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ABSTRACT: To better understand the origins and photochemical
processing of organic aerosols over Northeast Asia, we studied diacids,
oxoacids, and α-dicarbonyls and their stable carbon isotope ratios
(δ13C) in atmospheric aerosols collected at Sapporo, Japan. Molecular
distributions of diacids and related compounds were characterized by
a predominance of oxalic acid (C2) followed by malonic (C3),
glyoxylic (ωC2), and succinic (C4) acids. Saturated normal diacids
(C2−C11, excluding C6) and long-chain oxoacids (ωC7−ωC9) showed
a seasonal pattern; gradually decreased from autumn to winter and
then increased through spring with a peak in early summer. Short-
chain oxoacids and α-dicarbonyls and δ13C of all species including
diacids did not show a seasonal pattern. 13C was enriched in saturated
normal diacids with a decrease in carbon numbers. Short-chain oxoacids and glyoxal were more enriched with 13C than C2
diacid. Our results together with organic tracers demonstrate that seasonal distributions are driven by enhanced biogenic
emissions and photochemical processing in spring/summer. In contrast, the contributions from biomass burning and fossil fuel
combustion were higher in autumn and winter. This study provides the insights to modify the atmospheric chemical transport
models by the inclusion of season specific biogenic emissions.
KEYWORDS: Diacids, stable carbon isotope ratios, biogenic emissions, photochemical processing, Northeast Asia

■ INTRODUCTION
Organic aerosol (OA) contents account for a large fraction in
fine aerosol mass ranging from 20 to 50% in midlatitudes and
up to 90% in forested areas,1 and impact the Earth’s climate
system severely by absorbing and scattering solar radiation and
by acting as cloud condensation nuclei (CCN) as well.2 Water-
soluble organics that account for a substantial fraction of OA
alter the hygroscopic nature of the particles and enhance their
capability to act as CCN.3 Enhanced number concentrations of
CCN in the atmosphere should result in more reflective clouds
and less precipitation.4,5 Further, OA adversely affects the
human health6 and plays a pivotal role in atmospheric
chemistry.7

In East Asia, atmospheric aerosol loadings are often found to
be high and the aerosol optical depth (AOD) has been
reported to be >0.3 in many regions.8 Recently, it has been
reported that besides indirect reduction of short-wave solar
radiation by atmospheric aerosols over the industrial parts of
China, the increase in clouds and their liquid water in the
atmosphere caused a substantial downward positive long-wave
surface forcing that resulted an increase in winter nighttime

temperature on average by +0.7 °C.9 The East Asian aerosols
are further transported long distances10 and impact the Earth’s
climate system over the outflow regions in the Northern
Hemisphere.
In the past two decades, East Asian aerosols have been

studied extensively through ground based measurements at
different locations and large-scale field experiments such as
ACE-Asia, EAREX 2005, etc., as well.11,12 The previous studies
implied that fossil fuel combustion is a dominant source of
atmospheric OA followed by biomass burning and Asian dust.
In contrast, global model simulations predicted that the OA are
mainly derived from biomass burning and photochemical
oxidation of biogenic volatile organic compounds (BVOCs).1

However, the importance of biogenic emissions and sub-
sequent secondary OA (SOA) formation in different seasons
have not been fully understood yet, particularly in East Asia.

Received: August 7, 2018
Revised: October 15, 2018
Accepted: October 16, 2018
Published: October 16, 2018

Article

http://pubs.acs.org/journal/aesccqCite This: ACS Earth Space Chem. 2018, 2, 1220−1230

© 2018 American Chemical Society 1220 DOI: 10.1021/acsearthspacechem.8b00105
ACS Earth Space Chem. 2018, 2, 1220−1230

D
ow

nl
oa

de
d 

vi
a 

H
O

K
K

A
ID

O
 U

N
IV

 o
n 

Fe
br

ua
ry

 2
6,

 2
01

9 
at

 0
0:

47
:2

8 
(U

TC
). 

Se
e 

ht
tp

s:/
/p

ub
s.a

cs
.o

rg
/sh

ar
in

gg
ui

de
lin

es
 fo

r o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

ish
ed

 a
rti

cl
es

. 



