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A B S T R A C T

The presence of water-soluble dicarboxylic acids in atmospheric aerosols has a significant influence on the
regional radiative forcing through direct aerosol effect and cloud formation process. Fine aerosol (PM2.5)
samples collected in central Alaska (Fairbanks: 64.51°N and 147.51°W) during summer of 2009 were measured
for water-soluble diacids (C2–C12), oxoacids (C2–C9) and α-dicarbonyls (C2–C3) as well as elemental carbon (EC),
organic carbon (OC) and water-soluble OC (WSOC) to assess their sources and formation processes. We found the
predominance of oxalic acid (C2) followed by malonic (C3) and succinic acid (C4) in Alaskan aerosols. Higher C3/
C4 diacid ratios (ave. 1.2) in Alaskan aerosols than those reported for fresh aerosols emitted from fossil fuel
combustion (ave. 0.35) and biomass burning (0.51–0.66) suggest that organic aerosols in central Alaska were
photochemically processed. The relatively high correlations of major diacids and related compounds with le-
voglucosan (r = 0.80–0.99) than those with 2-methylglyceric acid (r = 0.59–0.98) suggest that they were sig-
nificantly produced from biomass burning emission. Strong correlations of C2 with normal-chain saturated
diacids (C3-C9: r = 0.80–0.98), glyoxylic acid (ωC2: r = 0.95) and methylglyoxal (MeGly: r = 0.88), together
with strong correlations of solar radiation with ratio of C2 to C2–C12 diacids (r = 0.83), ωC2 (r = 0.80) and
MeGly (r = 0.82) suggest that oxalic acid in PM2.5 aerosol was produced by the photooxidation of higher
homologous diacids, glyoxylic acid and methylglyoxal in the atmosphere of central Alaska. These results reveal
that photochemical processing of organic precursors mainly produced from biomass burning control the water-
soluble organic chemical composition of fine aerosols in central Alaska.

1. Introduction

Organic aerosols (OA) are a major fraction of tropospheric particles,
accounting for 10–80% of total fine aerosol mass (Jacobson et al., 2000;
Kanakidou et al., 2005). Organic carbon (OC) in atmospheric aerosols is
commonly characterized by its water-solubility (Sheesley et al., 2003;
Decesari et al., 2006; Miyazaki et al., 2009). Water-soluble organic
carbon (WSOC) accounts for 11–95% of OC in atmospheric aerosols and
has been the issue of scientific researches due to its climatic relevance
(Graham et al., 2002; Falkovich et al., 2005). They absorb and scatter
solar radiation and thus influence the budget of direct radiative forcing,
enhance the ability of aerosols to act as cloud condensation nuclei
(CCN) and disturb cloud processes (Ramanathan et al., 2001; Peng
et al., 2001; Kumar et al., 2003).

Water-soluble dicarboxylic acids and related polar compounds, in-
cluding oxocarboxylic acids and α-dicarbonyls are ubiquitously found
from the ground surface to the free troposphere (Kawamura and

Bikkina, 2016). They are primarily originated from fossil fuel com-
bustion and burning of biomass and biofuels as well as secondarily
produced via photooxidation of volatile organic compounds (VOCs) and
unsaturated fatty acids (UFAs) derived from anthropogenic and bio-
genic sources (Wang et al., 2002; Cong et al., 2015; Pavuluri et al.,
2015). Diacids can serve as tracers for secondary organic aerosol (SOA)
because they account for approximately 20% of WSOC in atmospheric
aerosols (Decesari et al., 2006; Kawamura et al., 2013). These con-
tributions are even higher than those of known major SOA tracers
produced from VOCs of anthropogenic and biogenic origin (Kleindienst
et al., 2007; Stone et al., 2010). Therefore, diacids could be good
markers for evaluating the changes of SOA concentrations and their
climatic relevance in the atmosphere.

The predominance of oxalic acid (C2) among diacids and related
polar compounds is usually observed in tropospheric aerosol particles
with concentrations ranging from a few ng m−3 in remote locations
(Kawamura et al., 2005) to hundreds or even up to 1000 ng m−3 in
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urban regions (Ho et al., 2007), highly biomass burning influenced
regions (Kundu et al., 2010) and highly forested regions (Falkovich
et al., 2005). Field and cloud measurements as well as modeling studies
have reported that photooxidation of isoprene followed by subsequent
partitioning of water-soluble photooxidation products such as glyoxal
(Gly) and methylglyoxal (MeGly) into the aqueous-phase of hydrated
aerosols and clouds is a major formation process of C2 diacid (Lim et al.,
2005; Yu et al., 2005; Fu et al., 2008; Carlton et al., 2009;
Myriokefalitakis et al., 2011). Laboratory measurements have provided
evidence that stepwise aqueous-phase oxidation of UFAs such as oleic
acid (C18:1) and longer-chain diacids can produce shorter-chain diacids
(Enami et al., 2015; Pavuluri et al., 2015).

The boreal forest covers> 1.2 × 107 km2 spanning North America
and Eurasia (Tunved et al., 2006; Kourtchev et al., 2008). Two-thirds of
the boreal forest areas are located in Eurasia and the remaining is lo-
cated in Canada and Alaska. It is remarkable that Tundra forest is also
available in Alaska. Wildfire emissions in Alaska have increased over
the last few decades because of climate change effects and increase in
ambient temperature during summer in the boreal regions (Stocks et al.,
2000; Grell et al., 2011). Wildfires burn huge areas almost every
summer and are a major agent of change in the boreal forest ecosystem.
The largest and greatest number of wildfires occurred in Alaska has a
strong impact on air pollution from the local to the hemisphere scale.
Emissions of biogenic VOCs from the forested regions also make a
considerable contribution to organic aerosol mass in central Alaska
(Haque et al., 2016).

