) 3.3+ 1.2(1.3-5.8)
TChs (Hg m73) 11.0 + 4.8 (1.5-16.3) 2.1 +£0.6 (1.3-3.2) 17.5 + 8.3 (3.5-25.8) 3.0 +£1.1(1.6-5.2)
TCr (ug m™3) 1.9 £ 0.8 (0.6-3.1) 1.5 + 0.4 (1.1-2.0) 1.4 £0.9 (0.5-1.9) 0.5 + 0.1 (0.4-0.6)
OC (pgm™?) 10.2 + 4.1 (1.9-18.8) 3.1 £ 0.9 (2.0-5.2) 14.3 + 6.3 (2.3-27.5) 3.1 +1.1(1.2-5.5)
OCy (Hg m73) 10.3 + 4.5 (1.3-15.0) 1.8 £0.5(1.2-2.4) 16.2 + 7.9 (3.4-26.0) 2.7 + 0.8 (2.2-3.9)
OCs (ug m™3) 1.2 £ 0.4 (0.6-1.7) 1.2 +£ 0.3 (1.0-1.6) 1.1 +£1.2(0.3-3.6) 0.5 + 0.0 (0.4-0.5)
EC (pg m~3) 1.2 £ 0.6 (0.2-2.0) 0.5 + 0.2 (0.3-0.9) 1.2 +£ 0.7 (0.3-2.7) 0.3 + 0.1 (0.1-0.4)
ECyr (ng m73) 1.1 £ 0.5 (0.2-1.6) 0.3 + 0.1 (0.2-0.6) 1.3 +£ 0.6 (0.2-2.0) 0.3 + 0.1 (0.2-0.3)
ECt (ug m™3) 0.4 £+ 0.2 (0.0-0.7) 0.3 £+ 0.1 (0.2-0.4) 0.2 + 0.1 (0.1-0.3) 0.0 £+ 0.0 (0.0-0.1)
(OC/EC)u¢ 9.4 +1.5(11.6-7.7) 7.5 + 3.5 (4.5-12.4) 12,9 +£ 2.9 (9.0-17.3) 11.1 £+ 4.2(7.5-16.4)
(OC/EC)¢ 3.2+ 0.8(2.4-4.2) 4.7 £ 1.0 (3.3-5.6) 3.6 +£2.5(1.4-7.7) 14.6 + 10.8 (8.6-30.8)

WSOC (pg m~3)
WSOCy¢ (ug m~)
WSOC; (pg m ™)
WINSOC (pg m~3)
WINSOCy¢ (g m™~3)
WINSOG; (pg m )
(WINSOC/EC) ¢
(WINSOC/EC)¢

WSOC,¢/(WINSOC + EC),¢

WSOC,¢/(WINSOC + EC)¢

8.0 &+ 3.4 (1.3-12.5)
8.6 + 3.8 (0.9-12.0)
0.7 + 0.4 (0.3-1.4)
2.3 4+1.2(0.6-9.1)
1.7 + 1.0 (0.4-2.9)
0.4 + 0.3 (0.2-1.0)
1.7 £ 0.7 (0.7-2.8)
1.2 £ 0.9 (0.4-2.9)
3.1 +£1.1(1.6-4.7)
1.1 4+ 0.8 (0.3-2.6)

1.7 £ 0.8 (0.8-3.5)
1.0 £ 0.4 (0.5-1.7)
0.6 + 0.2 (0.4-0.9)
1.4 £ 0.4 (0.6-2.1)
0.8 + 0.3 (0.5-1.0)
0.7 + 0.2 (0.5-0.9)
3.5+ 2.1 (1.8-6.5)
2.6 + 0.7 (1.6-3.3)
0.9 + 0.1 (0.8-0.9)
0.4 + 0.2 (0.3-0.6)

11.3 £ 5.3 (1.2-20.3)
11.6 + 5.8 (1.5-18.7)
0.7 £ 0.9 (0.2-2.6)
3.7 £ 3.0 (0.8-15.6)
4.7 + 4.5 (1.9-14.5)
0.4 £0.5(0.1-1.2)
4.1+28(1.2-7.8)
2.0 1.9 (0.4-4.5)
2.4 +1.5(0.7-4.2)
1.2+ 0.9 (0.2-2.3)