Hence, it is highly essential to study the atmospheric loading,
compositions, and distributions of OA in East Asia to
investigate origins and secondary formation/transformations
of the OA in this region.
Diacids and related compounds with high abundance of

oxalic (C2) acid have been recognized as ubiquitous
constituents in atmospheric aerosols.13−17 Diacids are major
species in the water-soluble fraction of OA and contribute up
to 3% of aerosol carbon in the urban atmosphere16 and up to
16% in the remote marine atmosphere.18 Diacids and related
compounds can be emitted from different primary sources
such as fossil fuel combustion14,19 and biomass burning,20 but
their secondary formation by photo-oxidation of VOCs
emitted from combustion activities, higher plants, and marine
biota is dominant.21−25 The diacids are further subjected to
photochemical breakdown to their lower homologues and
carbonyls that are oxidized to carboxylic acids during long-
range transport.22,25,26

Molecular distributions of diacids and related compounds
could provide insights on the origins and formation
mechanisms of OA13,15,25 because some diacid species
originate from specific (anthropogenic/biogenic) sources; for
example, azelaic (C9) acid is produced by photochemical
oxidation of oleic acid that is emitted from biogenic sources,
whereas adipic (C6) acid is mainly derived from cyclic olefins
of anthropogenic origin.23 Stable carbon isotope ratios (δ13C)
of specific organic compounds including diacids, oxoacids, and
α-dicarbonyls are highly useful for investigating the origins and
photochemical processing (aging) of OA.27,28

In this study, we report molecular concentrations and
seasonal distributions of diacids, citric acid, oxoacids, and α-
dicarbonyls and their δ13C in atmospheric aerosols observed
over a period of one year at Sapporo, Japan, which is an ideal
site to collect the air masses transported from Siberia and
China as well as surrounding oceans.29,30 Based on seasonality
in diacids and related compounds and their relations with
organic tracers as well as δ13C of short-chain diacids (C2−C4),
we discuss the origins and aging of OA in Northeast Asia.

■ EXPERIMENTAL SECTION
Sampling. Aerosol (total suspended particulate, TSP)

sampling was performed on the rooftop (about 20 m above the
ground level, AGL) of the Institute of Low Temperature
Science building at Hokkaido University in Sapporo, Japan
(43.07° N, 141.36° E) using a quartz fiber filter precombusted
at 450 °C for 4 h and high-volume air sampler with a flow rate
of about ∼65 m3 h−1. TSP samples (n = 21) were collected for
∼2 consecutive weeks each to obtain enough carbon for 14C
analyses, during September 2, 2009 and October 5, 2010. Each
filter sample was placed in a precombusted glass jar and sealed
with a Teflon-lined screw cap and then stored in cold room at
−20 °C until analysis.
Diacids and related compounds display semivolatile

behavior and can partition from gas-to-aerosol phases that
may lead to sampling artifacts.31−33 Because the sampling time
is long in this study, their volatilization from the particles
should be more significant rather than adsorption onto the
filter.34 Hence, the reported concentrations of diacids and
related compounds may be underestimated. However, it has
been suggested that the direct gas-to-particle partitioning of
semivolatile oxygenated species (e.g., glyoxal) is irreversible,35

and the gas-to-particle partitioning of diacids become effective
when the relative humidity is high through the dissolution of

gas phases into aerosol liquid water,33 which is unlikely during
the sampling. In fact, Ray and McDow36 found that sampling
artifacts in diacids measurements become less important when
their concentrations are high (≥2.5 ng m−3). Hence, the
impact of gas-to-particle partitioning may be insignificant.

Measurement of Diacids and Related Compounds.
Diacids, citric acid, oxoacids, and α-dicarbonyls were measured
in TSP using a method reported previously.37,38 Briefly, an
aliquot (∼2 cm2) of filter sample was extracted with 10 mL of
ultrapure organic-free Milli-Q water under ultrasonication for
10 min three times. The extracts were concentrated to near
dryness using a rotary evaporator under vacuum, after
adjusting pH 8−9 by adding 0.05 M KOH, and esterified
with 14% BF3 in n-butanol at 100 °C for 1 h. The esters and/or
acetals of diacids and related compounds were extracted with
n-hexane and dried under N2 blow and then dissolved in 100
μL n-hexane and analyzed using gas chromatography (GC; HP
6890) and GC−mass spectrometry (GC−MS) system.
Recoveries of authentic standards spiked to a precombusted
quartz fiber filter were more than 91% for oxalic (C2) and
malonic (C3) acids and about 100% for C4−C6 diacids.
Duplicate analysis of some filter sample showed an error within
12% for major species. We found small peaks for C2, phthalic,
and glyoxylic acids in field blanks, but their concentrations
were less than 2% of those of actual samples. Concentrations of
the species reported here are corrected for the field blanks but
not for recoveries.

