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A B S T R A C T

The present study reports on total carbon (TC) and nitrogen (TN) and their isotope ratios in PM2.5 (particulate
matter≤ 2.5 μm in aerodynamic diameter) collected at Dai Ang Khang (DAK; 19.93°N, 99.05°E; 1518m above
sea level), Thailand, during March 1 to April 13, 2015, when biomass-burning (BB) was intense in Southeast Asia
(SEA), particularly in Myanmar. Concentrations of TC and TN varied from 1.4 to 80 μgC m−3 (mean:
33.8 ± 21.7 μgC m−3) and 0.7 to 8.6 μgN m−3 (3.0 ± 1.6 μgN m−3), respectively. Temporal variations of TC
and TN largely increased from the start of the campaign to March 21 and decreased during March 22–28 and
then slightly increased during the period of March 28-April 13. This temporal pattern was consistent with
variations of levoglucosan (LG, specific tracer of biomass burning) and MODIS (moderate resolution imaging
spectroradiometer)-derived fire spots in SEA, suggesting that BB emissions are major sources of PM2.5 aerosols at
DAK. This inference was further supported by higher TC/TN ratios (range: 6–19, mean: 12.7 ± 3.3) and sig-
nificantly strong positive correlations among TC, TN, and LG during the campaign period. On the other hand,
stable isotope ratios of total carbon (δ13CTC) and nitrogen (δ15NTN) in PM2.5 ranged during the sampling period
from −23.8 to −29.8‰ (−26.0 ± 1.2‰) and from +15.8 to +25.1‰ (19.4 ± 2.1‰), respectively. The
estimated contribution from the burning of C3 plants to TC ranged between 60 and 96% (average, 74 ± 7%) in
SEA, indicating the predominance of BB from forest fires. Interestingly, lower δ13CTC values were associated with
higher contribution of C3 plants, suggesting that primary aerosols derived from the burning of C3 plants caused a
depletion of 13CTC, whereas photochemical aging of organic aerosols may have enhanced δ13CTC, particularly in
the second half of the campaign. In addition, changes in meteorological conditions and MODIS fire events may
also have caused the changes in δ13CTC during the campaign period. The δ13CTC values reported in this study
represent the typical BB aerosols. Our findings improve the fundamental understanding of the sources and
transformation processes of atmospheric aerosols in SEA and its outflow regions.

1. Introduction

Southeast Asia (SEA) is one of the largest source regions of biomass-
burning (BB) emissions from forest fires and slash-and-burn agriculture
in the world, and thus, huge amounts of particulate components and
trace gases are emitted into the atmosphere (Huang et al., 2016; Lin
et al., 2013; Reid et al., 2013). The aerosols emitted from BB not only
deteriorate air quality, but also influence atmospheric chemistry and

radiative forcing (Lin et al., 2014; Pani et al., 2016) as well as public
health (Lelieveld et al., 2015). It is suggested that the contribution of BB
in SEA to carbon monoxide in the Northern Hemisphere was about
30–35% in spring of 1998–99 (Pochanart et al., 2003). Based on the
satellite and ground-based radiometric observations, Gautam et al.
(2013) observed an intensive BB hotspot over Thailand-Myanmar
border in springtime. Further, the area around northern Thailand has
been described as a major active source of BB (Sayer et al., 2016; Wang
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et al., 2015). Thus, studying aerosols and air quality over SEA is par-
ticularly of interest and noteworthy.

BB produces a huge amount of fine particulate matter (PM2.5; par-
ticulate matter≤ 2.5 μm in aerodynamic diameter), which are mainly
composed of carbonaceous and water-soluble inorganic species
(Chuang et al., 2016; Graham et al., 2002; Mkoma et al., 2013; Wu
et al., 2016). BB plumes are uplifted above the planetary boundary
layer through regional convergence at the lower level and strong
thermal buoyancy (Wang et al., 2015). After being uplifted, BB particles
can be transported long distances from the source to downwind regions,
with a significant influence on atmospheric chemistry and particle
growth and cloud forming processes (Boreddy et al., 2014; Pantina
et al., 2016; Reid et al., 2005). In addition, model simulations have also
demonstrated that BB-derived aerosols are a major source of cloud
condensation nuclei on a global scale (Pierce et al., 2007; Spracklen
et al., 2011). Thus, understanding the characteristics of chemical
composition of aerosols near the BB areas and their transformation
processes during transport are crucial.