We measured water-soluble diacids, oxoacids and α-dicarbonyls in
fine aerosol (PM2.5) samples collected during summer season from June
to September 2009 over Fairbanks in central Alaska. The samples were
also measured for elemental carbon (EC), organic carbon (OC) and
water-soluble OC (WSOC). The major purpose of this research is to
investigate the sources and formation processes of diacids and related
compounds in fine aerosol particles in central Alaska. The photo-
chemical production of diacids in central Alaskan aerosols is also dis-
cussed.

2. Experimental section

2.1. Site description and sample collection

The collection of PM2.5 aerosol samples was performed at Fairbanks
(64.51°N and 147.51°W) in central Alaska. The sampling site and its
surroundings are presented in Fig. 1. Fairbanks is located in the central
Tanana Valley. Immediately north of the city is a chain of hills that rises
gradually until it reaches the White Mountains and the Yukon River.
The southern border of the city is the Tanana River. Fairbanks is one of
the largest cities in the central region of Alaska with a total area of
85 km2 and a population of 31,535 (Ward et al., 2012). The elevation of
the sampling site is approximately 136 m above the sea level.

Aerosol samples (n = 13) were collected during summer season
from June to September 2009 on a rooftop of the International Arctic
Research Centre (IARC) at University of Alaska Fairbanks campus using
a low-volume PM2.5 aerosol sampler (NIER). The sampler was operated
at a flow rate of 16.7 L min−1. The samples were collected on quartz
fiber filter of 47 mm in diameter that were pre-combusted at 450 °C for
6 h prior to use. The filter samples were placed in pre-combusted clean
glass vials with a Teflon-lined screw cap and kept in darkness at−20 °C
to avoid the microbial loss of organic compounds until the chemical
analysis. Field blank sample was collected during the campaign by
mounting a pre-combusted quartz fiber filter onto the sampler without
sucking air.

2.2. Chemical analyses

2.2.1. Elemental carbon (EC) and organic carbon (OC)
EC and OC were measured using a Sunset Lab carbon analyzer

following the Interagency Monitoring Protected Visual Environments
(IMPROVE) thermal evolution protocol as described in Wang et al.
(2005). An area of 1.53 cm2 of the aerosol filter sample was placed in a
quartz tube inside the thermal desorption chamber of the analyzer and
then stepwise heating was applied. Helium was used as a carrier gas. A
non-dispersive infrared detector was used to measure the evolved CO2

during the oxidation at each temperature step. The analytical un-
certainties in the triplicate analysis were within 5% for EC and OC.

2.2.2. Water-soluble organic carbon (WSOC)
WSOC was measured using a Shimadzu total organic carbon ana-

lyzer (TOC-VCSH) following the method described in Miyazaki et al.
(2011). The filter area of 2.11 cm2 from each aerosol sample was ex-
tracted with 12 mL organic-free ultrapure water in 50 mL glass vial
with a Teflon-lined screw cap. The ultrasonication of sample was per-
formed for 15 min in an ice-water bath. The aerosol extracts were fil-
tered through syringe filter (Millex-GV, Millipore) of pore size 0.22 μm.
The extract was acidified with 1.2 M HCl and purged with pure air in
order to remove dissolve inorganic carbon before analysis of WSOC.
Potassium hydrogen phthalate was used to achieve external calibration.
Each sample was measured three times and the average value was used
for the calculation of concentration of WSOC. The analytical un-
certainty in the triplicate analysis of WSOC was estimated to be 5%.

2.2.3. Dicarboxylic acids and related compounds
Dicarboxylic acids and related compounds, including oxocarboxylic

acids (C2–C9) and α-dicarbonyls were measured using a gas chroma-
tography (GC) equipped with flame ionization detector (FID) following
a protocol described in Kawamura and Ikushima (1993), and
Kawamura (1993). An area of 1.13 cm2 from each aerosol filter sample
was extracted under ultrasonication (10 min × 3) with organic-free
ultrapure water (10 mL × 3) in a glass vial with a Teflon-lined screw
cap to isolate the significant amount of aerosol particles retained on the
filter (Deshmukh et al., 2017). The aerosol extracts were passed
through a Pasteur pipette packed with quartz wool to remove insoluble
particles and filter debris. The pH of aerosol extracts was adjusted to 8.5
to 9.0 using 0.1 M potassium hydroxide solution prior to dryness to
convert carboxylic acids into salt forms for improving the recovery of
smaller diacids such as oxalic acid (Hegde and Kawamura, 2012; Wang
et al., 2012). The extracts were concentrated to near dryness with a
rotary evaporator under vacuum and then reacted with 14% borontri-
fluoride (BF3) in n-butanol at 100 °C for one hour to derive carboxyl

Fig. 1. A map showing the sampling site of Fairbanks (64.51°N and 147.51°W) in central
Alaska.
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groups to dibutyl esters and oxo groups to dibutoxy acetals. The deri-
vatives were extracted with n-hexane and then washed with organic-
free ultrapure water to remove the water-soluble inorganics such as
hydrogen fluoride (HF) and boric acid (H3BO3). The hexane layer was
concentrated to near dryness using rotary evaporator under vacuum
and N2 blow-down technique and then esters and acetals of target
analytes were dissolved in a known amount of n-hexane.