Determination of Stable Carbon Isotope Ratios
(δ13C). δ13C values of diacids, oxoacids, and glyoxal, relative
to Pee Dee Belemnite (PDB), in TSP were measured using a
method reported previously.39 Briefly, a part (10 μL) of the
esterified sample of diacids and related compounds was added
to a 1.5 mL glass vial and diluted to 50 μL with n-hexane and
then an appropriate amount of n-C13 alkane, roughly equal to
the concentration of major diacids, was added. δ13C of esters
and acetals were determined by GC/irMS (HP 6890 GC and
Finnigan-MAT Delta plus) measurements, and then δ13C of
free diacids, oxoacids, and glyoxal were calculated based on a
mass balance equation.39 Duplicate measurements of δ13C of
free acids showed an error of generally <1‰. However, the
difference in δ13C was sometimes up to 1.5‰ and rarely over
2‰ for minor species.

■ RESULTS AND DISCUSSION
Meteorology and Backward Air Mass Trajectories.

Details of the weather at Sapporo during the campaign have
been described elsewhere.40,41 Briefly, the averaged temper-
ature for each sample period ranged from −3.30 to 24.5 °C,
while relative humidity (RH) was 59.7−80.3% and wind speed
was 2.4−4.8 m s−1. Precipitation ranged from 5.5 to 153 mm
with the highest value in summer and highest frequency
in winter. We computed 10-day backward air mass trajectories
arriving in Sapporo at 500 m AGL for every 48 h during the
campaign.42 The trajectory plots are shown in Figure S1 in the
Supporting Information. During autumn, winter, and spring
periods, the air parcels were mostly derived from Siberia
passing over northeast Asia and the Sea of Japan, whereas in
summer they were derived from the surrounding oceans
passing over the coastal region and/or Honshu Island of Japan.
Further, the air parcels were traveled at lower attitudes (<2000
m AGL) during the whole campaign period (Figure S1).
Hence, advection of the air masses originated at distant source
regions was expected to be dominant.
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Concentrations and Compositions. We detected satu-
rated (C2−C12 and iso C4−C6) and unsaturated (maleic (M),
fumaric (F), methylmaleic (mM), phthalic (Ph), isophthalic (i-
Ph), and terephthalic (t-Ph)) diacids as well as malic
(hydroxysuccinic, hC4), ketomalonic (kC3), and 4-ketopimelic
(kC7) acids in Sapporo aerosols. A tricaboxylic (citric) acid, ω-
oxoacids (C2−C9, excluding C6), α-oxoacid (pyruvic), and α-
dicarbonyls (glyoxal (Gly) and methylglyoxal (mGly)) were
also found in these samples. A summary of concentrations of
the species measured in TSP (n = 21) is given in Table 1.
Oxalic (C2) acid was the most abundant among the

measured species in this study followed by malonic (C3),
glyoxylic (ωC2), and succinic (C4) acids. The relative
abundance of C2 in total diacids ranged from 58.1% to
79.1% (ave. 69.5 ± 6.42%) followed by C3 (7.45−15.6%, 10.1

± 2.23%), C4 (2.21−7.70%, 5.66 ± 1.94%), and C9 diacids
(2.57−7.42%, 4.13 ± 1.33%). Normal diacids showed
decreasing concentrations with an increase in the carbon
chain length, except for C8, C9, and C11 diacids. Concen-
trations of branched diacids: methylmalonic (iC4), methyl-
succinic (iC5) and 2-methylglutaric (iC6) acids, were lower
than those of corresponding normal diacids. Ph and t-Ph acids
were found as the fifth and sixth most abundant diacid species
(ave. 1.55% and 1.28%, respectively). ωC2 acid was the most
abundant oxoacid, accounting for 41.5−70.2% (53.7%),
followed by pyruvic (10.5%) and 8-oxooctanoic (ωC8) acids
(8.49%). 4-Oxobutanoic (ωC4) and 7-oxoheptanoic (ωC7)
acids were also abundant (7.78% and 7.59%, respectively). Gly
and mGly were almost equally abundant (50.5 ± 11.4% and
49.5 ± 11.4%, respectively) throughout the campaign.