Previous studies of atmospheric aerosols demonstrated that isotopic
composition of bulk carbon and nitrogen (δ13C and δ15N) can reveal
valuable information about the sources and transformation processes in
the atmosphere (Aggarwal and Kawamura, 2008; Bikkina et al., 2016;
Górka et al., 2012; Jung and Kawamura, 2011; Kirillova et al., 2013;
Kundu and Kawamura, 2014; Kunwar et al., 2016; Mkoma et al., 2014b;
Nguyen et al., 2016; Ometto et al., 2006; Pavuluri et al., 2011; Wozniak
et al., 2012; Martinsson et al., 2017). Analysis of stable carbon isotopic
composition of bulk carbon (δ13CTC) in aerosols has been used to assess
the relative contribution of BB emissions versus fossil fuel combustion
(Bikkina et al., 2016) and C3 versus C4 plants (Kundu et al., 2010a;
Martinelli et al., 2002; Mkoma et al., 2014b). Plants using Calvin-
Benson cycle, C3 carbon fixation plants, are dominant in the most eco-

systems from the boreal to tropical regions and approximately 85% of
plant species (virtually all trees, most shrubs, mid-latitude and boreal
grasses) belong to C3 plants (Deines, 1980; Lamb et al., 2006). While
plants using Hatch-Slack cycle, C4 carbon fixation plants, are comprised
of warm season grasses and sedges. C4 plants can be found pre-
dominantly in tropical savannas, temperate grasslands and semi-deserts
(Rommerskirchen et al., 2006). Likely, stable nitrogen isotopic com-
position (δ15NTN) in aerosols can be used to better understand the
sources of nitrogenous species (NOx, NH4

+ and NO3
−) in the atmo-

sphere (Kundu et al., 2010b) because nitrogen compounds play key
roles in the formation of aerosols, near-surface ozone (O3) and acid
precipitation (Galloway and Likens, 1981; Reddy et al., 2010).

As part of the Seven South-East Asian Studies project (7-SEAS) (Lin
et al., 2013; Reid et al., 2013), Biomass burning Aerosols & Stratocu-
mulus Environment: Lifecycles and Interactions Experiment (BASE-
LInE) (Tsay et al., 2013, 2016) was proposed to better understand the
sources, physicochemical processes and interactions of BB aerosols in
SEA in spring (February–April). During the recent 7-SEAS/BASELInE
2015 field campaign, measurements were conducted at the meteor-
ological station in Doi Ang Khang (DAK), Thailand, to better understand
the chemistry of near source BB aerosols. DAK is geographically close to
the border of Myanmar and approximately 125 km north of Chiang Mai
city. Instrumentation deployed at DAK during BASELInE 2015 enabled
the characterization of air masses influenced by biomass burning, often
in SEA at this time (spring) of year (predominantly in Myanmar). This
campaign included various instruments like Sun photometer as part of
the Aerosol Robotic Network (AERONET) as well as the Chemical,
Optical, and Microphysical Measurements of In-situ Troposphere
(COMMIT) mobile laboratory which is part of NASA's Surface-based
Mobile Atmospheric Research & Testbed Laboratories (SMARTLabs, cf.
http://smartlabs.gsfc.nasa.gov), those results have been published

Fig. 1. Map showing the sampling site, Doi Ang Khang (DAK, Chiang Mai, Thailand, 19.93° N, 99.05° E, 1536m a.s.l.), a weather observatory, is located on a hilltop
at the border of Myanmar and Thailand. The plants grown in the surrounding are rich in grass, shrub, and soft wood. The nearest village with ca. 600 residents is
located ca. 100 m lower than the DAK site.
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elsewhere (Tsay et al., 2016 and references therein). However, no single
study deals with the assessment of δ13CTC and δ15NTN of aerosols in
SEA. As their role in enlightening the valuable information about the
sources and transformation processes in the atmosphere, we studied the
concentrations, sources and isotopic composition of total carbon (TC)
and nitrogen (TN) in smoke aerosols collected at DAK in spring 2015,
when BB was very intense. We interpret the observed variations in
isotopic compositions based on the standard chemical markers, MODIS
(moderate resolution imaging spectroradiometer)-derived fire spot
maps and air mass backward trajectory analysis. We also discuss how
atmospheric processing/chemical aging alters the isotopic ratios of BB
aerosols during the transport.

2. Experiment

2.1. Aerosol sampling

PM2.5 (particulates with aerodynamic diameters equal to or less
than 2.5 μm) samples were collected at the meteorological station in
DAK (19.93°N, 99.05°E, 1518m above sea level) in northwestern
Thailand as part of 7-SEAS/BASELInE 2015. The sampling point si-
tuated on the top of a mountain, surrounded by forests and some
agricultural fields as shown in Fig. 1. The sampling site is representative
for the near-source of BB, which arises primarily from forest and agri-
cultural waste burning (Lin et al., 2013; Sayer et al., 2016). The plants
grown in the surroundings are rich in grass, shrub, and soft wood. The
nearest village with estimated 600 residents is located at ca. 100 m
lower than the DAK site. PM2.5 samples were collected on quartz-fiber
filters (TISSUQUARTZ 2500QAT-UP, PALL Life Sciences, Inc., Ann
Arbor, MI, USA) using R&P ChemComb Model 3500 Speciation Sam-
pling Cartridges (Thermo Fisher Scientific Co, Inc., Waltham MA, )
supported by tripod stands during the intensive BB activities (from 1st
March to 13th April, 2015) that were associated with forest fires and
slash-and-burn agricultural waste burning close to the sampling site
(Sayer et al., 2016).