A 2 μL aliquot of the sample was injected into a Hewlett-Packard
HP6890 series GC equipped with a fused silica capillary column and
FID. Peaks of diacids and related compounds in aerosol samples were
identified with reference to the authentic standards retention time
achieved by GC-FID and mass spectra achieved using GC-mass spec-
trometry (GC–MS). The concentrations were calculated based on the
comparison of the peak area with those of authentic dibutyl esters of
diacids. Free diacids were spiked onto pre-combusted quartz fiber filter
and measured like real samples to test the recovery of diacids. The
average recoveries were 88% for oxalic acid (C2) and> 90% for other
diacids. Triplicate analysis of aerosol samples showed the analytical
uncertainties of this method was within 6% for major diacids and re-
lated compounds.

2.2.4. Levoglucosan and 2-methylglyceric acid
Levoglucosan and 2-methylglyceric acid (2-MGA) were measured

using GC–MS following a protocols described in Fu et al. (2010). An
area of 3.14 cm2 of aerosol filter sample was extracted under ultra-
sonication with a mixture of dichloromethane and methanol. The sol-
vent extracts were filtered through a Pasteur pipette packed with quartz
wool to remove filter debris and then concentrated to dryness using a
rotary evaporator under vacuum and N2 blow-down system. The ex-
tracts were reacted with N,O-bis-(trimethylsilyl)trifluoroacetamide
(BSTFA) with 1% trimethylsilyl (TMS) chloride and 10 μL of pyridine at
70 °C for 3 h to convert the hydroxyl functional groups to corre-
sponding TMS ethers and carboxyl groups to TMS esters. The deriva-
tized fractions were diluted with a known volume of n-hexane con-
taining an internal standard of n-C13 alkane prior to injection into a
GC–MS. GC–MS analysis of the samples were performed on a Hewlett-
Packard model 6890 GC coupled with a Hewlett-Packard model 5973
mass detector. Owing to a lack of standard, concentration of 2-MGA
was estimated using the response factor of meso-erythritol (Wang et al.,
2008; Haque et al., 2016). The recoveries were found to be 85% for
levoglucosan and 98% for meso-erythritol. The analytical uncertainty in
the triplicate analysis was within 8% for levoglucosan and 2-MGA.

Field and laboratory blank samples were extracted and measured
like real samples for quality assurance. Although blanks showed small
peak of C2, the level of C2 was generally< 5% of the amounts of real
samples. No peaks of levoglucosan and 2-MGA were found on the GC
chromatogram of blank samples. The concentrations reported here are
all corrected for the blanks.

2.3. Meteorology

Meteorological data of Fairbanks during the sampling period were
obtained from the Weather Underground website (www.
wunderground.com). The air temperature ranged from 2.0 to 33 °C
with an average of 13.9 °C and solar radiation ranged from 36.3 to
380 W m−2 with an average of 181 W m−2. The relative humidity
ranged from 19 to 99% with an average of 63%. The total rainfall
during the campaign was found to be 122 mm. The wind speed ranged
from 2.0 to 29 km h−1 with an average of 5.2 km h−1.

3. Results and discussion

3.1. Concentrations of carbonaceous species

Table 1 summarizes the concentrations of EC, OC and WSOC mea-
sured in Alaskan aerosol samples. The concentration of EC ranged from

0.02 to 0.20 μg m−3 with an average of 0.11 μg m−3. The concentra-
tions of OC ranged from 0.26 to 6.49 μg m−3 with an average of
1.85 μg m−3, whereas those of WSOC ranged from 0.19 to 3.26 μg m−3

with an average of 1.08 μg m−3. EC is primarily produced by fossil fuel
combustion and burning of biomass and biofuels, whereas OC and
WSOC are secondarily produced in the atmosphere by the photo-
chemical chain reactions of primarily originated organic compounds
and their oxidation products in addition to primary sources (Wang
et al., 2005; Huang et al., 2006). The concentration of EC may therefore
be used as a tracer for primary emission of organic compounds from
combustion sources. We found weak correlations of EC with OC
(r = 0.53) and WSOC (r = 0.52) in Alaskan samples (Fig. 2a and b).
These results suggest that primary emission of OC and WSOC is negli-
gible and that they are secondarily produced by the photooxidation of
organic precursors in the atmosphere of central Alaska. A strong cor-
relation between the concentrations of OC and WSOC (r = 0.99)
(Fig. 2c) further suggests that both OC and WSOC are produced from
the same emission sources and similar secondary formation processes in
central Alaska.

