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H I G H L I G H T S  G R A P H I C A L  A B S T R A C T  

• Near source PM2.5 particles collected 
during an intense forest fire at DAK, 
Thailand. 

• C2 is the most abundant organic acid, 
followed by C4, C3 and Ph. 

• Maleic acid (M) was almost three times 
higher than that of fumaric acid (F). 

• C3/C4 and F/M ratios were comparable 
to those fresh biomass burning aerosols. 

• C3/C4 and C2/C4 ratios have increased 
significantly with decrease in 
levoglucosan.  
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A B S T R A C T   

The present study reports on homologous series of dicarboxylic acids (C2–C12), ω-oxocarboxylic acids (ωC2-ωC9), 
pyruvic acid, and α-dicarbonyls (glyoxal and methylglyoxal) in near source biomass burning influenced (PM2.5) 
aerosols collected at Doi Ang Khang (DAK), Thailand, during an intense forest fire (March 1 to April 13, 2015) 
occurred in the vicinity of the sampling site over Southeast Asia (SEA). The molecular distributions of diacids 
were characterized by a predominance of oxalic (C2) acid followed by succinic (C4) and malonic (C3) acids. The 
abundance of maleic acid (M) was almost three times higher than that of fumaric acid (F). The observed lower 
values of C3/C4 (mean: 0.54), C2/C4 (4.45) and F/M ratios (0.33), indicating the limited photochemistry of 
organic aerosols at DAK and these ratios were comparable to those reported for biomass burning influenced 
aerosols (C3/C4: 0.51–0.66, C2/C4: ~4.0, and F/M: 0.2–0.35). Further, strong positive correlations (R2 

> 0.80) 
were observed for diacids and related organic compounds with levoglucosan (LG, a unique tracer for biomass 
burning emission), suggesting that enhanced biomass burning associated with forest fires are major sources of 
diacids at DAK. This inference was further supported by the air mass back trajectories and MODIS (moderate 
resolution imaging spectroradiometer) derived fire spots over the study region. The formation pathway of C2 was 
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largely linked to biomass burning derived precursor compounds as inferred from the correlation coefficient 
matrix analysis. We also found that C3/C4 and C2/C4 ratios were negatively correlated with LG, although they 
have strongly correlated each other. This inference suggests that biomass burning affect not only the concen-
tration levels of organic aerosols but also their formation processes in the atmosphere. The present study 
demonstrates that intensive biomass burning during forest fires in SEA largely control the levels of carbonaceous 
aerosols and seriously affect the climate in the outflow regions.   

1. Introduction 

Organic aerosols (OAs) are omnipresent in the atmosphere and 
having a major fraction of atmospheric particulate matter (Kanakidou 
et al., 2005 and references therein). OAs could contribute 20–50% of the 
total mass of fine particulate matter (e.g., PM2.5), in which major frac-
tion (40–80%) is water-soluble (Zhang et al., 2007). Low molecular 
weight dicarboxylic acids (hereafter, diacids) and related compounds 
(ω-oxoacids and α-dicarbonyls) constitute a significant fraction of 
water-soluble OAs (Kawamura and Bikkina, 2016). Diacids and related 
compounds including oxalic acid, glyoxylic acid and glyoxal are ubiq-
uitously present in various aerosols on a global scale (Boreddy et al., 
2017; Cao et al., 2017; Deshmukh et al., 2018; Kawamura et al., 2013; 
Kawamura and Ikushima, 1993; Kawamura and Bikkina, 2016; Kundu 
et al., 2010; Legrand et al., 2007; Mkoma et al., 2013; Sempéré and 
Kawamura, 2003; Wang et al., 2006). Diacids and related compounds 
have an important fraction of organic aerosols, accounting up to 20% of 
aerosol carbon (Kawamura and Bikkina, 2016). 

Because of their water-soluble nature, diacids that are present on the 
surface of aerosols can activate the particles to act as CCN (Boreddy 
et al., 2018a). Based on laboratory experiment, Gierlus et al. (2012) 
argued an important effect of oxalic acid on cloud forming potential of 
mineral dust aerosols. It was further argued that diacids can contribute 
to aerosol nucleation under the presence of sulphuric acid and ammonia 
in the atmosphere (Xu et al., 2010). On the other hand, diacids and 
related compounds can have an unfavourable effect on human health 
(Mauderly and Chow, 2008). Therefore, studying diacids and related 
compounds in atmospheric aerosols are crucial for assessing the precise 
sources and formation pathways of secondary OAs and their climate 
effects in the atmosphere. 

While diacids are largely formed through photochemical oxidations 
of various organic precursors emitted from both anthropogenic and 
biogenic sources (Kawamura and Bikkina, 2016 and references therein), 
they have also a direct (primary) emission from vehicular exhaust 
(Kawamura and Kaplan, 1987), forest fires (Narukawa et al., 1999), 
meat-cooking (Rogge et al., 1993) and sea-water (Tedetti et al., 2006). 
Among all the primary sources of diacids, biomass burning emissions 
(BBEs) are important sources accounting for 2.4–3% of total carbon in 
BBEs aerosols (Kawamura et al., 2013). The atmospheric abundance of 
diacids and related compounds could enhance up to 20 times during 
intensive BBEs (Cao et al., 2017). In spite of the great importance of 
BBEs as a source of diacids and related compounds, there is a knowledge 
gap in their sources, transformation processes in the atmosphere, espe-
cially over the Southeast Asian region. 

On a global scale, Southeast Asia (SEA) is considered as one of the 
largest emission source area of biomass burning aerosols from forest 
fires and slash-and-burn agricultural activities (Huang et al., 2016; Lin 
et al., 2014). The farmers burn the forest and agricultural residues to 
prepare the ground for planting crops in every spring (March–April) in 
SEA, particularly in Myanmar and Thailand. As a result, huge amounts 
of smoke plumes including reactive volatile organic compounds (VOCs) 
are released into the atmosphere (Khamkaew et al., 2016; Lin et al., 
2014; Wang et al., 2013). For instance, contribution of biomass burning 
in SEA to carbon monoxide (CO) in the Northern Hemisphere was about 
30–35% during spring (Pochanart et al., 2003). Further, Cao et al. 
(2017) have reported high abundance (up to 5000 ng m− 3) of dicar-
boxylic acids in fine aerosols collected during an intensive biomass 

burning period in Northeast China. Although fires pervade over the dry 
and cloud-free regions (Reid et al., 2005; Lin et al., 2014), particularly in 
northern Myanmar, Thailand, and Laos, the smoke plumes can stretch 
hundreds of kilometers into cloudy areas (i.e., northern Vietnam, Hong 
Kong, and southern China) (Lin et al., 2014), causing a potential effect 
on climate change not only in SEA, but also over East Asia and the 
western North Pacific (Chuang et al., 2016). However, no study dealt 
with complete picture on sources and formation processes of diacids and 
related organic compounds in aerosols over SEA. 