1.2 £ 0.6 (0.4-2.8)
0.9 + 0.4 (0.4-1.4)
0.4 + 0.1 (0.3-0.6)
1.9 £ 0.8 (0.4-4.1)
1.9 4+ 0.9 (1.4-3.2)
0.1 + 0.0 (0.1-0.1)
7.7 + 4.2 (4.5-13.4)
2.7 + 2.9 (0.9-7.0)
0.5 + 0.2 (0.2-0.6)
3.4 +£ 0.5 (3.0-4.0)

F!*C (TC) 0.80 + 0.11 (0.57-0.89) 0.59 =+ 0.06 (0.49-0.67) 0.91 + 0.06 (0.79-0.97) 0.86 + 0.04 (0.77-0.89)
F!*C (0C) 0.81 + 0.10 (0.62-0.90) 0.59 + 0.06 (0.53-0.65) 0.91 + 0.07 (0.79-0.98) 0.87 + 0.01 (0.86-0.88)
F'C (EC) 0.70 + 0.18 (0.28-0.83) 0.57 + 0.01 (0.56-0.58) 0.84 + 0.05 (0.78-0.94) 0.86 + 0.08 (0.78-0.94)

F4C (WSOC)
F14C (WINSOC)

0.80 + 0.21 (0.42-0.97)
0.76 + 0.10 (0.59-0.89)

0.64 + 0.08 (0.51-0.75)
0.54 + 0.04 (0.51-0.58)

0.89 + 0.12 (0.71-0.99)
0.94 + 0.06 (0.80-1.01)

0.65 + 0.08 (0.52-0.79)
0.95 + 0.01 (0.95-0.97)

K™ (ngm3) 0.7 + 0.4 (0.1-1.3) 0.2 + 0.1 (0.1-0.4) 1.1 + 0.6 (0.1-2.0) 0.1 + 0.0 (0.0-0.2)
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Fig. 3. Fossil- and non-fossil-derived carbon distinguished by 14¢ results. (2) and (b) show the time series of the concentrations of fossil/non-fossil-derived EC,
WINSOC as well as WSOG; (c) and (d) display their contributions to TC.
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exceeding the Thailand daily air quality standard (50 pg m~>) at CMU
and NT during HBB, respectively. Carbonaceous aerosol was the domi-
nant contributor to PM, 5, wherein the total carbon (TC) accounted for
24.1 £+ 15.1 % and 35.3 + 18.3 % of PM5 5 at CMU and NT in HBB and
28.3 + 10.9 % and 48.7 + 7.8 % in LBB, respectively. The strong cor-
relations between OC and EC were found at both sites (shown in Fig. S2).
The concentrations of TC, OC, EC, WSOC and WINSOC are displayed
Table 1.

3.1.2. The contributions of fossil and non-fossil sources to different
fractions of TC

The concentrations of the determined carbonaceous fractions and
their contributions to TC are displayed in Fig. 3. ECf mainly refers to
vehicle emissions, and ECyy is from biomass burning (Andrew and Cass
1998). The average concentrations of EC¢ were 0.36 + 0.20 pg m > and
0.22 + 0.10 pg m~> at CMU and NT sites in HBB, and 0.28 + 0.11 pg
m 2, and 0.04 + 0.02 pg m~> in LBB. Higher concentrations of EG; were
found in the urban site, which contributed 3 % and 8 % to TC in HBB and
LBB, respectively. Meanwhile, EC¢ accounted for only 0.1 % to TC at the
rural site in both HBB and LBB, suggesting that the primary vehicle
emissions can hardly affect the air quality in rural areas. Fractions of
ECy¢ varied from 64.5 % to 83.3 %, 77.5 % to 94.3 % at CMU and NT in
HBB, and from 27.9 % to 58.1 %, 77.6 % to 94.0 % in LBB, which are
higher than previous studies conducted in Xi’an (17 + 5 %) (Ni et al.,
2018), Budapest (~34.5 %) (Salma et al., 2017), California (48 + 8 %)
(Yoon et al., 2018), Beijing (9-30 %) (Zhang et al. 2015a, 2015b), Oslo
(30-40 % in winter, 10-20 % in summer) (Yttri et al., 2011), Guangzhou
(20 &5 %) (Liu et al., 2016). The concentrations of EC,¢ in HBB was 4.0
(CMU) and 5.0 times (NT) higher than that in LBB, indicating the
elevated emissions of primary non-fossil sources during HBB, which is
consistent with the intensive open biomass burning activities in this
period of time in Thailand (Pani et al., 2018; Phairuang et al., 2019).