The ratio of OC to EC classifies the sources and transformation of
carbonaceous aerosols (Ram et al., 2008; Sandradewi et al., 2008).
Biomass burning usually shows high ratio (5–8), whereas lower ratio is
a characteristics of emissions from fossil fuel combustion (Sandradewi
et al., 2008; Saarikoski et al., 2008). OC to EC ratio in Alaskan samples
was on average 15.9. This result suggests a substantial contribution of
biomass burning emission mainly forest fires to OC concentrations in
central Alaska. A considerable fraction of OC can be photooxidized to
WSOC and thus WSOC/OC ratio has been used as an indicator of extent
of photochemical aging and sources of organic aerosols in the atmo-
sphere (Aggarwal and Kawamura, 2008; Miyazaki et al., 2010). WSOC/
OC ratios of aerosol particles derived from vehicular emission are
generally lower than that from biomass burning emissions. Saarikoski
et al. (2008) observed an average WSOC/OC ratio of 0.26 for vehicular
emissions in the urban atmosphere at Helsinki. Cheung et al. (2009)
found that WSOC/OC ratios ranged from 0.06 to 0.19 in aerosol par-
ticles emitted from vehicular emissions. Higher WSOC/OC ratios
(0.5–0.8) were usually found during peak of biomass burning season in
the Brazilian Amazon region (Mayol-Bracero et al., 2002) and the Indo-
Gangetic-Plain region (Ram and Sarin, 2010). WSOC/OC ratios ranged
from 0.50 to 0.95 with an average of 0.68 in Alaskan samples. This
result suggests that biomass burning is a major source of WSOC in
Alaskan aerosols. Biomass burning emission as the main source of OC
and WSOC in Alaskan aerosol is further supported by strong correla-
tions of OC (r = 0.93) and WSOC (r= 0.90) with levoglucosan (Fig. 3a
and c). Levoglucosan is specifically produced during the pyrolysis of
cellulose and hemicellulose and are widely used as a specific tracer of
biomass burning source (Zhang et al., 2008; Engling et al., 2009). It has
been suggested that VOCs derived from biogenic sources in the forested
regions also make a substantial contribution to organic aerosols (Ding
et al., 2008; Fu et al., 2013). 2-MGA is a higher-generation product of
isoprene oxidation (Ding et al., 2008; Kourtchev et al., 2008). We found
that OC and WSOC showed significant correlations (r = 0.88 for OC
and 0.89 for WSOC) with 2-MGA (Fig. 3b and d). Although these cor-
relations show that biogenic emissions may also be a source of carbo-
naceous aerosols, their contribution to OC and WSOC concentrations in
central Alaska may be small. We found that 2-MGA contributed only on
average 0.01% of OC and 0.02% of WSOC, whereas levoglucosan
contributed on average 3.0% of OC and 4.6% of WSOC in Alaskan
aerosols. These results further evidenced that biomass burning is a
dominant source of OC and WSOC in central Alaska.

3.2. Molecular distribution of dicarboxylic acids and related compounds

A homologous series of normal-chain and branched-chain saturated
diacids were detected in Alaskan aerosol samples. Unsaturated aliphatic
and aromatic diacids as well as diacids with hydroxy and keto groups
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were detected. Oxocarboxylic acids, including a series of ω-ox-
ocarboxylic acids (ωC2–ωC9) together with pyruvic acid and α-di-
carbonyls (C2–C3) were also detected. Their average concentration and
ranges in PM2.5 aerosols are summarized in Table 1 along with their
abbreviation and chemical formula. Their molecular distributions are
shown in Fig. 4.

Oxalic acid (C2) was found as the most abundant diacid species
followed by malonic (C3) and succinic acid (C4) in Alaskan aerosols.
Concentrations of C2 ranged from 5.63 to 113 ng m−3 with an average
of 36.6 ng m−3. C2 accounted for 39% to 58% (ave. 50%) of total
diacids in Alaskan samples. The average concentration of C2 at
Fairbanks is one order of magnitude lower than those reported in urban
aerosols from China (510 ng m−3, Ho et al., 2007), Hong Kong
(373 ng m−3, Ho et al., 2006), India (360 ng m−3, Pavuluri et al.,

2010), whereas it is several times lower than those from northern Japan
(192 ng m−3, Aggarwal and Kawamura, 2008) and from the western
North Pacific (90 ng m−3, Mochida et al., 2003). However, it is com-
parable to or slightly higher than those of marine aerosols from the
Pacific Ocean, including tropics (40 ng m−3, Kawamura and Sakaguchi,
1999), western Pacific (38 ng m−3, Wang et al., 2006), central Pacific
(31 ng m−3, Hoque and Kawamura, 2016) and the Arctic (26 ng m−3,
Kawamura et al., 2005) and Antarctica (1.6–10 ng m−3, Kawamura
et al., 1996).

The predominance of C2 in Alaska is consistent with previous stu-
dies in the aerosol samples collected from different locations, including
Chinese and Indian megacities (Ho et al., 2007; Miyazaki et al., 2009;
Pavuluri et al., 2010), Pacific region (Mochida et al., 2003; Hoque and
Kawamura, 2016), South African savanna (Limbeck et al., 2001),

Table 1
Concentrations of elemental carbon (EC), organic carbon (OC), water-soluble organic carbon (WSOC), water-soluble dicarboxylic acids (C2-C12), oxocarboxylic acids (C2-C9) and α-
dicarbonyls (C2-C3) in PM2.5 aerosols collected from central Alaska.

Compounds Chemical formula Abbreviation Ave.a S.D.b Min.c Max.d

Carbonaceous speciese

Elemental carbon EC 0.11 0.06 0.02 0.20
Organic carbon OC 1.85 1.78 0.26 6.49
Water-soluble organic carbon WSOC 1.08 0.82 0.19 3.26