Doi Ang Khang (DAK), a super site in northwest Thailand, located 
very close to the boarder of Myanmar and ~125 km north of Chang Mai 
City. It is situated on the top of a mountain surrounded by forests and a 
few agricultural fields. The sampling site was opted as being envoy for 
near source biomass burning sampling in the region because fires often 
occur very close (maybe about a couple of kilometers as shown in 
Fig. S1a) to the sampling point, which occurs primarily from the forest 
and agricultural waste burning (Sayer et al., 2016). The Instrumentation 
was deployed at DAK during a Biomass-burning Aerosols & Stratocu-
mulus Environment: Life cycles and Interactions Experiment (7-SEAS/-
BASELInE) 2015 program enabled the characterization of near-source 
biomass burning emissions, which is common in SEA at this time of year 
(Tsay et al., 2016). The aim of this study is to assess the molecular 
distributions, mass concentrations of diacids and related compounds, 
their sources and possible formation pathways in near-source biomass 
burning aerosols, which can have a potentially important influence on 
air quality over SEA. We address this issue here by studying the ho-
mologous series of dicarboxylic acids (C2–C12), ω-oxocarboxylic acids 
(ωC2-ωC9), pyruvic acid, and α-dicarbonyls (glyoxal and methylglyoxal) 
in the PM2.5 samples collected at DAK, Thailand, when an intensive 
forest fire occurred. Considering significant uncertainty in the climate 
effect of organic aerosols, present study has important implications over 
SEA where intensive biomass burning hotspots are commonly observed 
in every spring time. 

2. Methodology 

2.1. Sampling site and aerosol collection 

PM2.5 samples were collected at DAK (19.93◦N, 99.05◦E, 1518 m 
above sea level) in northwestern Thailand (Fig. 1) during the period 
from March 1 to April 13, 2015. The sampling point situated on the top 
of a hill, surrounded by a broad forest and agricultural lands (see Fig. 1). 
The plants grown in the surrounding areas are rich in grass, shrub and 
soft wood. The altitude of the nearest village with ca. 600 residents is 
around ~3 km away from the sampling site. It should be noted that local 
residential burning (wood and fuel gas) may also be important for the 
inferences obtained in this study (Fig. S1a). Due to the mixing of resi-
dential burning with dense smoke plumes from the forest fires, it is 
difficult to differentiate their abundance during sampling period and 
this could be a limitation of this study. Based on the stable carbon and 
nitrogen isotropic analysis of aerosol samples at DAK, Boreddy et al. 
(2018b) have reported that burning of C3 plants (trees, shrubs, and crop 
residue) were dominated by on average 74% whereas fossil fuel burning 
is insignificant at DAK during the sampling period. A pre-calibrated low 
volume air sampler was installed at 3 m above the ground level and 
PM2.5 samples were collected on pre-combusted (450 ◦C for 6 h) quartz 
fiber filters (47 mm in diameter) at a flow rate of 16.7 L min− 1 on a 24 h 
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basis. For every week one field blank was taken during the campaign by 
setting the filter on the filter cartridge without sucking air. After sam-
pling, aerosol filter samples were wrapped with a clean aluminum foil 
and stored in a freezer at the observatory. After shipping to Hokkaido 
University, Japan, the samples were stored in a freezer room at − 20 ◦C 
until the chemical analyses started. 

2.2. General meteorology 

Daily variations of meteorological parameters including air tem-
perature, relative humidity (RH), rainfall, wind speed, and wind direc-
tion during the sampling period at DAK, Thailand are shown in Fig. S2. 
During the campaign, dry air conditions generally continued with daily 
mean RH of 13–50%, except for the rainy days (March 24–30 and April 
11–13) when RH varied between 50 and 95% (shaded region in Fig. SI). 
Rainfall occurred during March 24–30 and April 11–13 (Sayer et al., 
2016). Air temperature remains in the range of 20–25 ◦C during the 
sampling period, excluding the rainy days. The mean wind speed is 8 km 

h− 1 during the campaign. Winds generally reach to the DAK site from the 
west (mostly from Myanmar, where forest fires occurred), however, 
wind direction has shifted from the west to southeast during March 
21–28 from which moist air masses are delivered (bottom panel of 
Fig. 1) when rain fall occurs (Boreddy et al., 2018b). 

2.3. Chemical analyses 

The filter samples were analyzed for diacids and related organic 
compounds using the method described elsewhere (Kawamura and 
Ikushima, 1993; Kawamura and Sakaguchi, 1999). Aliquots (3.99 cm2) 
of filter samples were extracted with organic-free ultra pure water (re-
sistivity of >18 MΩ cm− 1, Sartorius arium 611 UV) under ultra-
sonication and filtrated in a 50 ml pear-shaped flask followed by pH 
adjustment to 8.5–9.0 using a 0.05M KOH solution and then concen-
trated to almost dryness using a rotary evaporator under vacuum. To 
derivatize butyl esters/acetals, 14% BF3/n-butanol solution was added 
to the extracts and then heated at 100 ◦C about an hour. In this pro-
cedure, carboxyl and aldehyde groups were converted to dibutyl esters 
and dibutoxy acetals, respectively. The esters and acetals were extracted 
with n-hexane and washed with organic-free ultra pure water to remove 
water-soluble inorganic compounds. The hexane layer was concentrated 
to near dryness using a rotary evaporator under vacuum and then dried 
in a 1.5 mL glass vial by nitrogen (N2) blow down system. Finally, 50 μl 
of n-hexane was added to target analytes. 

A known amount (2 μL) of the sample was injected into a gas chro-
matograph (GC, Agilent 6980) installed with a split/splitless injector 
(250 ◦C), HP-5 fused silica capillary column (0.2 mm × 25 m, film 
thickness 0.5 μm) and flame ionization detector (FID) for the determi-
nation of diacids and related compounds. GC-mass spectrometer (GC- 
MS, Agilent 5975 mass selective detector) was used to confirm the 
identification of GC-FID peaks (Kawamura, 1993; Kawamura et al., 
1985, 2013). Quantifications of diacids and related compounds were 
performed by the comparison of GC retention times and peak areas with 
those of authentic diacid dibutyl esters (Kawamura et al., 2013). 