As coal combustion contributed little to the aerosol particles in
Thailand (Chansuebsri et al., 2022; Pongpiachan et al., 2017; Yin et al.,
2019), the fossil-OC (OCy) was mainly originated from vehicle emissions,
while non-fossil-OC (OCypf) was emitted mainly by biomass burning,
biogenic emission, cooking, etc. Non-fossil sources were the dominant
contributor to OC (accounted for 62.5 + 10.2 %, 70.6 & 13.0 % at CMU
and NT in HBB, and 38.5 + 7.9 %, 43.4 + 4.6 % in LBB), especially in
HBB. These results are higher than other studies conducted in four major
cities in China (55 + 10 %) (Zhang et al. 2015a, 2015b), western arctic
(~62 %) (Barrett et al., 2015), Beijing (52 + 12 %) (Y. Zhang et al.,
2017), Budapest (~68.2 %) (Salma et al., 2017) and are comparable to
an Alpine valley (75 + 24 %) (Vlachou et al., 2018). Given the cooking-
derived OCyy is roughly invariable within a year, the enhancement of
OCy¢ in HBB could be attributed to the intensive biomass burning ac-
tivities as well as the biogenic emissions (including both POC and SOC).

The fossil and non-fossil fractions of WSOC and WINSOC were
quantified in this study. In HBB, WSOC, s were the greatest contributor to
TC (63.7 + 9.8 % at CMU and 59.4 + 18.7 % at NT), and followed by
WINSOC¢ (13.6 + 5.1 % at CMU and 25.4 + 15.9 % at NT). The
dominance of WSOCy¢ probably implies the great impact from biomass
burning and/or the secondary formation process. In LBB, the contribu-
tions of WSOCy¢ (27.7 + 2.3 %) were slightly higher than WINSOC¢
(23.2 + 4.4 %) at CMU, while WINSOC, s became the most dominant
contributor (51.7 + 11.3 %) followed by WSOC;¢ (26.1 + 7.9 %) at NT.
We suspect that the changes of weather conditions as well as the emis-
sion sources explain the increased contribution of water-insoluble
fraction in LBB. These results are different from a previous study con-
ducted in Beijing, in which WINSOC¢ was the most abundant fraction of
OC with an average contribution of around 40 % (Hou et al., 2021).
Furthermore, both WSOC and WINSOC were dominated by non-fossil
fractions, WSOC,¢ contributed 89.3 + 8.7 % and 90.9 £+ 11.7 % to
WSOC at CMU and NT in HBB, decreased to 62.8 & 8.0 % and 66.6 +
8.5 % in LBB, and WINSOC¢ accounted for 78.7 4+ 7.2 %, 92.3 + 5.8 %
to WINSOC at CMU and NT in HBB, and 55.5 + 5.7 % and 95.9 + 1.0 %
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in LBB. Compared with reported results: non-fossil fractions contributed
74 + 8 %, 51 + 2 % and 59 % to WINSOC in Beijing, Guangzhou and a
background site at the eastern coast of China (Liu et al., 2013; Liu et al.,
2016), while 46 4+ 13 % and 60 + 11 % WSOC was derived from non-
fossil sources in Beijing and Guangzhou (Liu et al., 2016). As dis-
cussed above, non-fossil derived WSOC and WINSOC made a pro-
nounced contribution to carbonaceous aerosols in this study, however,
the specific contributions from biomass burning and other contempo-
rary sources haven’t been specifically identified so far, the further dis-
cussion would be showed in detail in Section 3.2.