Table 1. Summary of Concentrations (ng m−3) and Stable Carbon Isotope Ratios (δ13C, ‰) of Diacids, Tricarboxylic Acid,
Oxoacids, and α-Dicarbonyls in Atmospheric Aerosols (TSP) in Sapporo, Japana

concentrations (ng m−3) δ13C values (‰)

compound Range median Ave. ± SD range Ave. ± SD

Diacids
Oxalic, C2 101−509 230 232 ± 104 −21.7−(−)14.0 −19.0 ± 1.99
Malonic, C3 13.4−56.2 34.0 33.0 ± 12.3 −26.0−(−)20.0 −22.3 ± 1.83
Succinic, C4 6.55−28.5 15.7 17.1 ± 5.74 −27.0−(−)19.8 −23.2 ± 1.63
Glutaric, C5 0.92−5.67 3.65 3.64 ± 1.23 −27.1−(−)19.2 −23.6 ± 1.98
Adipic, C6 0.82−3.42 2.46 2.38 ± 0.64
Pimelic, C7 0.60−3.12 1.55 1.67 ± 0.67
Sebacic, C8 1.06−8.84 3.31 3.76 ± 2.03
Azelaic, C9 4.50−26.3 13.8 13.8 ± 5.96 −34.9−(−)23.1 −27.3 ± 3.13
Decanedioic, C10 0.30−5.55 0.95 1.57 ± 1.45
Undecanedioic, C11 0.66−3.05 1.37 1.53 ± 0.57
Dodecanedioic, C12 n.d.−0.10 0.00 0.02 ± 0.03
Methylmalonic, iC4 0.18−0.83 0.56 0.51 ± 0.17
Methylsuccinic, iC5 0.21−2.16 0.95 0.94 ± 0.54
2-Methylglutaric, iC6 0.10−0.54 0.31 0.32 ± 0.13
Maleic, M 0.25−1.66 0.91 0.95 ± 0.43
Fumaric, F 0.16−1.37 0.69 0.70 ± 0.29
Methylmaleic, mM 0.16−1.24 0.56 0.58 ± 0.28
Phthalic, Ph 1.28−8.59 3.38 3.99 ± 2.05 −25.6−(−)24.0 −24.7 ± 0.65
Isophthalic, i-Ph 0.15−2.89 0.67 0.74 ± 0.54
Terephthalic, t-Ph 1.76−5.49 3.88 3.78 ± 1.08
Malic, hC4 n.d.−0.34 0.15 0.16 ± 0.09
Oxomalonic, kC3 0.34−4.92 2.31 2.46 ± 1.31
4-Oxopimelic, kC7 0.34−5.10 1.43 1.77 ± 1.33
Subtotal 157−643 313 327 ± 122
Tricarboxylic Acid
Citric, Cit n.d.−4.18 0.48 0.82 ± 1.00
Oxoacids
Glyoxylic, ωC2 10.3−28.1 18.0 18.4 ± 5.76 −23.2−(−)14.0 −18.1 ± 2.84
3-Oxopropanoic, ωC3 0.69−3.78 1.54 1.69 ± 0.71 −35.3−(−)3.45 −18.1 ± 7.05
4-Oxobutanoic, ωC4 1.08−4.65 2.49 2.71 ± 0.97 −25.8−(−)12.2 −19.1 ± 3.46
5-Oxopentanoic, ωC5 0.33−1.48 0.88 0.92 ± 0.33
7-Oxoheptanoic, ωC7 0.97−5.44 2.58 2.67 ± 1.29 −33.7−(−)19.0 −26.7 ± 4.23
8-Oxooctanoic, ωC8 1.08−6.07 2.53 2.96 ± 1.28 −30.0−(−)20.1 −26.2 ± 2.42
9-Oxononanoic, ωC9 0.71−2.50 1.50 1.58 ± 0.56 −31.1−(−)18.1 −24.9 ± 3.14
Pyruvic, Pyr 2.23−7.26 3.26 3.64 ± 1.16 −26.4−(−)15.8 −21.5 ± 3.19
Subtotal 21.8−52.7 34.3 34.5 ± 8.17
α-Dicarbonyls
Glyoxal, Gly 1.03−8.70 2.50 3.19 ± 1.91 −21.3−4.63 −9.69 ± 6.64
Mehtylglyoxal, mGly 1.04−12.1 2.40 3.53 ± 2.78
Subtotal 2.07−16.3 4.62 6.72 ± 3.82