Dicarboxylic acidsf

Saturated normal-chain diacids
Oxalic HOOC-COOH C2 36.6 35.6 5.63 113
Malonic HOOC-CH2-COOH C3 10.6 10.7 1.52 35.3
Succinic HOOC-(CH2)2-COOH C4 8.62 8.33 1.13 28.0
Glutaric HOOC-(CH2)3-COOH C5 2.29 2.12 0.04 7.56
Adipic HOOC-(CH2)4-COOH C6 1.67 1.93 0.36 7.18
Pimelic HOOC-(CH2)5-COOH C7 1.09 1.27 0.00 3.67
Suberic HOOC-(CH2)6-COOH C8 0.07 0.11 0.00 0.38
Azelaic HOOC-(CH2)7-COOH C9 4.10 3.85 1.33 12.5
Decanedioic HOOC-(CH2)8-COOH C10 0.07 0.08 0.00 0.26
Undecanedioic HOOC-(CH2)9-COOH C11 0.19 0.21 0.00 0.67
Dodecanedioic HOOC-(CH2)10-COOH C12 0.08 0.15 0.00 0.47
Branched-chain diacids
Methylmalonic HOOC-CH(CH3)-COOH iC4 0.29 0.33 0.00 1.24
Methylsuccinic HOOC-CH(CH3)-CH2-COOH iC5 0.92 1.00 0.05 2.67
2-Methylglutaric HOOC-CH(CH3)-(CH2)2-COOH iC6 0.15 0.14 0.00 0.48
Unsaturated aliphatic diacids
Maleic HOOC-CH = CH-COOH M 0.84 0.70 0.20 2.26
Fumaric HOOC-CH = CH-COOH F 0.26 0.29 0.00 1.08
Methylmaleic HOOC-C(CH3) = CH-COOH mM 0.31 0.29 0.07 0.89
Unsaturated aromatic diacids
Phthalic HOOC-(C6H4)-COOH Ph 2.58 2.39 0.61 8.20
Isophthalic HOOC-(C6H4)-COOH iPh 0.52 0.51 0.04 1.71
Terephthalic HOOC-(C6H4)-COOH tPh 0.62 0.43 0.13 1.63
Multifunctional diacids
Malic HOOC-CH(OH)-CH2-COOH hC4 0.42 0.32 0.17 1.38
Ketomalonic HOOC-HC(O)-COOH kC3 0.78 0.71 0.20 2.74
4-Ketopimelic HOOC-CH2-CH2-HC(O)(CH2)2-COOH kC7 0.47 0.50 0.00 1.55
Total diacids 73.6 70.4 13.8 230

Oxocarboxylic acidsf

Glyoxylic OHC-COOH ωC2 4.60 3.62 1.55 14.6
3-Oxopropanoic OHC-CH2-COOH ωC3 1.16 1.20 0.04 3.99
4-Oxobutanoic OHC-(CH2)2-COOH ωC4 2.23 2.22 0.17 7.49
5-Oxopentanoic OHC-(CH2)3-COOH ωC5 0.61 0.68 0.07 2.43
7-Oxoheptanoic OHC-(CH2)5-COOH ωC7 0.98 1.09 0.00 3.29
8-Oxooctanoic OHC-(CH2)6-COOH ωC8 0.83 0.72 0.00 2.10
9-Oxononanoic OHC-(CH2)7-COOH ωC9 0.26 0.25 0.03 0.83
Pyruvic acid CH3-C(O)-COOH Pyr 1.73 1.68 0.48 6.43
Total oxoacids 12.4 11.1 3.31 40.6

α-Dicarbonylsf
Glyoxal OHC-CHO Gly 1.38 0.92 0.46 3.50
Methylglyoxal CH3-C(O)-CHO MeGly 1.01 0.66 0.45 2.85
Total α-dicarbonyls 2.39 1.43 0.93 5.43

a Average.
b Standard deviation.
c Minimum.
d Maximum.
e Concentrations are in μg m−3.
f Concentrations are in ng m−3.
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Amazonia and Himalaya aerosols with biomass burning influence
(Kundu et al., 2010; Cong et al., 2015), Europe (Legrand et al., 2007)
and the Arctic (Kawamura et al., 2005, 2010). This is reasonable be-
cause C2 is likely the final product of photochemical oxidation of sev-
eral VOCs and UFAs derived from anthropogenic and biogenic sources
(Lim et al., 2005; Enami et al., 2015; Pavuluri et al., 2015).

Azelaic (C9) and phthalic (Ph) acids are the next abundant diacids in
Alaskan aerosols. It has been investigated that photooxidation of UFAs
such as oleic acid (C18:1) leads to the formation of C9 diacid (Hung
et al., 2005), whereas Ph diacid is produced by the photooxidation of
aromatic hydrocarbons such as naphthalene (Ho et al., 2006; Zhang
et al., 2016a). The abundant presence of C9 and Ph diacids suggests that

fine aerosol particles in the central Alaskan atmosphere has consider-
able influence of atmospheric processing of UFAs and aromatic hy-
drocarbons. Glyoxylic acid (ωC2) was the most abundant oxoacid,
whereas glyoxal (Gly) was more abundant than methylglyoxal (MeGly)
in Alaskan aerosols. ωC2 and Gly are secondarily produced by the
oxidation of several anthropogenic and biogenic VOCs and also pri-
marily originated from fossil fuel combustion and biomass burning
(Volkamer et al., 2001; Ervens and Volkamer, 2010).

3.3. Temporal variations of dicarboxylic acids and related compounds

The temporal variations in the concentrations of selected diacids,
oxoacids and α-dicarbonyls measured in Alaskan aerosol samples
during the campaign are shown in Fig. 5. C2 diacid showed major peaks
during 4 to 23 July (Fig. 5a). The concentrations of C2 during these
periods are much higher (83.2–113 ng m−3) than those of the samples
collected during the beginning (15.5–23.0 ng m−3) and end of the
campaign (5.6–18.0 ng m−3), although a minor peak of C2 was ap-
peared in the sample collected during 30 July to 4 August (50 ng m−3).
We observed dense forest fire smokes during 4 to 23 July, whereas
sparse forest fire smokes were observed during 30 July to 4 August in
central Alaska. This observation indicates that an enhanced con-
centration level of C2 during these periods may be associated with
substantial contribution from forest burning in central Alaska. Similar
concentration peaks were also observed for other lower carbon number
diacids (C3–C6) in Alaskan aerosols (Fig. 5b–e). We found that higher
carbon number diacids such as C9 has temporal variation similar to
those of lower carbon number diacids. This result suggests that lower
and higher carbon number diacids have similar emission sources and
produced from similar atmospheric processes in the atmosphere of
central Alaska. The enhanced concentration of C9 diacid during 4 to 23
July is possibly associated with the photooxidation of UFAs derived
from biomass burning emission in central Alaska.