The sampling setup was installed on a platform at 3m above the
ground level. Each aerosol sample was collected for 23–24 h. The total
air volumes ranged from 10.80 to 14.39m3 with an average of
13.86 ± 0.85m3 during the campaign. Filters were wrapped with a
clean aluminium foil after the sample collection, shipped to Hokkaido
University, Japan, and then stored in a dark freezer room at −20 °C
until analysis. A total of 44 aerosol and 6 field blank filters were col-
lected during the sampling period. Field blanks were collected every
one week by placing a clean filter in the cartridge of the sampler for
20–40 s without running the pump.

2.2. General meteorology

Fig. 2 presents the temporal variations in meteorological parameters
including air temperature, relative humidity (RH), wind speed and
wind direction during March 1 to April 13, 2015 at DAK, Thailand. All
the meteorological parameters were downloaded from the weather
underground company, USA (https://www.wunderground.com/). The
daily mean RH varied in the range of 13–50% from the start of the
campaign to March 23, whereas RH from March 24 to 30 varied be-
tween 50 and 95%. Rainfall occurred on several occasions during
March 24–30 (shaded areas in Fig. 2a) (Sayer et al., 2016) and also at
the end of the campaign (April 12–13). Although air temperature varied
largely within the range of 16–25 °C during the sampling period, it was
lower during high RH periods (March 24–30). Most of the wind was
coming from the west to the sampling site during the study period;
however, the wind pattern was shifted to southeasterly during March
24–30 (Fig. 2b).

2.3. Chemical analysis

TC and TN together with their stable isotopic composition (δ13CTC

and δ15NTN) in BB smoke aerosols were determined using an elemental
analyzer interfaced online to an isotope ratio mass spectrometer (EA/
irMS, model: Carlo Erba NA 1500 EA combined to Finnigan MAT Delta
Plus) following the protocol described elsewhere (Kawamura et al.,
2004). Briefly, a small disc (Ø 8mm) of each filter sample was enfolded
in a tin cup and then made into a round shaped ball using a pair of flat-
tipped tweezers. Prior to the preparation of samples, the tin cup was
cleaned with acetone under ultrasonication to remove organic and
other contamination. The tin cup samples were then introduced into
EA, where it can oxidize in a combustion column packed with copper
oxide (CuO) at 1020 °C. The evolved gases (CO2 and NOx) were then
introduced into a reduction column to convert NOx to N2. N2 and CO2

were isolated by a gas chromatograph (GC) equipped within EA and
then measured with thermal conductivity detector. The evolved CO2

and N2 gases were introduced online to an irMS via an interface (ConFlo
II). The stable isotopic composition of total carbon and nitrogen were
calculated using the following standard isotopic conversion equations:
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The standard is CO2 obtained from a limestone, called PDB (Pee Dee
Beleminite) for δ13CTC (Craig, 1953) and atmospheric N2 for δ15NTN. A
more negative δ13CTC means more enrichment with 12C; a more positive
δ13CTC means more enrichment with 13C.

Prior to the measurements, we standardize the instrument with
empty pre-cleaned tin cups (n=3) and a five point calibration using
acetanilide (Thermo Scientific) with known isotopic ratios. The overall
analytical uncertainties in the measurements of δ13CTC and δ15NTN were
less than 0.2‰ and 0.3‰, respectively, being consistent with previous
studies (Kawamura et al., 2004; Mkoma et al., 2014b). Lab and field
blanks were analyzed and the analytical signal of the samples was
carefully corrected for blanks using isotopic mass balance equation
(Turekian et al., 2003). Concentrations of TC and TN in aerosol samples
were corrected for field blanks in the present study.

For the determination of levoglucosan (LG), the filter samples were
analyzed by the method described in Fu and Kawamura (2011). Briefly,
a piece (1.54 cm2) of each filter sample was extracted three times with
dichloromethane/methanol (2:1; υ/υ) under ultrasonication for 10min.
Sugar compounds in the extracts were derived to trimethylsilyl (TMS)
ethers with 50 μL of N,O-bis-(trimethylsilyl)trifluoroacetamide (BSTFA)
containing 1% trimethylsilyl chloride and 10 μL of pyridine at 70 °C for
3 h. The derivatives were diluted by addition of 140 μL of n-hexane
containing 1.43 ng μL−1 (internal standard: C13 n-alkane) and then
determined with a GC-MS. Fragment ions of m/z 217 and 204 were used
for the quantification of LG (Fu et al., 2012).