aAve.: Average. SD: standard deviation. n.d.: nondetectable.
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The averaged concentrations of total diacids (327 ng m−3),
oxoacids (34.5 ng m−3), and α-dicarbonyls (6.72 ng m−3) in
Sapporo aerosols are lower than those (726, 117, and 46 ng
m−3 in June and 438, 111, and 46 ng m−3 in November,
respectively) reported in Tokyo43 and those (760, 45, and 9 ng
m−3) from Beijing44 and the Gosan site, Jeju Island (660, 53,
and 12 ng m−3), outflow region of Chinese aerosols.45 They
are also lower than those reported from a megacity Chennai,
India16 and those reported in biomass burning aerosols.46

However, concentrations of diacids and related compounds are
much higher than those (60, 1.8, and 0.95 ng m−3) reported in
remote marine aerosols in the western Pacific atmosphere.47

These comparisons demonstrate that origins of Sapporo
aerosols are not typical anthropogenic and/or marine
emissions.
Stable Carbon Isotope Ratios. δ13C of diacids (C2−C5,

C9 and Ph), oxoacids (C2−C9, excluding C5 and C6) and
glyoxal in TSP are summarized in Table 1. On average, C2
diacid was found to be most 13C-enriched (−19.0 ± 1.99‰)

followed by C3 (−22.3 ± 1.83‰) and C4 diacids (−23.2 ±
1.63‰). δ13C values of C5 diacid (−23.6 ± 1.98‰) are
comparable to those of C4 diacid whereas C9 diacid (−27.3 ±
3.13‰) shows a significant (t test, p < 0.002) depletion of 13C
among diacids including Ph acid (−24.7 ± 0.65‰). Although
the ranges of δ13C of ωC2 (−23.2 to −14.0‰) and ωC3 acids
(−35.3 to −3.45‰) largely varied, their averages are almost
same (−18.1 ± 2.84‰ and −18.1 ± 7.05‰) and are most
enriched with 13C, followed by ωC4 acid (−19.1 ± 3.46‰)
and pyruvic acid (−21.5 ± 3.19‰). Both ranges and averages
of δ13C of ωC7 and ωC8 acids showed comparable values
(Table 1). ωC9 acid (−24.9 ± 3.14‰) showed an enrichment
of 13C than ωC7 (−26.7 ± 4.23‰) and ωC8 acids (−26.2 ±
2.42‰). Interestingly, we found that Gly (−9.69 ± 6.64‰) is
most enriched with 13C among the measured species including
C2 diacid (Table 1).
The averaged δ13C values of C2−C4 diacids and ωC2 acid in

Sapporo aerosols (Table 1) are smaller than those (seasonal
averages: −16.7 to −12.6‰, −17.5 to −13.2‰, −22.1 to

Figure 1. Molecular distributions of diacids, tricarboxylic acid, oxoacids, and α-dicarbonyls in each season: (a) autumn (September−November, n
= 8), (b) winter (December−February, n = 3), (c) spring (March−May, n = 5) and (d) summer (June−August, n = 5), in TSP in Sapporo, Japan
during 2009−2010.
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−19.0‰, and −16.7 to −12.5‰, respectively) reported from
Gosan site, Jeju Island.48 However, δ13C values of C9, Ph, ωC3,
and ωC7−ωC9 as well as Gly in Sapporo aerosols are
comparable to those from Gosan aerosols. The δ13C values
of C2−C4 and C9 diacids in Sapporo aerosols are smaller than
those (−16.8‰, −21.5‰ and −20.3‰, −18.3‰, respec-
tively) reported in marine aerosols in the western Pacific and
Southern Ocean atmosphere, while those of Ph and
ωC3 acids are comparable.27 A large enrichment of 13C in
short-chain diacids and related compounds in Gosan aerosols
has been mainly attributed to their enhanced aging in aqueous
phase.27,48 In contrast, the δ13C of all the species in Sapporo
aerosols are larger than those reported in size-segregated
aerosols from Xi’an, China, which are highly influenced by
plastic waste burning and coal combustion.49 The average δ13C
of diacids, except for Ph acid, and related compounds are
closer to those reported in tropical Indian aerosols from
Chennai, which were considered to be influenced by biomass
burning and biogenic emissions at regional scale and to be
photochemically processed during the transport to receptor
site.28