3.1.3. The contributions of certain carbonaceous aerosols to fossil and non-
fossil fractions

In general, WSOC was the dominant contributor, especially to Cy¢
(non-fossil derived carbon), while WINSOC accounted for more in C¢
(fossil derived carbon) than in Cyf, except at NT in LBB as shown in Fig. 4
(a). The results can be partially explained by that fossil-derived OC are
more likely to be assigned to water insoluble portions, conversely, the
non-fossil-derived OC tends to be water soluble (Mayol-Bracero et al.
2002; Weber et al. 2007; Wozniak et al. 2012a, 2012b; Zhang et al.
2013). The ratio of OC/EC are widely used in aerosol source appor-
tionment, and it has been found that the biomass burning related sources
are generally with higher OC/EC values than the fossil-fuel derived ones
(ChooChuay et al., 2020a, 2020b). In this study, (OC/EC)y¢ are generally
higher than (OC/EC); as displayed in Fig. 4(b), and details are shown in
Table 1. It is noteworthy that the ratio of (OC/EC)¢ at NT in LBB was
significantly higher than the other fossil OC/EC values, and was com-
parable to the non-fossil OC/EC values. Boreddy (Boreddy et al. 2018a,
2018b) reported that the secondary formation could lead to high values
of OC/EC (~21 to 33), Saarikoski (Saarikoski et al., 2008) recorded the
high OC/EC value (12) observed in the long range transported aerosols
as well. To study the influence of regional transport, back trajectories are
plotted in Fig S3. The air masses at the sampling sites in HBB mostly
originated from Myanmar and the neighboring cities in northern
Thailand. While the sampling sites were more affected by the regional
transport in LBB as the air masses mainly originated from the ocean and
passed over southern Myanmar before arriving at the upper northern
Thailand. Moreover, the low contribution of WINSOCs and EC¢ at NT in
LBB demonstrated the decline of primary fossil sources, and the LHS
results (find in Sect. 3.2.2) further supported the importance of SOCs at
NT in LBB. Accordingly, the high OC/EC values cannot be confidently
linked to non-fossil emissions as it can also be resulted by the aged
process and long-range transport.

As a result of the increased contribution of WINSOC,, the ratios of
(WINSOC/EC)¢ were roughly-two times higher in LBB than in HBB at
both NT and CMU sites. Specifically, the contribution of WINSOC,¢ was
higher than that of WSOC¢ at NT in LBB, and notably, F14C(WINSOC)
was >F4C(WSOC) (see in Table 1), which is opposed to the majority of
previous studies (Hou et al. 2021; Szidat et al. 2004; Wozniak et al.,
2012a, 2012b; Zhang et al. 2013). Nonetheless, Zhang et al. (2014) just
found the similar trend in Hainan Island in China and attributed to the
large contribution from biomass burning to both WSOC and WINSOC. In
this study, the mean values of (WINSOC/EC)¢ were 1.2 (in HBB) and 2.6
(in LBB) at CMU, and 1.9 (in HBB) and 2.7(in LBB) at NT, which are
comparable to the reported results observed in East China (1.1-2.5) (D.
Liu et al., 2013), Beijing (2.4) and Shanghai (1.3) (D. Liu et al., 2020).
Generally, the WINSOC/EC ratios are higher in non-fossil sources than in
fossil ones which is consistent with the finding by Liu (D. Liu et al.,
2013).

To better understand the contributions from water soluble and
insoluble fractions, the ratios of WSOC (WS) versus WINSOC plus EC
(WINS) were calculated in this study and displayed in Fig. 4(c). The
mean values of (WS/WINS),s were 3.4 and 2.7 at CMU and NT in HBB,
and were 0.9 and 0.5 in LBB. The discrepancy of (WS/WINS),¢ probably
indicates the BB-derived OC are more likely to be WS compared with
other non-fossil OC. The fossil WS/WINS ratios were close to 1 with the
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Fig. 4. The compositions and related ratios of fossil derived carbon (C¢, displayed with green border) and non-fossil derived carbon (C,, displayed with
yellow border). (a) The contributions of EC, WSOC and WINSOC to Cr and Cy, respectively; (b) The ratios of OC versus EC, WINSOC versus EC as well as WSOC
versus WINSOC plus EC in C¢ and Cy, respectively. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of

this article.)

exception of 3.4 at NT in LBB (details are shown in Table 1). Similar to
the high values of (OC/EC);, the decline of the contribution from pri-
mary fossil sources as well as the aged process and/or secondary for-
mation possibly bring the high (WS/WINS)¢ values at NT in LBB.