Major authentic standards were spiked on a pre-combusted quartz- 
fiber filter, which were analyzed like real aerosol samples. The re-
coveries were 75%, 81%, 95% and >95% for oxalic (C2), malonic (C3), 
succinic (C4) and adipic (C5) acids, respectively. The analytical errors 
were examined by analyzing different three sections of the same filter 
sample, and the deviation was found to be less than 8% for major di-
acids. Field blanks were analyzed by the analytical procedure used for 
the actual samples. Although the blanks showed small peaks of oxalic 
and phthalic acids on the GC chromatogram, their abundances were 
below 7% of the actual samples. 

For the determination of levoglucosan (LG, a specific tracer of BBES, 
Simoneit, 2002) and 2-methylglyceric acid (2-MGA, a typical tracer of 
isoprene biogenic emissions, Lin et al., 2013), the filter samples were 
analyzed by the method described in Fu et al. (2008). Briefly, an area of 
(1.54 cm2) of each filter sample was extracted with dichlor-
omethane/methanol (2:1; υ/υ) under ultrasonication. LG and 2-MGA in 
solvent extracts were derived to trimethylsily ethers and esters 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 de-
rivatives were diluted by addition of 140 μL of n-hexane containing 1.43 
ng μL− 1 of internal standard (n-C13 alkane) and then determined with a 
GC-MS. The concentrations of organic compounds reported in this study 
were corrected for the field blanks. 

3. Results and discussion 

3.1. Over view of air masses and impact of forest fire smokes 

Fig. 1 presents the cluster analysis of 3-day air mass back trajectories 
ending at DAK at 500 m above ground level for the whole sampling 
period (March 1 to April 13, 2015), computed using HYSPLIT model 

Fig. 1. Location of the sampling site (Doi Ang Khang, indicated by star) and its 
surrounding regions in Southeast Asia, together with cluster analysis of NOAA 
HYSPLIT 3-days backward trajectories at 500 m above the ground ending at 
DAK sampling site during March 1 to April 13, 2015. The trajectories were 
computed using global data assimilation system (GDAS) meteorological data. 
Wind speed and wind direction data during the period at DAK are shown in 
bottom panel. 
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(Hybrid Single Particle Lagrangian Integrated Trajectory Model, version 
4) (Draxler and Rolph, 2014) and global data assimilation system 
(GDAS) meteorological data. We identified five mean clusters during the 
sampling period. Among the five clusters, cluster 1 is most abundant; in 
which air masses arrived mainly from Myanmar where smoke plumes 
largely occurred, contributing 45% of the total air masses transported to 
DAK. Cluster 1 represents the sampling days of March 8–13, 20–21 and 
30–31 and April 1–10. Cluster 2 (March 6, 7 and 14–19; 21%) and 
cluster 3 (March 1–5; 5%) come from India and Bangladesh to DAK 
through Myanmar. Cluster 4 (March 22–24 and 28–29 and April 11–12; 
18%) arrived from southeast Thailand. In contrast, cluster 5 (March 
25–27 and April 13; 11%) represents those days when air masses were 
transported to the DAK site from the east (Laos, Sanya, etc.). These re-
sults suggest that most of the air masses were transported from the west 
(Cluster 1–3) to the sampling site whereas few were originated from 
east/southeast regions when rainfall occurred (Fig. 1). 

Since the present study was aimed to understand the near source 
impact of BBEs from forest fires on formation of diacids and related 

compounds, we examine the temporal variation of MODIS-derived fire 
spot images over SEA during the sampling period, which were down-
loaded for selected days from the modis website (http://modis-fire.umd. 
edu/map/) as shown in Fig. S1b. It is clear that the fire spots in the 
surrounding region of DAK, particularly over Myanmar-Thailand, star-
ted to increase from the beginning of the campaign and intensified 
during March 10–22 and then after fire spots were started to dilute and 
attained less/none during March 24–30 because of rainfall. After the 
rainfall event, the fire spots are again increased relatively during the first 
week of April and then minimized at the end of the campaign. The 
temporal variation of fire spots is further supported by the variation in 
the concentrations of levoglucosan (LG, a specific tracer of BBEs, 
Simoneit, 2002) as shown in Fig. S3. LG concentrations largely increased 
from the start of the campaign until March 22 and then decreased during 
the period of March 24–30 and then again increased during April 1–10. 
The abundance of LG in the first half (in March) was about three times 
higher than that of the second half (April) of the campaign, indicating 
the predominance of biomass burning smoke plumes. It should be noted 

Table 1 
Concentrations (ng m− 3) of dicarboxylic acids and related compounds in PM2.5 aerosols collected at DAK, Thailand during an intensive biomass burning period from 
March–April, 2015. SDa: Standard deviation.  

Components, abbreviation Chemical formula Concentrations (ng m− 3) 

minimum maximum mean SDa 

Dicarboxylic acids 

Saturated normal chain diacids 
Oxalic, C2 HOOC–COOH 243 2075 1062 531 
Malonic, C3 HOOC–CH2–COOH 33.0 282 136 70.6 
Succinic, C4 HOOC-(CH2)2-COOH 42.1 548 253 140 
Glutaric, C5 HOOC-(CH2)3-COOH 5.33 133 42.1 30.5 
Adipic, C6 HOOC-(CH2)4-COOH 2.55 221 47.6 54.5 
Pimelic, C7 HOOC-(CH2)5-COOH 0.64 75.3 23.8 19.3 
Subaric, C8 HOOC-(CH2)6-COOH 0.27 285 33.3 65.8 
Azelaic, C9 HOOC-(CH2)7-COOH 4.25 192. 43.0 41.4 
Decanedioic, C10 HOOC-(CH2)8-COOH 0.00 59.5 12.1 11.9 
Undecanedioic, C11 HOOC-(CH2)9-COOH 0.00 39.9 7.32 8.96 
Dodecanedioic, C12 HOOC-(CH2)10-COOH 0.00 4.94 0.67 1.12 
Branched chain diacids 
Methylmalonic, iC4 HOOC–CH(CH3)–COOH 0.00 18.7 6.61 4.54 
Methylsuccinic, iC5 HOOC–CH(CH3)–CH2–COOH 2.55 83.3 32.7 23.5 
2-Methylglutaric, iC6 HOOC–CH(CH3)-(CH2)2–COOH 0.48 9.55 4.02 2.52 
Unsaturated aliphatic diacids 
Maleic, M HOOC–CH=CH–COOH (cis) 1.61 53.7 20.6 15.7 
Fumaric, F HOOC–CH=CH–COOH (trans) 0.57 30.8 7.62 7.05 
Methylmaleic, mM HOOC–C(CH3) = CH–COOH (cis) 1.59 36.0 15.5 10.8 
Unsaturated aromatic diacids 
Phthalic, Ph HOOC-(C6H4)-COOH (ortho) 9.36 258 78.9 62.8 
Isophthalic, iPh HOOC-(C6H4)-COOH (meta) 1.01 228. 30.4 48.3 
Tereohthalic, tPh HOOC-(C6H4)-COOH (para) 0.85 29.8 9.20 5.63 
Multifunctional diacids 
Malic, hC4 HOOC–CH(OH)–CH2–COOH 0.00 8.45 0.93 1.76 
Oxomalonic, kC3 HOOC–C(O)–COOH 3.66 34.0 13.7 6.97 
4-Oxopimelic, kC7 HOOC–CH2–CH2–C(O)(CH2)2–COOH 2.97 23.5 11.6 5.19 
Total dicarboxylic acids  378 4322 1895 1020 