Water-soluble dicarboxylic acids and related compounds (oxalic,
malonic, succinic acids and methylglyoxal) were determined by the
method described elsewhere (Kawamura, 1993; Kawamura et al.,
2013). Briefly, a known area of each filter was extracted with organic-
free ultrapure water (10mL) under ultrasonication. The extracts were
filtrated through a Pasteur pipette packed with quartz wool to a pear-
shaped flask. The extracts were adjusted to pH=8.5–9.0 with a 0.1M
potassium hydroxide (KOH) and concentrated using a rotary evaporator
under vacuum and then derivatized with 14% BF3 (boron trifluoride) in
n-butanol at 100 °C for 1 h. After the concentration using a nitrogen
blow down to near dryness, n-hexane (100 μL) was added to the ester
fraction and the derivatives were determined using a capillary GC with
flame ionization detector. The peaks were identified by comparing GC
retention times with authentic standards and confirmed by mass
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spectral examination using a GC/mass spectrometer. The reported or-
ganic compounds in this study were corrected for field blanks, whose
levels were less than 5% of the aerosol samples.

3. Results and discussion

3.1. Temporal variability in mass concentrations

It should be noted that the aerosol sampling at DAK was influenced
by severe BB, which arose from forest fires and slash-and-burn agri-
cultural wastage burning very close to the sampling site (Pantina et al.,
2016; Sayer et al., 2016; Tsay et al., 2016). To better understand the
impact of BB on measured chemical composition of PM2.5, we examine
the temporal variation in the concentration of LG at DAK during the
sampling period (Fig. S1 in the supporting information). LG is largely
produced by a pyrolysis of cellulose/hemicelluloses during BB and has
been used a unique tracer for BB from wood, grasses and agricultural
wastes (Fu et al., 2012; Sheesley et al., 2003; Simoneit, 2002). LG
concentrations largely increased from the start of the campaign until
March 22 and then significantly decreased during the period of March
24–30, when the rainfall events occurred. The LG concentrations again
increased slightly from April 1–10. These results suggest that BB ac-
tivities near DAK were higher in March than in early April. To better
support this inference, we have downloaded MODIS daily fire spot

maps from the website; http://modis-fire.umd.edu/map/ for the se-
lected days during the sampling period over SEA as shown in Fig. 3a. It
was apparent that the intensity of fire spots was larger over Myanmar in
March and fire spot areas were shifted to Laos and Thailand during
April. There were almost no fire spots during March 24–30 and the end
of the campaign (April 11–13), being consistent with the rainfall events
occurred at DAK during the same period.

We further examined air mass trajectories to better understand BB
transport pathways to DAK site. Fig. 3b shows the hybrid single particle
Lagrangian integrated trajectory model (HYSPLIT) 7-day backward
trajectory cluster analysis (Draxler and Rolph, 2013), computed using
global data assimilation system (GDAS) meteorological data, for the air
mass transports ending at DAK site (200m a.g.l.) for the sampling
period. Based on the air mass trajectories that arrived over the region,
we identified three major clusters during the sampling period. The most
abundant cluster is cluster #1, in which air masses arrived pre-
dominantly from Myanmar. It contributed 60% of total air mass
transport to DAK. Cluster #1 includes the sampling periods of March
1–21, 30–31 and April 1–10. Cluster #2 (March 22–24, 28–29 and April
11–12; 17%) arrived from the southeast of Thailand, while cluster #3
(March 25–27, April 13; 23%) arrived from the east of Laos (Sanya,
etc.) to the sampling site. All the air mass clusters had been located
within 500m from the ground level (Fig. 4b), suggesting important
local sources of BB at DAK rather than long-range atmospheric

Fig. 2. Temporal variations of meteorological parameters (a) air temperature (°C) and relative humidity (%), and (b) wind seed (km/h) and direction (deg) during the
period March–April 13, 2015 at DAK, Thailand. All meteorological parameters were downloaded from the website; https://www.wunderground.com/. The shaded
regions in Fig. 2(a) indicate the rainfall events.
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transport.
Fig. 4 shows temporal variations of PM2.5 mass, TC, TN, and TC/TN

ratios at DAK, Thailand during March 1 to April 13, 2015. The variation
of PM2.5 mass at DAK was ranged between 10 and 161 μgm−3 with

larger values (> 100 μgm−3) during March 5–21 (Fig. 4a), probably
due to the enhanced BB activities that occurred in Myanmar. The lower
concentrations of PM2.5 mass, particularly during March 24–30, were
mainly due to the washout of BB pollutants by rainfall. Both TC and TN

Fig. 3. (a) Modis-derived fire spot data for specific days over SEA, downloaded from the website; http://modis-fire.umd.edu/map/, and (b) HYSPLIT 7-day backward
trajectory cluster analysis, computed using global data assimilation system (GDAS) meteorological data, for the air mass transports ending at DAK location (200m
a.g.l.) and altitude for the sampling period.
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concentrations showed similar temporal variations (Fig. 4b and c),
which are consistent with the variation of PM2.5 mass concentrations.
The values are larger during March 1–21 than March 30-April 10 due to
the influence of BB activities in Myanmar, which is located in the west
of sampling site.