3.2. Source apportionment by Latin hypercube sampling method

3.2.1. Biomass burning

Levoglucosan (LG) as well as its two isomers mannosan (MN) and
galactosan (GA) are widely used as the tracers of BB as they are mainly
produced from celluloses and hemicelluloses via thermal decomposition
(Simoneit et al. 1999; Suciu, et al., 2019). The more intensive BB activity
in rural area resulted in the higher concentrations of LG at NT site (991.6
+578.9 pg m~2 in HBB, 134.9 + 125.6 pg m—° in LBB) which is close to
the values observed in Northern Thailand before (Boreddy, et al., 2018b;
Chuang et al., 2013; Tsai et al., 2013). And the concentration of LG was
396.4 + 219.5 ug m~2 in HBB and 51.5 + 24.2 pg m~> in LBB at CMU

site. The ratios of LG/MN and LG/GA provide information to distinguish
the certain types of biomass burning (Kawamura et al., 2012). The ratios
of LG/MN and LG/GA measured in this study as well as obtained from
literature research (Engling et al. 2009; Fine et al., 2004a, 2004b;
linuma et al. 2007; Dos Santos et al., 2002; Schmidl et al. 2008; Sheesley
et al. 2003; Sun et al. 2019; Zhang et al. 2007) are plotted in Fig. 5. As
concluded in the previous work (Chuang et al., 2013), there is a
boundary of LG/MN ratios at around 10 separating the softwood and
hardwood etc. In general, the two pairs of ratios in this study were with a
narrow range, wherein LG/MN ratios were 10.7 + 1.3 at CMU and 12.1
+ 2.3 at NT in HBB, and 10.0 + 1.0 and 14.6 + 4.5 in LBB. The higher
values of LG/MN ratios at NT site (significantly higher during HBB) are
probably attributed to the more intensive burning of the crops straws
with higher LG/MN ratio values (Chuang et al., 2013) in rural area. In
this study, the ratios distributed within the range of softwood, hard-
wood, etc., suggesting both the softwood and hardwood contributing to
the open fire in northern Thailand which has been documented by others
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Fig. 5. The analysis of three dehydrated sugars. (a) Time series of the concentrations of LG, MN and GA at CMU and NT sites; (b) The diagnostic ratios of LG/MN

versus LG/GA in this study as well as in the previously reported works.
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(Boreddy et al. 2018a, 2018b; Chuang et al. 2013; Tsai et al. 2013;
Zheng et al. 2018).

The concentration of LG multiplying the ratio of (LG/OCpp) can
derive OCypp, (Gelencsér et al., 2007), but the (LG/OCpp) values can vary
greatly with the change of the emission sources and the burning con-
ditions thereby introducing the uncertainty. To determine a proper (LG/
OCypp) value, the dominant tree species were carefully selected according
to the implication from dehydrated sugars mentioned above and the
reported studies elsewhere (Chen 1994). The central value for (LG/
OCpp) is set at 0.28, and the detailed information are displayed in Sect
2.4. The frequency distribution of the different sources is displayed in
Fig. 6, it is found that OCp}, was the largest contributor to TC and peaked
at NT in HBB with the contributions of 70.6 + 13.0 %, and followed by
62.5 +10.2 % at CMU in HBB, 43.4 & 4.6 % at NT in LBB, 38.5 + 7.9 %
at CMU in LBB. The difference between the 90th and 10th percentile of
the solutions was used as an indicator of the uncertainty for the quan-
tified emission sources. The OCyp, as well as OCgther,nt Showed the
greatest uncertainty due to the large variety of the input LG/OCyy, values
mentioned above. The ECt and ECyy, distributed within a narrower range
compared to the sub-fractions of OC due to the direct *C measurement
for EC and the indirect calculation for OC.