ω-oxocarboxylic acids 

Glyoxylic (2-oxoethanoic), ωC2 OHC–COOH 16.7 138 68.9 32.2 
3-oxopropanoic, ωC3 OHC–CH2–COOH 2.76 38.2 18.5 10.6 
4-oxobutanoic, ωC4 OHC-(CH2)2-COOH 4.76 135 49.5 34.3 
5-oxopentanoic, ωC5 OHC-(CH2)3-COOH 1.17 43.3 12.0 10.0 
7-oxoheptanoic, ωC7 OHC-(CH2)5-COOH 7.37 51.8 23.6 11.2 
8-oxooctanoic, ωC8 OHC-(CH2)6-COOH 3.81 98.4 21.7 16.5 
9-oxononanoic, ωC9 OHC-(CH2)7-COOH 0.00 83.8 10.7 19.2 
Total ω-oxocarboxylic acids  42.1 491 205 109  

Pyruvic, Pyr CH3-(O)C–COOH 8.01 67.6 27.0 12.9  

α-Dicarbonyls 

Glyoxal, Gly OHC–CHO 2.52 133 36.7 34.4 
Methylglyoxal, MeGly CH3-(O)C–CHO 3.76 41.5 18.5 9.90 
Total α-dicarbonyls  7.15 167 55.2 42.4  
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that although dense smoke plumes are impacted the sampling site dur-
ing the entire period, it was diluted due to the rain fall events occurred 
during the second half of the campaign. This point exactly reflected in 
the temporal variations of fire spots, air masses and LG concentrations 
(Fig. 1 and S2 and S3). These results further suggest that BBEs activities 
were higher in the first half of the sampling period than those of second 
half over the sampling site. 

3.2. Molecular distributions 

Investigation on the molecular compositions of diacids and related 
compounds would provide valuable information for a better under-
standing of the sources, formation pathways, and physicochemical 
properties of OAs (Hallquist et al., 2009; Kawamura and Bikkina, 2016). 
Table 1 summarizes the concentrations (range and mean ± SD) of all the 
diacids and related compounds identified in PM2.5 aerosols collected at 
DAK, Thailand during an intensive BBEs period. Fig. 2a shows the mean 
molecular distribution of all organic compounds during the whole 
sampling period. Among all the identified compounds, oxalic acid (C2) 
was found as the most abundant species followed by succinic (C4) and 
malonic (C3) acids in DAK aerosols. This molecular characteristic is 
consistent with those of BBEs-influenced aerosols and urban aerosols as 
summarized in Table 2. However, the predominance of C2 observed in 
the present aerosols is different than the fresh smoke aerosols collected 
from a large aerosol chamber experiment (Kalogridis et al., 2018), in 
which C4 and C9 diacids are more abundant than C2. However, the 
burning conditions are entirely different in the ambient environment, 
where the types and amounts of particles and their chemical composi-
tions vary in smoke plumes depending on the types of burning biomass, 
burning conditions (smoldering and flaming), and burning temperature. 
In fact, dense smoke plumes are subjected to the quick dilution followed 
by a significant evaporation and photooxidation (Hodshire et al., 2019); 
the latter makes the serious formation of C2 in the atmosphere. On 
average, these three species (C2, C4, and C3) accounted for 56%, 13% 

and 7% of total diacids, respectively. However, the molecular distribu-
tion in our study is not consistent with those reported from remote 
marine aged aerosols (C2 > C3 > C4) (Kawamura and Sakaguchi, 1999; 
Boreddy et al., 2017; Deshmukh et al., 2016; Kundu et al., 2010), 
implying different sources and formation processes of diacids and 
related compounds in DAK aerosols. 

The concentrations of C2 ranged between 243 and 2075 ng m− 3 with 
a mean of 1060 ng m− 3. The mean value of C2 at DAK is 10–29 times 
higher than those of remote marine aerosols from the western North 
Pacific (74 ng m− 3, Boreddy et al., 2017), marine aerosols from Okinawa 
Island, Japan (135 ngm− 3, Deshmukh et al., 2016), central Alaska (36.6 
ngm− 3, Deshmukh et al., 2018) and urban aerosol of Mongolia (107 
ngm− 3, Jung et al., 2010). Further, the mean concentration of C2 in DAK 
aerosols was 2–5 times higher than those of urban aerosols from 
different major cities (Ho et al, 2007, 2015; Kawamura and Yasui, 2005; 
Miyazaki et al., 2009; Pavuluri et al., 2010). However, concentrations of 
C2 in our study are comparable to those reported for BBEs aerosols over 
Brazil (Kundu et al., 2009), Mt. Tai, China (Kawamura et al., 2013) and 

Fig. 2. (a) Mean molecular distributions of diacids and related compounds, and 
(b–e) molecular distributions for selected days during the campaign at 
DAK, Thailand. 

Table 2 
Comparison of relative abundances and specific mass concentration ratios (C3/ 
C4 and F/M) of diacids and related compounds in the present study (DAK, 
Thailand) with those of previous studied aerosols with different photochemical 
aging around the globe.  