In this study, TC concentrations at DAK ranged from 1.5 to
80.3 μgm−3 (mean: 33.8 ± 21.7 μgC m−3), which are comparable to
those (3–85 μgC m−3) reported for BB aerosols from Mt. Tai in the
North China Plain (Kawamura et al., 2013), those (20–83 μgC m−3)
reported for BB aerosols over Amazonia (Mayol-Bracero et al., 2002)
and those (9–81 μgC m−3) reported for Indonesian forest fires during
1997 (Narukawa et al., 1999). However, the concentrations of TC for
DAK aerosols were much higher than those (3.1–10.4 μgm−3, ave.
6.2 ± 2.1 μgC m−3) reported for East African BB aerosols (Mkoma
et al., 2014b). On the other hand, TN concentrations in this study varied
from 0.7 to 8.8 μgN m−3 with a mean of 3.0 ± 1.7 μgN m−3. TN
concentrations in DAK aerosols are higher than those of East African
biomass aerosols (range: 0.4–1.6 μgN m−3) but several times lower
than those reported for Mt. Tai BBaerosols (1.7–40.5 μgN m−3). These
comparisons enlighten changes in the sources and atmospheric pro-
cessing of nitrogenous aerosols in the atmosphere when BB intensively
occurred.

It is well known that BB can produce larger amount of carbonaceous
species whereas marine biogenic emissions are important sources for
nitrogenous compounds in the atmosphere. Therefore, it has been
suggested that TC/TN (or carbon-to-nitrogen, C/N) ratios are useful to
distinguish the terrestrial versus marine based sources (Ishiwatari and
Uzaki, 1987). In this study, TC/TN mass ratios ranged from 6.4 to 19.2
(mean: 12.7 ± 3.3) at DAK and showed an incessant decrease during
the sampling period (Fig. 4d). Higher TC/TN ratios at DAK may indicate

that larger contributions of carbonaceous aerosols from biomass/bio-
fuel burning of terrestrial plants in Thailand/Myanmar. This point is
further supported by a moderate positive correlation (R2=0.30;
p < 0.05, not shown as figure) between TC/TN ratios and LG con-
centrations at DAK, particularly during the first half of the sampling
period when BB was intense near the sampling point. Similarly, higher
TC/TN ratios were also reported for BB influenced aerosols elsewhere
(Mkoma et al., 2014b). This result also indicates that marine sources
were insignificant at DAK during the sampling period as inferred from
the air mass backward trajectory analysis. The range (6.4–19.2) of TC/
TN ratios obtained at DAK are comparable to those (6–14) reported for
East African BB aerosols (Mkoma et al., 2014b) and significantly higher
than Mt. Tai aerosols (0.5–5.6, mean: 1.7) (Kawamura et al., 2013). On
average, TC and TN accounted for 40.0 ± 0.1% (range: 14–54%) and
3.0 ± 0.0% (2–5%) of PM2.5 mass. These results indicate that carbo-
naceous aerosols at DAK were dominantly derived from the BB activ-
ities near the sampling site.

Based on the consistent temporal variations of PM2.5 mass, TC, TN,
and LG concentrations and cluster analysis along with MODIS-derived
fire spots, we concluded that chemical compositions of aerosols ob-
tained at DAK were largely controlled by BB from forest fires and slash-
and-burn agricultural wastage in Myanmar during the sampling period.
This finding was further supported by strong positive correlations
among TC, TN and LG as shown in Fig. 5. We found significantly
(p < 0.01) strong correlation between TC and TN concentrations with
a correlation coefficient (R2) of 0.89 (Fig. 5a), indicating that they
might be emitted from similar sources. Further, TC and TN strongly
correlated with LG (R2=0.81 and 0.71, respectively) (Fig. 5b and c).
These results suggest that BB emissions are major sources of aerosols at
DAK. This inference is again supported by a (p < 0.01) strong

Fig. 4. Temporal variations of (a) PM2.5 aerosol mass, (b) total carbon (TC), (c) total nitrogen (TN), and (d) total carbon-to-nitrogen ratios (TC/TN) at DAK, Thailand,
during March 1 to April 15, 2015. The missing data in Fig. 3c may be due to the very low concentrations which are not detected by the instrument.
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correlation (R2=0.81) between PM2.5 mass and LG concentrations as
shown in Fig. S2.

We found an abrupt decrease in the LG concentration on March 6;
however, there is no change in the levels of TC and TN in this study. The
lower concentration of LG on March 6 may be due to weaker fire events
on this date near the sampling site. We also found an abrupt decrease in
air temperature (Fig. 2a) on the same day. This result suggests that
changes in meteorological conditions may also have caused the varia-
tions in TC and TN during the campaign period.