3.2.2. Fossil-fuel emissions
Fossil-derived OC (OCy, equals to the sum of POCf and SOCy)
accounted for 11.2 &= 7.4 %, 7.0 & 8.1 % at CMU and NT in HBB, and
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33.5 £ 2.9 %, 14.0 + 3.2 % in LBB. The uncertainty of POC¢ was equal to
that of SOCy (with the values of 3.3 % at CMU and 1.8 % at NT in HBB;
8.1 % at CMU and 1.8 % at NT in LBB) (displayed in Fig. 6). The highest
uncertainty occurred at CMU site in HBB, which were associated with
the lower concentration of carbonaceous aerosols in this season.
Generally, the SOCs were more abundant than POCs, indicating that
fossil-fuel emissions mainly affected the study area in the form of sec-
ondary aerosols, but CMUypp was an exception where primary fossil-fuel
emissions contributed slightly more than secondary aerosols. Given that
the vehicular emission (VE, the dominant contributor to fossil-fuel in the
study area) remained roughly constant at sampling sites throughout a
year, however, the concentration of OC reduced by around 30 % at NT
in LBB (0.7 pg m 2 in HBB, 0.5 ug m > in LBB) was observed as shown in
Fig. 7(b). This reduction indicated the importance of long-range trans-
port vehicular aerosol to NT site, as which had more chances to deposit
during the transportation leading to the decrease of OCy. The slighter
reduction of OC¢was observed at CMU (1.3 pg m > in HBB, 1.2 pjg m > in
LBB), implying the dominance of local vehicular emission sources in
urban aera. It is observed that the ratios of SOC¢/POC¢in LBB (2.3 + 0.7
at CMU, 5.6 + 0.7 at NT) were significantly higher than that in HBB (1.2
+ 0.6 at CMU, and 1.0 + 1.1 at NT) at both two sites as shown in Fig. 7
(b). In this study, the RH was 58.3 + 6.1 % during HBB and 78.6 + 6.0 %
during LBB, notably, the RH of 70 % split HBB and LBB as displayed in
Fig. 7(a). It is reported that the formation of aqueous SOA (agSOA) could
be promoted under the conditions of RH being higher than 70 % (Ervens
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Fig. 6. Source apportionment of the carbonaceous aerosols by using LHS method. The box represents the 25th (lower line), 50th (middle line) and 75th (top
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Fig. 7. Further analysis of the fossil derived OC. (a) The ratios of SOC¢/POC¢ under different values of RH. The sizes of the circles indicate the amount of POC¢
which ranges from 0.04 to 0.96 ug m~3; (b) The mean concentrations of POC¢ and SOC; as well as the ratios of SOC;/POC; (¢) and (d) show the correlation between
SOC¢ and the aromatic acids in HBB and LBB respectively, the sizes of the bubbles represent the concentration of OCyp, note that the bubbles are with different scaling
factors in (c) and (d) thus their sizes cannot be compared directly (the concentration of OCyy, in (c) ranges from 7.8 to 23.9 ug m 2, and from 0.9 to 1.9 pg m—2 in (d)).

et al., 2011). Whereby, the enhanced contribution of SOC¢ during LBB
was likely to be attributed to the more efficient generation of agSOA
under favorable RH condition. Certain types of vehicles, e.g., 2S scooters
emit significant amount of aromatic VOC (volatile organic aerosol)
(Platt et al., 2014), as there is no available VOC data, the aromatic acids
(oxygenated from aromatic VOC) are used to surrogate the level as well
as the variation of aromatic VOC (details are shown in Table S2). BB can
also emit aromatic acids (Palm et al., 2020), which could explain the
significantly higher amount of aromatic acids in HBB than in LBB.
Pearson correlation coefficient (r?) between SOCt and aromatic acids in
HBB is 0.32 (marked in red in Fig. 7(c)), and increases to 0.60 (marked in
black) after excluding the three bubbles filled in gray color, which are
with low level of SOC¢ but high amounts of BB-derived aromatic acids.
And the r? is 0.60 in LBB as shown in Fig. 7(d). The significantly strong
correlation between SOCf and aromatic acids suggests the aromatic
VOCs to be the important precursors of SOC¢, and the lookout for the
accompanying health risk should be kept. It should be noted that the
more aged aerosols can pose severer health risk to human body, e.g.,
producing more reactive oxygen species (Lakey et al., 2016). Therefore,
although OCf remained unchanged or even decreased, the health risk
caused by vehicle emissions should be paid closely attention in LBB as
the SOCs increased.