Temporal variation of Ph diacid is similar to that of saturated
normal-chain diacids (C2–C9), excluding one sample that was collected
during 14 to 23 July (Fig. 5g). The higher concentration peaks of C2–C9

diacids were found during 4 to 6 July, whereas Ph showed maxima
during 14 to 23 July. A major concentration peak of Ph diacid during 14
to 23 July suggests that Ph may be produced from rapid atmospheric
processing of aromatic hydrocarbons derived from biomass burning as
well as other sources such as fossil fuel combustion in the atmosphere of
central Alaska.

Lower and higher carbon number ω-oxoacids (ωC2–ωC9) as well as
pyruvic acid (Pyr) showed temporal variation similar to that of satu-
rated normal-chain diacids (Fig. 5h–m). This result suggests that both
diacids and oxoacids are simultaneously produced by the photooxida-
tion of organic precursors in the atmosphere of central Alaska. It is
noteworthy that the concentration peaks of Gly are very similar to Ph
diacid, whereas MeGly showed temporal variation similar to C2 diacid.
The similar temporal variations of Gly and Ph showed their similar
sources and formation processes in Alaskan aerosols. The photooxida-
tion of aromatic hydrocarbons such as benzene and toluene produced
from biomass burning and fossil fuel combustion has also been pro-
posed as major sources of Gly in the atmosphere (Volkamer et al., 2001;
Wang et al., 2012). The enhanced concentration of MeGly during 4 to 6
July may be associated with forest fire emission.

3.4. Sources of dicarboxylic acids and related compounds: the evidence of
influence from biomass burning

Following the above discussion, we performed correlation analysis
of diacids and related compounds with molecular marker compounds in
order to examine their sources in the atmosphere of central Alaska. It
has been proposed that they are originated in the atmosphere from
fossil fuel combustion and biomass burning (Yamasoe et al., 2000;
Mayol-Bracero et al., 2002). Diacids with higher abundances have been

Fig. 2. Correlations among elemental carbon (EC), organic carbon (OC) and water-so-
luble organic carbon (WSOC) in Alaskan aerosols.
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usually recorded in atmospheric aerosol particles originated by biomass
burning emission (Kundu et al., 2010; Cong et al., 2015). Several field
and laboratory studies and model results have demonstrated that bio-
genic VOCs are also a major source of diacids, oxoacids and α-di-
carbonyls in the atmosphere (Ervens et al., 2011; Myriokefalitakis et al.,
2011).

The linear correlations of selected diacids, oxoacids and α-di-
carbonyls with levoglucosan and 2-MGA are shown in Figs. 6 and 7,
respectively. The correlations of C2 and other lower carbon number
diacids (C3–C6) with levoglucosan (r = 0.96–0.99) were relatively more
significant than those with 2-MGA (r = 0.90–0.96) in Alaskan aerosols
(Fig. 6a–e and Fig. 7a–e). These results suggest that biomass burning
was a major source of diacids in Alaskan aerosols during the campaign.
A very strong correlation of C9 diacid with levoglucosan (r = 0.98) was
also found than that with 2-MGA (r = 0.90) in Alaskan aerosols. These
results suggest that a large fraction of C9 diacid is produced by photo-
oxidation of oleic acid derived from biomass burning in the atmosphere
of central Alaska. Biomass burning releases considerable amount of
C18:1, which can be photooxidized to C9 diacid in the atmosphere (Hays
et al., 2005; Agarwal et al., 2010; Wang et al., 2012; Cao et al., 2017).
We detected C18:1 in Alaskan aerosols with the concentrations ranging

from 1.51 to 16.6 ng m−3 (ave. 5.02 ng m−3). A strong correlation of
C18:1 with levoglucosan (r= 0.88) further suggests that it is produced
from biomass burning to the atmosphere of central Alaska. Ph diacid
showed a strong correlation with levoglucosan (r = 0.80), whereas a
moderate correlation (r= 0.66) was found with 2-MGA in Alaskan
samples (Figs. 6g and 7g). This result demonstrates that a preferential
origin of Ph diacid in central Alaska was associated with biomass
burning emission.

We found that ωC2 is strongly correlated with levoglucosan
(r = 0.98) and 2-MGA (r = 0.96) in Alaskan aerosols (Fig. 6h–j). Gly
showed a strong correlation with levoglucosan (r = 0.80) and a weak
correlation with 2-MGA (r = 0.59) (Figs. 6k and 7k), whereas strong
correlations of MeGly were found with levoglucosan (r = 0.93) and 2-
MGA (r = 0.95). These results suggest that Gly is strongly associated
with biomass burning emission, whereas ωC2 and MeGly may have both
biomass burning and biogenic origin in central Alaska. However, we
found that the contribution of levoglucosan to OC and WSOC was much
higher as compared to those of 2-MGA to OC and WSOC in Alaskan
aerosols. These results suggest a substantial contribution of biomass
burning to diacids and related compounds than biogenic sources in
Alaskan aerosols.