Seasonal Changes. Seasonal molecular distributions of
diacids, oxoacids, and α-dicarbonyls are depicted in Figure 1.
They showed a clear distinction from season to season. C2
diacid was most abundant among the measured species in all
seasons followed by C3 in autumn, spring, and summer,
whereas ωC2 acid is more abundant than C3 in winter. C4
diacid was the third most abundant followed by C9 and ωC2
acids in autumn. In winter, C3 was the third most abundant
followed by C4 and C5 diacids. Ph showed an equal abundance
to that of C9 in winter. In spring, ωC2 was the third most
abundant spices followed by C4 and C9, whereas C9 and ωC2
were equally abundant followed by C4 in summer. Average
concentrations of total diacids in autumn (303 ± 64.8 ng m−3),
winter (166 ± 12.6 ng m−3), spring (320 ± 64.0 ng m−3), and
summer (471 ± 126 ng m−3) are higher than those of oxoacids
(32.4 ± 4.89, 30.2 ± 8.10, 37.2 ± 5.80, and 37.8 ± 13.4 ng
m−3, respectively) and α-dicarbonyls (6.85 ± 2.99, 8.22 ± 4.54,
8.83 ± 5.06, and 3.48 ± 1.03 ng m−3, respectively).
Total diacids showed a clear seasonal trend by gradually

decreasing from autumn to early winter and stayed relatively
stable throughout winter, and then gradually increased from
spring to summer with a peak in early summer, and rapid
decrease toward autumn (Figure 2a). Such a seasonal pattern
was mainly driven by the changes in concentrations of the
normal C2−C11 (excluding C6), iC4, and kC7 diacids (Figure
S2a−f,i). Average levels of C2−C11 (excluding C5 and C6)
diacids are higher in summer than spring and autumn, and
lowest in winter (Figure 1). C6, iC5, aliphatic unsaturated (M,
F, and mM) diacids peaked in late autumn and midspring
(Figure S2c,f,g). Ph acid increased gradually from autumn to
midwinter and then decreased toward summer, whereas t-Ph
was abundant and stable in autumn followed by a decrease to
spring and then increased to autumn (Figure S2h). However,
other diacid species (iC4, iC6, i-Ph, hC4, and kC3) did not show
any clear seasonal trends (Figure S2f,h,i).
Total oxoacids and α-dicarbonyls did not show any clear

seasonal trends (Figure 1b,c). However, like total diacids, ωC3
and ωC7−ωC9 showed a clear seasonal pattern (Figure
S2j,k,m), while ωC2 acid showed an increasing trend from
autumn to midwinter and remained stable until late spring,
except for few cases, and then decreased to autumn (Figure
S2k). The other oxoacids (Pyr, ωC4, and ωC5) as well as Gly

and mGly did not show any clear seasonal trends, but ωC4 and
ωC5 peaked in autumn whereas Gly in winter and mGly in
spring (Figure S2j,l,n). Average concentrations of ωC2 were
found to be higher in spring followed by winter, summer, and
autumn, whereas those of ωC4 and ωC5 are higher in autumn
than in spring and summer and lowest in winter (Figure 1).
Those of other oxoacids, ωC3, ωC7−ωC9 and Pyr, are more
abundant in summer than in spring and autumn and lowest in
winter (Figure 1). Average concentration of Gly was higher in
winter than in spring and autumn and lowest in summer,
whereas that of mGly was higher in spring than in autumn and
winter, and lowest in summer (Figure 1).
It has been reported that C2−C4 diacids are mainly

produced in the atmosphere by photochemical oxidation of
VOCs emitted from anthropogenic and biogenic sources,
whereas C5 and C6 diacids are mainly derived from cyclic
olefins of anthropogenic origin. C7−C9 diacids and their higher
homologues as well as ωC7−ωC9 acids are formed by the
oxidation of unsaturated fatty acids of biogenic origin.1,18,50,51