Sampling site Relative abundance C3/C4 F/M References 

Doi Ang Khang, 
Thailand 

C2>C4>C3>Ph>ωC2 0.54 0.34 Present study 

Open Biomass burning influenced aerosol 
Mt. Tai, China C2>C4>C3>ωC2>Pyr 0.8–1.0 – Kawamura 

et al. (2013) 
Rondonia, Brazil, C2>C4>C3>ωC2>C6 0.81 – Kundu et al., 

2009 
Tanzania, East 

Africa 
C2>C4>ωC2>C3>C6 0.81 – Mkoma and 

Kawamura 
(2013) 

Sanjiang Plain, 
Northeast 
China 

C2>C4>C3>C9>ωC5 0.18 0.23 Cao et al. 
(2017) 

Urban/suburban aerosol 
New Delhi, India C2>C4>C3>ωC2>C9 0.62 – Miyazaki et al. 

(2009) 
Yufa, Beijing C2>Ph > C4>C3>ωC2 0.56 – Ho et al. 

(2015) 
14 cities of China 

(summer) 
C2>Ph > C4>C3>C9 0.84 0.69 Ho et al. 

(2007) 
14 cities of China 

(winter) 
C2>C4> Ph > C3>ωC2 0.61 0.33 Ho et al. 

(2007) 
Ulaanbaatar, 

Mongolia 
tPh > C2>C4>ωC2>Ph – – Jung et al. 

(2010) 
Chennai, India C2>C3>C4>ωC2>tPh 1.4 – Pavuluri et al. 

(2010) 
Tokyo C2>C4>C3>ωC2>MeGly  – Kawamura and 

Yasui (2005) 
Marine aged aerosol 
Chichijima 

Island 
C2>C3>C4>ωC2>MeGly 2.76 1.83 Boreddy et al. 

(2017) 
Jeju Island 

(spring), Korea 
C2>C3>C4>ωC2>C5 1.2 – Kundu et al. 

(2010) 
Jeju Island 

(summer), 
Korea 

C2>C4>C3>ωC2>C5 2.6 – Kundu et al. 
(2010) 

North Pacific 
Ocean 

C2>C3>C4>C5>ωC2 1.9 – Hoque et al. 
(2015) 

Okinawa Island C2>C3>ωC2>C4>Ph 1.5 – Deshmukh 
et al. (2016) 

Other regions 
north slope of 

the Himalayas 
C2>C4>Ph > C3>M 0.51 – Cong et al. 

(2015) 
Qinghai Lake, 

Tibetan 
Plateau 

C2>C4>C3>C9>Ph 2.2 0.83 Meng et al. 
(2013) 

Central Alaska C2>C3>C4>ωC2>C9 1.2 – Deshmukh 
et al. (2018)  
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northeast China (Cao et al., 2017). Phthalic acid (Ph) and glyoxylic acid 
(ωC2) are the next most abundant species following C2, C3 and C4 among 
the compounds identified in DAK aerosols (Table 1). Throughout the 
sampling period, we found the molecular distributions of diacids and 
related compounds at DAK as C2 > C4 > C3 > Ph > ωC2 > ωC4 > C6 > C9. 

Interestingly, we found different molecular characteristics for some 
specific days as shown in Fig. 2b–e. On March 3, Ph (and also isophthalic 
acid, iPh) was the third most abundant diacid, which is higher than C3 
(Fig. 3b), while it was the second most abundant compound after C2 on 

April 5 (Fig. 2e). Further, we observed higher abundance of C8 on March 
22, whereas the predominance of even carbon numbered species (C2 >

C4 > C6 > C8) was observed on March 24 (Fig. 2d). In addition, we 
observed higher concentrations of ωC8 than those of ωC2 concentrations 
on March 22 and 24 (Fig. 2c and d). These differences in molecular 
distributions, particularly during the second half of the sampling period, 
are probably due to the different sources other than forest fires over the 
sampling site. Perhaps local residential burning and changes in meteo-
rological parameters might be the possible reasons for these variations 

Fig. 3. Temporal variations of (a–f) major diacids and (g–j) related organic compounds in PM2.5 aerosols collected at DAK, Thailand during March–April, 2015. 
Shaded areas indicate rainfall events. 
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in molecular distributions during these days. 

3.3. Temporal variations of diacids and related organic compounds 

We found consistent temporal trend in the concentrations of C2 
(Fig. 3a) and LG (Fig. S3), suggesting the impact of BBEs over the 
sampling site. Concentrations of C2 started to increase from the begin-
ning of March, when the forest fire started (Fig. 4a), and increased 
during March 10–21. Then they gradually decreased toward March 30, 
when the fire spots and temperature (Figs. S1 and S2) minimized due to 
rainfall (Sayer et al., 2016). Again C2 showed higher concentrations 
during April 5–7, when the fire spots number maximized. This obser-
vation indicates that temporal variations of C2 are largely associated 
with the emissions from biomass burning activities (burning of rich 
grass, shrubs, and soft wood as aforementioned), which often occur over 
Myanmar-Thailand regions in SEA during every spring. Similar temporal 
variations have been observed for C3 and C4 (Fig. 3b and c), indicating 
the similar sources and formation processes of these acids. 

Azelaic acid (C9) showed a similar trend with short chain saturated 
diacids (C2–C4) during the first half of the campaign, excluding one 
sample of March 3rd. However, unlike C4, the concentration of C9 has 
not increased in the first week of April (Fig. 3e). Generally, C9 has been 
considered as a specific oxidation product of unsaturated fattyacids 
(UFAs) such as oleic acid (C18:1) (Kawamura and Gagosian, 1987; 
Kawamura and Sakaguchi, 1999), which has been abundantly detected 
in terrestrial higher plant leaves and also found in the BBEs plumes 
(Hays et al., 2005). It is further reported that BBEs usually enriched with 
UFAs (Kawamura et al., 2013; Graham et al., 2002), which are even-
tually oxidized into longer chain (C9 and/or ωC9) and again oxidized to 
shorter chain diacids (i.e., C4) in the atmosphere (Kawamura and Bik-
kina, 2016 and references therein). Hence, high abundance of C9 during 
the first half of the sampling period could be attributed to an enhanced 
emission of UFAs from the BBEs activities. Glyoxylic acid (ωC2), pyruvic 
acid (Pyr) and methylglyoxal (MeGly) (Fig. 3g, h, j) showed higher 
concentrations during the first half of the sampling period which was 
consistent with the variations of C2–C4. This result suggests that both 
oxocarboxylicacids and α-dicarbonyls have been originated from similar 
sources which may be produced during the BBEs in the atmosphere over 
DAK. 