Fig. 3. Correlations of organic carbon (OC) and water-soluble
organic carbon (WSOC) with levoglucosan and 2-methylglyceric
acid (2-MGA) in Alaskan aerosols.

Fig. 4. Average molecular distributions of water-soluble di-
carboxylic acids, oxocarboxylic acids and α-dicarbonyls in Alaskan
aerosols.
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3.5. Formation process of oxalic acid: the evidence of photochemical
production in the atmosphere of central Alaska

Based on field and laboratory investigations, it has been confirmed
that C2 diacid is overwhelmingly produced from several organic pre-
cursors of anthropogenic and biogenic origin following various photo-
chemical chain reactions in the atmosphere (Myriokefalitakis et al.,
2011; Pavuluri and Kawamura, 2016; Zhang et al., 2016b). The possible
photochemical formation process of C2 diacid in the atmosphere of
central Alaska from precursors derived from biomass burning and
biogenic sources are shown in Fig. 8. The result of correlation analysis
among the measured diacids and related compounds are given in
Table 2.

Longer-chain diacids (C3–C12) usually photooxidized to C2 diacid,
whereas UFAs initially photooxidized to C9 and ωC9, which are sub-
sequently oxidized to C2 (Hung et al., 2005; Tedetti et al., 2007). Strong
correlations of C2 diacid with C3–C9 diacids (r= 0.80–0.98) were found

in Alaskan aerosols. This result suggests that their sources and forma-
tion processes are similar and they are strongly connected to each other
via photochemical chain reactions. The correlation of C2/C2–C12 diacid
ratios with solar radiation may be used as a proxy for photochemical
production of C2 from higher homologous diacids. We found a strong
correlation of C2/C2–C12 diacid ratios with solar radiation (r = 0.83)
(Fig. 9a). This result suggests that C2 diacid in Alaskan fine aerosols is
produced by photooxidation of homologous diacids under high solar
radiation condition. The mass concentration ratios of C3/C4 diacid have
been frequently used as a marker of enhanced photochemical proces-
sing of diacids because C4 diacid can be degraded to C3 diacid under
high solar radiation (Kawamura and Bikkina, 2016). The average C3/C4

ratio in Alaskan aerosols was found to be 1.2 during the campaign. This
result further evidenced the photochemical production of diacids in
Alaskan aerosols. Although C3/C4 diacid ratio in central Alaska is lower
than that reported in urban aerosols from Tokyo (ave. 1.6) (Kawamura
and Ikushima, 1993) and marine aerosols from the western North

Fig. 5. Temporal variations in the concentrations of
selected dicarboxylic acids, oxocarboxylic acids and
α-dicarbonyls during the campaign in central Alaska.
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Pacific (ave. 3.8) (Mochida et al., 2003), it is significantly higher than
those reported in freshly emitted aerosol particles from automobiles
emission in Los Angeles (0.35) (Kawamura and Kaplan, 1987), and
biomass burning in Amazonia (ave. 0.66) and Mt. Everest (ave. 0.51)
(Kundu et al., 2010; Cong et al., 2015). These comparisons further
suggest that Alaskan fine aerosol particles were photochemically pro-
cessed with an influence from biomass burning emissions during the
campaign.

It is essential to examine the atmospheric photochemical processing
of weather UFAs or aromatic hydrocarbons is responsible to the pro-
duction of C2 diacid in fine aerosols in central Alaska. Interestingly, C2

diacid strongly correlated with photooxidation product of UFAs such as
C9 diacid (r= 0.98) compared to photooxidation product of aromatic
hydrocarbons such as Ph diacid (r = 0.80). This result suggests that
atmospheric processing of UFAs is an important source of C2 in central
Alaska during the campaign. The C9/Ph diacid ratios can also be used as
a marker to assess the atmospheric processing of unsaturated fatty acids
versus aromatic hydrocarbons. The C9/Ph ratios in Alaskan aerosols
ranged between 1.1 and 2.3 with an average of 1.6 during the cam-
paign. This result further suggests that diacids are associated with fine
aerosol particles in central Alaska and are significantly experienced

with the atmospheric processing of unsaturated fatty acids.
Photooxidation of Gly and MeGly is a major global and regional

source of C2 diacid (Volkamer et al., 2001; Carlton et al., 2009). Gly has
been proposed to oxidize to ωC2 and consequently to C2 diacid, whereas
MeGly is primarily oxidized to Pyr and then to ωC2 and C2 (Yasmeen
et al., 2010; Wang et al., 2012). It is noteworthy that C18:1 produces
ωC9 (Hung et al., 2005; Ziemann, 2005; Tedetti et al., 2007), which is
oxidized to ωC2 and subsequently to C2. We found that correlations of
C2 diacid with MeGly (r = 0.88) and Pyr (r = 0.95) are stronger than
that of C2 with Gly (r = 0.69). Interestingly, C2 also showed strong
correlations with ωC2 (r= 0.95), and correlation coefficients of ωC2

with MeGly (r= 0.96) and Pyr (r= 0.99) are higher than that of ωC2

with Gly (r = 0.68). Strong correlations of C2/ωC2 and C2/MeGly ratios
(r = 0.80 and 0.82, respectively) were found with solar radiation
(Fig. 9b and d), whereas C2/Gly ratios showed a moderate correlation
(r = 0.68) with solar radiation in central Alaska (Fig. 9c). These results
suggest that production of C2 diacid by photooxidation of MeGly via
intermediate compound ωC2 is more significant in Alaskan aerosols.