3.2. Temporal variability in isotopic compositions

The Gaussian distribution is the most widely used continuous dis-
tribution, providing a useful way to estimate peak value (where func-
tion attains its maximum value) among all randomly distributed values.
With this function, we could estimate the background value of δ13CTC

for BB aerosols using the concentrations of LG and TC. Fig. 6 shows the
Gaussian fitting distribution of δ13CTC with respect to TC concentrations
at DAK, Thailand. The plots are shown with a color scale of LG con-
centrations to present the intensity of biomass burning. The Gaussian fit

showed a peak at −26.0 ± 0.03‰ with the width of 0.40 ± 0.10‰.
This peak value exactly matches with the mean value (−26.0 ± 1.2‰)
of δ13CTC during the sampling period. It is comparable to the average
δ13CTC value reported for aerosols from C3 plant dominated Santarém
region of Brazil (−25.8 ± 0.52‰, range: −26.92‰ to −24.92,
Martinelli et al., 2002) and the BB influenced aerosols collected at the
FNS site in Rondônia, Brazil (−25.52‰, range: −26.1 to‰−24.32‰,
Kundu et al., 2010a). Thus, the peak value of δ13CTC was defined for the
background aerosols at DAK during BB season (spring).

Fig. 7 presents the temporal variations of δ13CTC and δ15NTN in
PM2.5 aerosols at DAK during the sampling period. We also have shown
some specific source signatures to understand the influence of sec-
ondary sources and photochemical processes of atmospheric aerosols
over the sampling site. In this study, δ13CTC ranged from −29.8‰ to
−23.8‰ with the lowest value on March 27 and highest value on April
10/March 29 (Fig. 7a). It is noteworthy that variation of δ13CTC was
almost constant, with a very narrow range (−26.03‰, background
value) from the start of the campaign to March 24 and then the var-
iation (spread) turned out to be larger with significantly higher isotope
ratios (up to −23.6‰) during the latter half of the sampling period
(March 24-April 13 at DAK). These variations in δ13C can be explained
by the changes in emissions and sources of aerosols as well as changes
in meteorology as below (see Fig. 2).

Fu et al. (2012) observed isotopically heavier values of δ13CTC in
late afternoon to midnight (approximately −21.9‰) compared to
morning hours (−23.9‰) in the ambient aerosols over Mt. Tai, North
China. They explained the observed enrichment of 13C mainly due to
the atmospheric aging of organic aerosols. Kundu and Kawamura
(2014) also reported that possible enrichment of 13C in aerosols by
1.5–3.0‰ during long-range atmospheric transport to Gosan site,
Korea. Oxalic acid (C2) is the most abundant species among all di-
carboxylic acids and is one of the end products of photochemical oxi-
dation of many VOCs and other organic compounds in the atmosphere
(Kawamura and Sakaguchi, 1999; Martinelango et al., 2007). Previous
studies reported that C2 can show much higher isotope ratios in a
variety of environments including urban, rural, and marine atmo-
spheres (Aggarwal and Kawamura, 2008; Mkoma et al., 2014a; Pavuluri
et al., 2011; Wang and Kawamura, 2006; Wang et al., 2017). In addi-
tion, laboratory studies provided an evidence for the enrichment of 13C
in oxalic acid (C2) due to the photochemical aging (Pavuluri and
Kawamura, 2012, 2016).

It has been suggested that malonic acid (C3di) is likely produced in
the atmosphere by photooxidation of succinic acid (C4di) via inter-
mediate compounds (Kawamura and Sakaguchi, 1999), thus C3di/C4di
ratio may be a good indicator of photochemical processing. C2di/TC

Fig. 5. Regression analyses between the concentrations of (a) total carbon (TC)
vs. total nitrogen (TN), (b) TC vs. levoglucosan (LG), and (c) TN vs. LG during
the campaign. Red colored data points in Fig. 5a and c are outliers as confirmed
by the Grubb's test (p < 0.05; critical values of z= 3.07) thus, excluded from
the regression analysis. (For interpretation of the references to color in this
figure legend, the reader is referred to the Web version of this article.)

Fig. 6. Gaussian fitting for δ13CTC over TC concentration. LG concentrations are
shown as a color scale to see the intensity of biomass-burning. (For inter-
pretation of the references to color in this figure legend, the reader is referred to
the Web version of this article.)
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ratios can also provide information of secondary photochemical oxi-
dations that occur in the atmosphere (Kawamura and Sakaguchi, 1999).
Moreover, modelling studies demonstrated that about 80% of methyl-
glyoxal (MeGly) are derived from secondary oxidation of biogenic
isoprene emitted globally (Fu et al., 2008). In this study, we observed
that the depletion of 13CTC is associated with higher ratios of C2di/TC,
MeGly/TC (apparent on March 26) and C3di/C4di (Fig. 7c–e). Further,
WSOC/OC ratios (a proxy for photochemical aging) ranged from 0.39 to
0.98 with an average of 0.52 ± 0.16 in this study, with higher ratios
(> 0.7) during the latter half of the campaign when BB was not sig-
nificant. All these results suggest that formation of SOA through pho-
tochemical oxidation of various VOCs and aged organic aerosols may
alter the isotopic ratios of background BB aerosols at DAK, Thailand,
particularly during the period of March 24 to April 13.