Temporal variations of adipic acid (C6), phthalic acid (Ph) and 
glyoxal (Gly), showed similar trends (Fig. 3d, f and i), except for the 
sample of March 24. C6 is typically produced by the oxidation of 
cyclohexene with ozone (Hatakeyama et al., 1985; Kawamura and 

Usukura, 1993) and has been suggested as a tracer of anthropogenic 
activities. Ph has been primarily emitted from fossil fuel combustion and 
also secondarily formed by the photooxidation of various hydrocarbons 
(HCs) such as naphthalene and o-xylene (Kawamura and Kaplan, 1987). 
These aromatic HCs are present in diesel engine exhausts, coal com-
bustion and BBEs (Schauer et al., 1999) and are also associated with 
plastic waste burning and photodegradation of phthalate esters (Kumar 
et al., 2015). Recent chamber studies suggested that Ph is more abun-
dant in the aerosols during biomass burning (Kalogridis et al., 2018). Gly 
can be produced in the atmosphere via the oxidation of biogenic and 
anthropogenic (BBEs) VOCs such as isoprene, toluene, and benzene 
(Kawamura and Bikkina, 2016 and referencs therein). Thus, consistent 
temporal variations of Gly, Ph and C6 suggest that dominance of 
BBEs-derived aromatic hydrocarbons and their photooxidation pro-
cesses in the DAK atmosphere. Unlike short chain diacids (C2–C4), these 
compounds (C6, Ph and Gly) showed marked peaks on March 3rd and 
April 5th (Fig. 3b and e), demonstrating an intense BBEs emission of 
precursor compounds in biomass burning smoke plumes. 

3.4. Controlling factors of F/M, C2/C4 and C3/C4 ratios: impact of 
biomass burning 

The unsaturated dicarboxylic acids, e.g., maleic acid (M, cis config-
uration), can be formed by the photochemical degradation of aromatic 
HCs such as toluene and benzene (Bandow et al., 1985). M can be further 
isomerized to its trans form, fumaric acid (F), under the presence of 
significant solar radiation (Kawamura and Ikushima, 1993; Chen et al., 
2019), thus F/M ratios are useful to evaluate the photochemical pro-
cessing of organic aerosols in the atmosphere (Kawamura and Ikushima, 
1993). Higher F/M ratios (close to or greater than unity) mean that 
aerosols are associated with enhanced photochemical processing/aging 
in the atmosphere. In this study, the F/M ratios varied from 0.12 to 0.57 
(mean: 0.33 except for March 29; see Fig. 4a). The temporal trend was 
almost constant throughout the sampling period (except on March 29). 
The F/M ratios of DAK aerosols are similar to those reported for urban 
sites, such as New Delhi (0.44) and Chennai (0.57) in India (Miyazaki 
et al., 2009; Pavuluri et al., 2010) as well as Beijing (0.43) in China (Ho 
et al., 2015), but several times lower than those reported for chemically 
aged marine aerosols collected at Chichijima (1.83) and Okinawa 
(~1.0–2.2) islands over the western North Pacific (Boreddy et al., 2017; 
Kunwar and Kawamura, 2014) and remote marine aerosols over the 
western North to Equatorial Pacific (3.2) (Kawamura and Sakaguchi, 
1999). On the other hand, the observed mean F/M ratio at DAK (0.33) is 

Fig. 4. Temporal variations in the mass concentration ratios of fumaric/maleic (F/M) and malonic/succinic (C3/C4) acids. Air temperature data are shown as a color 
scale. The shaded region indicates the rainfall events which occurred during the sampling period at DAK, Thailand. (For interpretation of the references to color in 
this figure legend, the reader is referred to the Web version of this article.) 
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consistent with those reported from the sites with intensive influence 
from the BBEs (Mt. Everest, 0.21; Alaska, 0.31; Mt. Tai, 0.5; Amazonia, 
0.35) (Cong et al., 2015; Deshmukh et al., 2018; Kawamura et al., 2013; 
Kundu et al., 2010). The low F/M ratios in this study suggest that 
isomerization of maleic to fumaric acid by photochemical trans-
formation is not significant over the sampling site. 

Likewise, C4 (succinic acid) can be photochemically degraded to C3 
(malonic acid) via an abstraction of its hydrogen by OH radicals fol-
lowed by the subsequent addition of oxygen at C-2 position of C4 
(Kawamura and Bikkina, 2016). Hence, C3/C4 ratio can widely be used 
an indicator of photochemical processing of diacids in the atmosphere 
(Kawamura and Ikushima, 1993). Fig. 4b shows temporal variations of 
C3/C4 ratios in the DAK aerosols which ranged from 0.21 to 0.92. The 
mean C3/C4 ratio (0.54) at DAK was 3–4 times lower than those from 
Gosan, Jeju Island (avg. 1.6) (Kundu et al., 2010), photochemically aged 
remote marine aerosol samples (0.8–5.8, avg. 1.9) over the North Pacific 
(Hoque et al., 2015), and Qinghai Lake aerosol samples over the Tibetan 
Plateau (avg. 2.2) (Meng et al., 2013). However, C3/C4 ratios at DAK are 
lower than those of aged BBEs aerosols reported from Mt. Tai, China 
(0.2–1.5) (Kawamura et al., 2013) and comparable to those reported for 
fresh biomass burning influenced aerosols at Mt Everest (0.51) and 
urban fine (<2.5 μm) aerosols at Raipur, India (0.3–0.5) (Cong et al., 
2015; Deshmukh et al., 2017). 

Similarly, C2/C4 ratios varied from 1.80 to 6.60 with a mean value of 
4.45 ± 0.90 during the study period. C2/C4 ratios have shown a clear 
temporal trend with higher values during the second half (3.82–6.08) of 
the sampling period than those of the first half (1.80–4.56). The mean 
C2/C4 ratio at DAK was about twice lower than those reported for urban 
aerosols (~7.0–8.0) (Pavuluri et al., 2010; Ho et al., 2007) and several 
times lower than those reported for chemically aged marine aerosols 
collected at Chichijima (~17) and Okinawa (~15–17) islands over the 
western North Pacific (Boreddy et al., 2017; Kunwar and Kawamura, 
2014). However, it was comparable to biomass burning influenced 
aerosols (4.8) collected at Mt. Everest (Cong et al., 2015). 