3.2.3. Other non-fossil emission sources

The principal component analysis-multiple liner regression (PCA-
MLR) model is used to quantify the non-fossil sources other than BB. The
following seven compounds: erythritol, 2-methylglyceric acid, pinonic
acid, pinic acid, p-caryophyllenic acid, and two saturated fatty acids
(C16:0, C18:0) were significantly correlated with OCps, other (detailed in-
formation is in Table S2), whereby they were into a smaller set of liner
combinations and extracted certain latent factors (principal compo-
nents, PCs) with varimax rotation, the result is displayed in Table 2.
Those selected compounds could be used as the surrogates for biogenic
SOC (BSOCQ), primary biogenic aerosols (OCpjo1), and vascular plants-,
microbial sources-, marine phytoplankton- as well as cooking-derived
aerosols (OCpjp2+ck)- Wherein, BSOC could be identified with 2-methyl-
glyceric acid, pinonic acid, pinic acid and p-caryophyllenic acid, OCpjo1
could be characterized by erythritol, OCpjo2ck is traced by Cig:0, C1g:0-
Accordingly, OCpg, other Were classified into two PCs. For CMUygg, NTwpg
and NTgp, PC1 explains the BSOC plus OCp;p1, PC2 explains OCpio2-+ck,
And for CMUppg, PC1 explains BSOC, PC2 explains OCpjo1 plus OCphio2ck
(marked as OCpjo+ck). Generally, OCps, other accounted for near or less
than 15 % with the exception of NTy g where OCgs, other contributed for
more than 30 % to TC. The detailed information could be found in
Table 2 as well as in the graphical abstract.

Table 2
Summary of factor loadings in PCA analysis over CMU and NT sites in HBB and LBB seasons.
Organic compounds Component
CMU NT
HBB LBB HBB LBB
1 2 1 2 1 2 1 2
Erythritol 0.777 0.417 0.016 0.964 0.912 0.165 0.481 0.295
2-Methylglyceric acid 0.968 0.127 0.913 0.243 0.928 0.084 0.966 0.037
Pinonic acid 0.676 0.051 0.866 —0.006 0.207 0.712 0.408 0.777
Pinic acid 0.766 0.633 0.847 0.478 0.796 0.259 0.866 0.291
p-caryophyllenic acid 0.721 0.595 0.866 0.247 0.910 0.110 0.858 0.380
Ci6:0 0.218 0.953 0.471 0.844 0.162 0.915 0.136 0.961
Ciso 0.135 0.961 0.252 0.933 0.061 0.968 0.246 0.921
% of variance 44.5 34.0 47.7 40.8 46.1 34.2 41.4 38.5
% cumulative 44.5 78.5 47.7 88.5 46.1 80.3 41.2 79.8
% contributions to TC 7.7 7.6 5.1 7.7 8.6 5.7 15.7 17.8
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4. Conclusions and implications

This study qualified the emission sources in different fractions of
carbonaceous aerosols. By using **C analysis, less uncertainties were
introduced to the source apportionment. Not surprisingly, BB is the
greatest contributor to TC during HBB with the contributions of 63.8 +
9.0 % in urban area and 71.7 + 12.2 % in rural area and decreased to
40.4 £+ 7.3 % and 47.1 + 4.5 % in LBB, respectively. The contribution
from vehicle-derived carbon was higher in LBB especially in urban area
which accounted for 41.5 + 4.4 % to TC. Wherein SOC¢ prevailed over
POCs in LBB, with the SOC¢/POCs ratios of 2.3 + 0.7 in urban and 5.6 +
0.7 in rural areas. As the aged aerosols tend to be more harmful to
human body, e.g., generating more ROS and oxidative stress, the vehicle
emissions in LBB should be paid closely attentions.

Additionally, it is widely accepted that compared to fossil-fuel
derived aerosols, non-fossil-fuel derived aerosols are more likely to be
water soluble and have higher OC/EC ratio values. However, these
points seem to be unreliable when the long-range transport cannot be
neglected. In this study, the higher contribution from SOA was observed
in LBB especially at the rural site, wherein the OCps and OC¢ contained
29.1 % and 77.3 % of WSOC respectively, meanwhile the fossil and non-
fossil derived OC/EC ratios were 14.6 and 11.1, respectively.

From this study, BB is the main contributor to the air pollution
throughout the year, thus the controlling of open fire is still of great
importance. Notably, our work illuminated the necessity of restricting
the VE, especially in LBB during when the high contribution from VE just
coincides with the favorable RH for generating SOA which can thereby
aggravate the health burden of the commuters. This implication is
possibly appliable to a wider range in SEA, where the area is controlled
by a tropical monsoon climate and the ownership of FPTWs is high.
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