It is of interest to note that there was also depletion of 13C on March
12, 25, 27, 31, and April 8 with isotope values of −27.4‰, −27.5‰,
−29.8‰, −27.7‰, and −28.4‰, respectively. In this context, Irei
et al. (2006) reported that δ13C ratios of secondary organic aerosols
(SOA) formed through the hydroxyl (OH) radical-induced reactions of
toluene were 0.6 ± 0.2‰ lower than those of precursor based on the
chamber experiments. Recently, Bikkina et al. (2016) have observed
depletion of 13C in the marine aerosols associated with SEA forest fires
over the southern Bay of Bengal (BoB) and explained by the contribu-
tion of SOA formation through the photochemical oxidation of various

VOCs in addition to primary emissions from forest fires via long-range
transport from SEA. Based on the above arguments, we consider that
the formation of SOA may seriously decrease the background value of
δ13C of TC in atmospheric aerosols.

Previous studies reported that δ13CTC of marine-derived particles
ranged between −20‰ and −22‰ (Chesselet et al., 1981; Fontugne
and Duplessy, 1978; Fry et al., 1998). Recently, Kawamura et al. (2017)
reported that δ13CTC of −18.1‰ for the pristine Atlantic aerosols.
However, δ13CTC ratios in this study ranged between −29.8‰ and
−23.8‰, indicating an insignificant contribution of marine aerosols
during the campaign. This inference is further supported by the air mass
back trajectory analysis, which showed no air mass delivery from
marine regions during the sampling period. Therefore, based on TC/TN,
δ13CTC and air mass back trajectories, we conclude that marine con-
tributions to carbonaceous aerosols at DAK, Thailand, are not sig-
nificant during this campaign.

There is a remarkable change in meteorological conditions such as
temperature and relative humidity during the latter half of sampling
period, which could significantly impact secondary aerosol formation.
Therefore, it is very likely that variations in δ13C are linked to changes
in secondary aerosol formation rate. Moreover, a shift of the fire spot
areas can be clearly identified in the MODIS maps as shown in Fig. 3a.
The enrichment of δ13C thus can be linked with changes in vegetation
types (C3 and C4 plants) burned in the fire events.

Fig. 7. Temporal variations of (a–b) δ13CTC and δ15NTN and (c–f) some of specific marker ratios at DAK during the sampling period.
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Bender (1971) and Smith and Epstein (1971) have reported that C3

plants are isotopically (δ13C) different from C4 plants. C3 plants have
δ13C values of approximately −28.0‰ (−32.0 to −20.0%), whereas
C4 plants present the value around at −14.0‰. Later, many atmo-
spheric aerosol studies have used δ13C values to distinguish C3 and C4

plants (Kundu et al., 2010a; Martinelli et al., 2002; Mkoma et al.,
2013). Although fossil fuel carbon from combustion and biogenic
carbon certainly present in the DAK aerosol samples, most of the TC
were associated with BB emissions as confirmed from the MODIS fire
spots and chemical markers in this study. This point was further sup-
ported by the significant higher positive correlation between the mass
ratios of TC/PM2.5 and LG (R2=0.71) than those of TC/PM2.5 vs. EC
(elemental carbon, a good tracer for fossil fuel combustion; R2= 0.38)
and TC/PM2.5 vs. 2-MGA (2−methylglyceric acid, a specific tracer of
biogenic emission; R2= 0.29) as shown in Fig. S3. These results again
suggest that BB emissions are major sources of TC in DAK aerosols.
However, we should not ignore other sources of TC such as fossil fuel
and biogenic carbon at DAK site (Widory et al., 2004; Widory, 2006).

Since BB is a major source of TC in aerosols at DAK, we have cal-
culated the relative contribution of C3 and C4 plants to TC using the
following isotopic mass balance equations:

= ⎡
⎣
⎢

−
−

⎤
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⎥C plants

(δ C δ C )
(δ C δ C )3

13
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13
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C3plant

13
C4plant (3)

C4 plants= [1 - C3 plants] (4)

where δ13Caerosol is stable carbon isotopic composition (δ13CTC) mea-
sured for aerosol TC. δ13CC3plant and δ13CC4plant are the isotopic ratios of
C3 and C4 plants, respectively, whose end members are defined to be
−30.5‰ and −13.5‰ based on the recommended δ13C values
(Martinelli et al., 2002). In this study, the contribution of C3 and C4

plants to TC in aerosols varied in the range of 60–96% (average: 74%)
and 4–40% (26%), respectively (Fig. 8a), suggesting a predominance of
deforestation burning over pasture maintenance burning as a source of
smoke aerosols at DAK during the sampling period. Interestingly,
higher contribution of C3 plants to TC (particularly on March 12, 25,
27, 31, and April 8) were associated with lower δ13CTC values while
higher values were associated with C4 plants (Fig. 8a).