Based on the laboratory based kinetic study, Chen et al. (2019) have 
found that the isomerization of maleic to fumaric acid (M→F) has been 
increased significantly as the temperature increased within less than 1 h 
(means fresh emissions). As the reaction time has continued to increase 
(over an hour), the isomerization of M→F became constant/less pro-
nounced. This was mainly due to the fact that the increase in tempera-
ture has enhanced the reaction rate constant of M, which reduces the 
reaction time. Therefore, it should be noted that air temperature or solar 
radiation may be the main factor controlling the isomerization of M→F 
in the atmosphere. On the other hand, variety of factors such as scales 
(means smoke plumes from biomass burning generated by large-scale 
forest fires or agriculture burns have caused severe air pollution while 
small scale burning majorly associated with local biomass burning 
emissions) and types of burning (flame or smoldering) and oxidation 
time may play an important role in the variation of C3/C4 and C2/C4 
ratios, causing the changes in these ratios during the latter half of the 
sampling period. In fact, less smoke plumes during the second half of the 
sampling period may dilute more quickly, leading to more evaporation 
followed by photooxidations (Hodshire et al., 2019). As a result, 
apperent enhancements were found in the C3/C4 and C2/C4 ratios. 

Lower C2/C4 and C3/C4 ratios in this study implied that the diacids in 
aerosols at DAK were associated with limited photochemistry, again 
indicating that the direct influence from BBEs are more important dur-
ing the first half of the sampling. The air temperature showed no cor-
relation with both the ratios (C3/C4 and F/M) at DAK as shown in 
Fig. S4a, further supporting our argument as limited photochemistry 
during the sampling period. However, the C3/C4 and C2/C4 ratios are 
somewhat higher during the second half of the campaign (March 26 to 
April 13) compared to those of the first half (1–22 March), implying that 
secondary formation of diacids were significant during the second half of 
the campaign period when the smoke plumes were diluted (weaken) as 
shown in Fig. S1b. LG concentration was also about three times smaller 

in the second half as compared to the first half of the sampling period 
(Fig. S3). This point was further consistent with smaller isotopic ratios of 
δ13CTC during the second half compared to those of first half of the 
campaign at DAK (Boreddy et al., 2018b), again indicating relative in-
fluence the photochemical formation processes in the second half. In 
fact, there is a noteworthy change in meteorological conditions such as 
rain fall events, relative humidity and wind direction during the second 
half of sampling period, which might be favorable for the secondary 
organic aerosol formation. 

LG is abundantly released during BBEs via the pyrolysis (burning 
under the absence of oxygen) of cellulose and hemicellulose (Andreae 
and Merlet, 2001) and has been used as an unique tracer of BBEs 
(Simoneit, 2002). LG has been considered to be semi-volatile and 
evaporate and/or degrade upon photooxidation in the atmosphere 
(Hennigan et al., 2010; Huffman et al., 2009). Further, Gao et al. (2003) 
proposed that small chain diacids (C2–C4) can be directly produced by 
the oxidation process from LG in the BBEs aerosols within very short 
time. Thus, we have examined relationships between the mass concen-
tration ratios of C3/C4 and C2/C4 to better understand the impact of 
BBEs on the formation processes of diacids at DAK. Results show a strong 
correlation (R2 = 0.61, p < 0.05) between C3/C4 and C2/C4 ratios during 
the study period (Fig. 5). Interestingly, both ratios were negatively 
correlated with LG (see color scale in Fig. 5 and also see Fig. S4b). These 
results clearly demonstrate a significant direct emission of the 
high-dense smoke during the first half of the campaign period whereas 
the smoke plumes were diluted in the second half of the period followed 
by a secondary oxidation of the smoke-derived aerosols and gases. 

We further performed regression analysis between LG and total di-
acids as well as their precursor compounds is shown in Fig. 6a–d. Results 
show that LG strongly correlated with total diacids concentrations with 
R2 of 0.80. Further, LG also showed a significantly good correlation with 
total ω-oxoacids (R2 = 0.75), Pyruvic acid (R2 = 0.55) and α-dicarbonyl 
compounds (R2 = 0.61) at DAK. All these inferences emphasize that 
biomass burning emissions during forest fires are largely contributed to 
diacids and related organic compounds in PM2.5 aerosols at DAK. 

3.5. Possible formation pathways 

To better understand the formation processes of diacids at DAK, we 
performed Pearson correlation coefficient matrix analysis among the 
diacids and related organic compounds and correlation coefficient (r) 
values were reported in Table S5. We defined the ranges of ‘r’ values 
following the study by Evans (1996). The absolute value of r: 0.0–0.19 is 
‘very weak’, 0.2–0.39 is ‘weak’, 0.4–0.59 is ‘moderate’, 0.6–0.79 is 
‘strong’, and 0.8–1.0 is ‘very strong’. Results show that LG showed 
significantly very strong correlations (r = 0.83–0.88, p < 0.05) with 
C2–C4, ωC2, Pyr and MeGly, implying a large impact of BBEs on the 
formation of diacids and related organic compounds over DAK. LG also 
showed significantly (p < 0.05) strong to moderate correlations with Ph 

Fig. 5. Significant changes in the mass concentration ratios of C3/C4 and C2/C4 
with levoglucosan (LG).(For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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(r = 0.61), Gly (0.62) and C6 (0.42) indicating the emissions of aromatic 
hydrocarbons such as toluene, naphthalene, etc. from forest fires at DAK 
as discussed in section 3.3. Likewise, unsaturated fatty acids (e.g., oleic 
acid C18:1), which can be emitted from terrestrial higher plant leaves to 
the atmosphere, are subjected to photochemical degradation to form C9 
and ωC9, which are further degraded to C4 and C2 (Kawamura and 
Sakaguchi, 1999; Tedetti et al., 2007; Yang et al., 2008). Conversely, 
biogenic volatile organic compounds (BVOCs) also can be released into 
the atmosphere during fires. These BVOCs are further oxidized to form 
semi-volatile oxygenated precursors such as MeGly, Gly, Pyr and ωC2, 
which are further oxidized to result in C2 under aqueous conditions 
(Carlton et al., 2009). In this study, we found a strong positive corre-
lation (R2 = 0.80, p < 0.05) between LG and 2-MGA (a proxy for 

biogenic emissions) as shown in Fig. 5e. We further found strong to very 
strong positive correlations (r = 0.72–0.89; p < 0.05) among LG, MeGly, 
Pyr, ωC2 and C2 compounds, suggesting that significant amount of 
BVOCs can be emitted during biomass burning which will subsequently 
be oxidized to C2 in the atmosphere. 