Fig. 6. Correlations of major diacids and
related compounds with levoglucosan in
Alaskan aerosols.
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4. Summary and conclusions

PM2.5 aerosol samples collected at Fairbanks in central Alaska
during summer of 2009 were analyzed for water-soluble dicarboxylic
acids (C2-C12), oxocarboxylic acids (C2-C9) and α-dicarbonyls (C2–C3)
as well as elemental carbon (EC), organic carbon (OC) and water-so-
luble OC (WSOC) to assess their sources and formation processes.
Molecular distributions of diacids with a predominance of oxalic acid
(C2) followed by malonic (C3) and succinic acid (C4) as well as higher
C3/C4 diacid ratio implies that water-soluble organic aerosols were
mostly produced by the photooxidation of organic precursors in the
atmosphere of central Alaska. The peak concentrations of C2 diacid and
related compounds were observed when biomass burning episodes
prevails during 4 to 23 July and 30 July to 4 August in central Alaska.
This result together with more significant correlations of major diacids,
oxoacids and α-dicarbonyls with levoglucosan than that with 2-MGA
suggest that they are mainly produced from forest fires in central
Alaska. Much higher contribution of levoglucosan than 2-MGA to OC
and WSOC further suggested that OC and WSOC in Alaskan aerosols are
strongly associated with biomass burning emission. Strong correlations

Fig. 7. Correlations of major diacids and
related compounds with 2-methylglyceric
acid (2-MGA) in Alaskan aerosols.

Fig. 8. Possible formation mechanism of oxalic acid (C2) from precursors derived from
biomass burning and biogenic sources in the atmosphere of central Alaska.
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of C2 diacid with saturated normal-chain diacids (C3–C9), glyoxylic acid
(ωC2) and methylglyoxal (MeGly), together with strong correlations of
C2 to C2–C12, ωC2 and MeGly ratios with solar radiation suggest that
oxalic acid in fine aerosol particles is photochemically produced by the
oxidation of higher homologous diacids, glyoxylic acid and methyl-
glyoxal in central Alaska. The present investigation demonstrates that
more active emissions of precursors from forest burning followed by
photochemical processing under high solar radiation may control the
abundances of water-soluble diacids and related compounds in the at-
mosphere of central Alaska.

Organic aerosol (OA) is a dominant component of atmospheric
aerosol worldwide and is recognized as a key factor affecting air quality
and climate. Our results have an implication for radiative forcing in the

Arctic that has a high sensitivity to climate forcing due to a strong effect
on albedo-sea ice feedback system. Lathem et al. (2013) have suggested
that water-soluble organic aerosols produced from biomass burning in
the boreal forest contribute significantly to solar radiation balance in
the Arctic atmosphere. Diacids are highly water-soluble in nature and
thus their high abundances due to biomass burning episodes and in-
tense photochemical aging would enhance the ability of aerosols to act
as CCN and modify the water-uptake properties of aerosol particles.
This would further influence the lifetime of clouds in the Arctic atmo-
sphere and may affect the climate of the Arctic.

Table 2
Pearson correlationa analysis among the concentrations of water-soluble dicarboxylic acids and related compounds in PM2.5 aerosols in central Alaska.

C2 C3 C4 C5 C6 C7 C8 C9 Ph ωC2 ωC3 ωC4 ωC5 ωC7 ωC8 ωC9 Pyr Gly

C3 0.98
C4 0.98 0.99
C5 0.98 0.99 0.99
C6 0.92 0.95 0.96 0.96
C7 0.96 0.98 0.98 0.96 0.92
C8 0.80 0.89 0.88 0.88 0.92 0.86
C9 0.98 0.98 0.99 0.98 0.95 0.97 0.83
Ph 0.80 0.86 0.85 0.79 0.72 0.90 0.76 0.65
ωC2 0.95 0.96 0.96 0.97 0.98 0.92 0.89 0.95 0.72
ωC3 0.99 0.95 0.98 0.99 0.93 0.96 0.85 0.97 0.80 0.95
ωC4 0.98 0.99 0.99 0.99 0.95 0.98 0.88 0.98 0.85 0.97 0.99
ωC5 0.95 0.98 0.98 0.99 0.99 0.96 0.93 0.97 0.78 0.98 0.97 0.98
ωC7 0.93 0.83 0.86 0.88 0.77 0.83 0.59 0.87 0.65 0.83 0.92 0.87 0.81
ωC8 0.86 0.77 0.79 0.80 0.69 0.77 0.60 0.79 0.86 0.72 0.86 0.79 0.73 0.92
ωC9 0.93 0.97 0.97 0.95 0.93 0.98 0.83 0.98 0.63 0.92 0.92 0.96 0.95 0.78 0.69
Pyr 0.95 0.96 0.97 0.98 0.99 0.93 0.90 0.96 0.69 0.99 0.96 0.97 0.99 0.83 0.75 0.92
Gly 0.69 0.81 0.79 0.72 0.72 0.80 0.76 0.76 0.90 0.68 0.69 0.76 0.76 0.46 0.40 0.63 0.69
MeGly 0.88 0.91 0.92 0.95 0.96 0.89 0.89 0.91 0.66 0.96 0.92 0.93 0.96 0.77 0.65 0.90 0.98 0.65

a P ≤ 0.01 for the correlation where r is ≥0.69, whereas P ≤ 0.05 for the correlation where r is 0.56 to 0.68.

Fig. 9. Correlations of the concentration ratios of
oxalic acid (C2) to normal-chain diacids (C2–C12),
glyoxylic acid (ωC2), glyoxal (Gly) and methylglyoxal
(MeGly) with solar radiation during the campaign.
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