In this study, we observed that depletion of 13CTC in aerosols was
dominated by the burning of C3 plants while aerosols produced from
burning of C4 plants were enriched in 13C relative to background value.
This finding is further supported by a strong correlation (R2 > 0.99) of
δ13CTC with contributions of C3 and C4 plants to TC in aerosols at DAK
(Fig. 8b). It is obvious that δ13CTC migrate towards more negative
(lower) values when the contribution of C3 plants to TC became higher
than C4 plants (Fig. 8b). Similar decline in δ13CTC (−25.5 to −27.5‰)
was reported for the aerosols collected from the Indonesian forest fires
associated with larger contributions of C3 plants (Narukawa et al.,
1999). Zheng et al. (2018) reported that the depletion of 13CTC in
biomass burning-influenced fine aerosols may be caused by the burning
of C3 plants in northern Southeast Asia, from which the burning pro-
ducts were transported over the Gulf of Tonkin, China during spring of
2015. Taken all these findings together, we demonstrate that the ob-
served depletion/enrichment of 13C in aerosols at DAK can be explained
by the relative contribution of primary aerosols from the burning of C3

vs. C4 plants and SOA formation from various biogenic VOCs (parti-
cularly during the period March 24-April 13). In addition to vegetation
type and species, combustion conditions including burning temperature
and particle size may also play an important role in the variation of
δ13CTC (Das et al., 2010; Garbaras et al., 2015).

δ15NTN in aerosols at DAK ranged from +15.8 to +27.7‰ with a
mean of +19.4 ± 1.8‰ during the sampling period (Fig. 7b). Higher
δ15NTN (range: +15.7 to +31.2‰) values were reported for PM10

aerosols collected at Chennai, India when the air masses came from BB

regions over SEA (Pavuluri et al., 2010). Similarly, the mean value
(+19.4‰) of δ15NTN at DAK was exactly overlapped with that
(+19.4‰) obtained during a winter-cruise over the marine boundary
layer of the BoB under the influence of SEA-outflow (Bikkina et al.,
2016). Further, the lowest δ15NTN (+15.8‰) observed at DAK was
higher than those (−19.4‰ to +15.4‰) reported for the particles
derived from the combustion of fossil fuels such as unleaded gasoline,
diesel, fuel oil, coal and natural gas (Widory, 2006), explaining that
contribution of fossil fuel combustion to TN in the DAK aerosols were
insignificant. Although we found a significantly strong correlation
(R2= 0.82, p < 0.01) between TC and TN (Fig. 5a), no correlation was
observed between air temperature and TN and/or δ15NTN during the
campaign. All these comparisons, together with air mass clusters and
fire spots data, clearly suggest that BB is the main source of aerosol
nitrogen at DAK. This inference is further supported by a good corre-
lation (R2=0.73, p < 0.01) between TN and LG during the sampling
period (Fig. 5c).

4. Summary and conclusions

We studied stable carbon and nitrogen isotopic composition of BB
smoke aerosols (PM2.5, n= 44) collected at DAK, Thailand, in March to
mid April, 2015. 7-Day air mass backward trajectories suggest that most
of the air masses (about 60%) were delivered from Myanmar, where
intensive BB occurred during the sampling period. Concentrations of
aerosol total carbon (TC) and nitrogen (TN) ranged from 1.4 to 80 μgC
m−3 (mean, 33.8 ± 21.7 μgC m−3) and 0.7 to 8.6 μgN m−3

(3.0 ± 1.6 μgN m−3), respectively. Temporal variations of TC and TN
in PM2.5 aerosols showed higher concentrations from the beginning of
the campaign to March 21 and lower values during March 24–28, being
consistent with those of levoglucosan (LG) and MODIS-derived fire
spots. These results suggest that emissions from biomass-burning oc-
curred over Myanmar significantly controlled the levels of PM2.5 at
DAK. This finding was further supported by higher C/N ratios and
strong positive correlations among TC, TN, and LG during the sampling
period. Their concentrations became lower during March 24–28 and at
the end of the campaign due to rainfall events, which occurred when
the air masses were delivered from East/Southeast Asia (Thailand and
Laos).

δ13CTC in PM2.5 aerosols varied from −29.8 to −23.8‰ (mean:
−26.0 ± 1.2‰) whereas δ15NTN ranged between +15.8
and + 27.7‰ with a mean of +19.4 ± 1.8‰ during the sampling
period. The data of δ13CTC showed that contribution from the burning
of C3 plants was on average 74%, suggesting an important role of de-
forestation and pasture maintenance burning as a source of smoke
aerosols over SEA. We observed that decrease and increase in 13CTC

compared to a background value (−26.0 ± 0.03‰ as inferred from
the Gaussian fitting) of BB aerosols can be explained by relative con-
tributions of primary aerosols from the burning of C3 and C4 plants and
SOA formation from VOCs emitted from the burning at DAK (particu-
larly during the period March 24-April 13). This finding was further
supported by significantly high mass concentration ratios such as C2di/
TC, MeGly/TC, and C3di/C4di.

All these findings from this study indicate that intensive forest fires
and agricultural slash-and-burn activities in SEA largely control the
levels of carbonaceous aerosols and seriously affect the air quality, at-
mospheric chemistry and radiative forcing in the outflow regions of
SEA.
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