On the other hand, C2 robustly correlated with MeGly (r = 0.90), 
compared to Gly (r = 0.66). This result suggests that formation of C2 
from MeGly, via Pyr and ωC2, is more important pathway than those 
from Gly (Gly→ωC2→C2) in DAK aerosols. Conversely, LG has been 
abundantly emitted during BBEs and further oxidized to produce C2 via 
the reaction scheme of LG→C4→C3→C2 (Gao et al., 2003). Further, LG 
was very strongly correlated with C2–C4 (r = 0.85–0.88). These corre-
lations suggest that the reaction schemes of MeGly→Pyr→ωC2→ C2, 
LG→C4→C3→C2 and Gly→ωC2→C2 are the dominant pathways for the 
formation of C2. Based on these results, we made a schematic repre-
sentation of possible formation pathways of C2 in PM2.5 aerosols when 
the intensive forest fire occurred at DAK, Thailand as shown in Fig. 7. It 
should be noted that C2 showed only positive correlations with other 
acids and the precursor compounds as shown in Fig. 7, although nega-
tive correlations may be expected between C2 and its precursors. Such 
negative correlations could be somehow found in case of controlled 
chamber experiments due to the limited precursors. However, the pre-
cursors are continuously emitted from various sources followed by 
subsequent oxidations in the ambient atmosphere, where various radi-
cals are involved with chemical processes, thus positive correlations 
between precursors and their oxidation products (e.g., C2) are obvious as 
aforementioned. 

4. Conclusion and implications 

High abundance of diacids and related compounds were observed in 
PM2.5 aerosols that were collected at Doi Ang Kang (DAK) in north 
Thailand near Myanmar during an intensive forest fire from March 1 to 
April 13, 2015. Molecular distribution of diacids was characterized by 
the predominance of oxalic acid (C2) followed by succinic (C4), malonic 
(C3) and phthalic (Ph) acids. LG showed strong correlations with diacids 
and their precursor compounds during the campaign, indicating that 
forest fires are major source of diacids detected in DAK aerosols. We 
found that maleic acid (M) was almost three times higher than that of 
fumaric acid (F) and its temporal variation was almost constant 
throughout the sampling period. The ratios of C3/C4, and C2/C4, ratios 
showed higher values during the second half of the campaign compared 
to the first half. Further, strong correlation between C3/C4 and C2/C4 
ratios was observed during the study period. Interestingly, both ratios 
were negatively correlated with LG, indicating a significant direct 
emission of the high-dense smoke during the first half of the campaign 
period whereas the smoke plumes were diluted in the second half of the 
period followed by a secondary oxidation of the smoke-derived aerosols 
and gases. The present study demonstrated that intensive forest fire and 
agricultural waste burning often enhance the formation of OAs in the 
atmosphere over South East Asia (SEA) in spring, causing a serious 
impact on air quality and atmospheric chemistry over SEA and its 
outflow regions (Taiwan, southeast of Japan and the western North 
Pacific), thus, playing a critical role on regional to global climate. Since 
diacids are highly water-soluble in the atmosphere, the results obtained 
in this study have significant implications towards the indirect radiative 
forcing of aerosols, particularly over SEA. 
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Hydroxyl radical-induced photochemical formation of dicarboxylic acids from 
unsaturated fatty acid (oleic acid) in aqueous solution. J. Photochem. Photobiol. 
Chem. 188, 135–139. https://doi.org/10.1016/j.jphotochem.2006.11.029. 

Tsay, S.-C., Maring, H.B., Lin, N.-H., Buntoung, S., Chantara, S., Chuang, H.-C., 
Wiriya, W., Yen, M.-C., Pani, S.K., Pantina, P., Sayer, A.M., Tao, W.-K., Wang, S.-H., 
Welton, E.J., Lau, W.K.M., Lee, C.-T., Lee, J., Loftus, A.M., Nguyen, A.X., Nguyen, C. 
M., Gabriel, P.M., Goodloe, C.S., Holben, B.N., Hsiao, T.-C., Hsu, N.C., Janjai, S., 
2016. Satellite-surface perspectives of air quality and aerosol-cloud effects on the 

environment: an overview of 7-SEAS/BASELInE. Aerosol Air Qual. Res. 16, 
2581–2602. https://doi.org/10.4209/aaqr.2016.08.0350. 

Wang, G., Kawamura, K., Lee, S., Ho, K., Cao, J., 2006. Molecular, seasonal and spatial 
distributions of organic aerosols from fourteen Chinese cities. Environ. Sci. Technol. 
40, 4619–4625. https://doi.org/10.1021/es060291x. 

Wang, S.H., Tsay, S.C., Lin, N.H., Chang, S.C., Li, C., Welton, E.J., Holben, B.N., Hsu, N. 
C., Lau, W.K.M., Lolli, S., Kuo, C.C., Chia, H.P., Chiu, C.Y., Lin, C.C., Bell, S.W., Ji, Q., 
Hansell, R.A., Sheu, G.R., Chi, K.H., Peng, C.M., 2013. Origin, transport, and vertical 
distribution of atmospheric pollutants over the northern South China Sea during the 
7-SEAS/Dongsha Experiment. Atmos. Environ. 78, 124–133. https://doi.org/ 
10.1016/j.atmosenv.2012.11.013. 

Xu, Y., Nadykto, A.B., Yu, F., Herb, J., Wang, W., 2010. Interaction between common 
organic acids and trace nucleation species in the earth’s atmosphere. J. Phys. Chem. 
114, 387–396. https://doi.org/10.1021/jp9068575. 

Yang, L.M., Yu, L.E., Ray, M.B., 2008. Potential photooxidation pathways of dicarboxylie 
acids in atmospheric droplets. Am. J. Environ. Sci. 4, 462–466. 

Zhang, Q., Jimenez, J.L., Canagaratna, M.R., Allan, J.D., Coe, H., Ulbrich, I., Alfarra, M. 
R., Takami, A., Middlebrook, A.M., Sun, Y.L., Dzepina, K., Dunlea, E., Docherty, K., 
DeCarlo, P.F., Salcedo, D., Onasch, T., Jayne, J.T., Miyoshi, T., Shimono, A., 
Hatakeyama, S., Takegawa, N., Kondo, Y., Schneider, J., Drewnick, F., Borrmann, S., 
Weimer, S., Demerjian, K., Williams, P., Bower, K., Bahreini, R., Cottrell, L., 
Griffin, R.J., Rautiainen, J., Sun, J.Y., Zhang, Y.M., Worsnop, D.R., 2007. Ubiquity 
and dominance of oxygenated species in organic aerosols in anthropogenically- 
influenced Northern Hemisphere midlatitudes. Geophys. Res. Lett. 34 https://doi. 
org/10.1029/2007GL029979. 

S.K.R. Boreddy et al.                                                                                                                                                                                                                           