In addition, the diacid species are formed by photochemical
breakdown of their higher homologues as well as by the
oxidation of other oxygenated species such as oxoacids and
dicarbonyls during the transport to the receptor site.25,26,52 In
fact, the emissions of isoprene, monoterpenes, and many other
VOCs from higher plants are highly dependent on foliar
density, light intensity, and leaf temperatures and follow a
general pattern of negligible emissions in winter followed by a
rapid rise to a growing season maximum and then a rapid
decrease to winter.53 Therefore, high abundances of C2−C4,
C7−C11, and ωC7−ωC9 acids and mGly in spring/summer
together with the seasonal trends of normal diacids (except
C6), ωC3, and ωC7−ωC9 oxoacids with minimum concen-
trations in winter and maximum concentrations in growing

Figure 2. Temporal changes in concentrations and mass fractions of
total diacids (a), oxoacids (b), and α-dicarbonyls (c) in organic
carbon (OC) in TSP in Sapporo, Japan.
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season, which are associated with ambient temperature profile
at regional scale,41 imply that an enhanced emission of
biogenic VOCs and the subsequent photochemical oxidation
should have controlled the loading and composition of OA in
Sapporo.
Gaseous Gly and mGly are formed mainly by oxidation of

isoprene and easily adsorbed on pre-existing particles/cloud
droplets in the atmosphere.54 However, the second most
important precursor for Gly is acetylene (mostly anthropo-
genic including biomass burning), whereas that for mGly is
acetone (mostly biogenic).54 Ph can be derived from both
fossil fuel combustion51 and biomass burning. Oxoacids as well
as Gly and mGly are easily subjected to further oxidation and
transformed into more oxygenated compounds.26 Hence, the
second most abundant presence of ωC2 in winter and high
abundances of Ph and Gly in winter and autumn (Figures 1
and S2h,n) suggest that the emissions from fossil fuel
combustion and biomass burning should be dominant50 in
these two seasons.
Gas/particle partitioning might play a significant role in

seasonal variations of OA. The particle fraction in total diacids
has been reported to be larger in winter than in summer and
attributed to enhanced gas-to-particle conversion in winter
under high humid conditions.33 However, diacids and related
compounds in Sapporo aerosols followed an opposite trend;
minimum in winter and maxima in summer, which reveals that
the seasonality of Sapporo OA should have been mainly
influenced by the season specific emissions and secondary
formation/transformation, although we do not preclude the
role of gas/particle partitioning.

It is worthy to note that mass ratios of total diacid-C to
organic carbon (OC) did not show any seasonality and
remained stable throughout the campaign period, except for
few cases notably during late summer (Figure 2a). Because
diacids are mainly formed by secondary processes in the
atmosphere rather than direct emission from primary sources,
no seasonality in diacid-C/OC implies that OA in Sapporo
should have mainly derived by secondary processes. Interest-
ingly, most diacids and related compounds (Figure S2) as well
as OC40 sharply increased in early spring (March−April),
although the input of VOCs from local vegetation is unlikely
because the growing season in Hokkaido starts in May when
ambient temperatures rise ≥10 °C,55 and thus, there is no
significant in situ secondary formation at local scale. Therefore,
the Sapporo OA might have mainly been influenced by VOCs
emitted from regional vegetation and their subsequent
oxidation/transformation including aqueous-phase reactions
during the transport from sources regions. The rise of OA
loading in early spring is consistent with that of crustal metals
(Al, Ca, and Fe),56 corresponding to the massive dust storms
from Mongolia and northeast China that are delivered over
downwind regions including Hokkaido.57 This result further
supports the influence of the aged air masses on Sapporo
aerosols.
The mass ratios of total oxoacid-C/OC showed an

increasing trend from early autumn to late winter and then a
decreasing trend toward summer (Figure 1b), whereas those
for α-dicarbonyls were higher during late autumn to late
spring, except for few cases (Figure 1c). These trends were
obtained due to the variations in ωC2 and Gly, which are likely

Figure 3. Scatter plots showing the relations of total diacids (a−c), oxoacids (d−f), and α-dicarbonyls (g−i) with tracers of biomass burning
(levoglucosan), fossil fuel combustion (hopanes), and biogenic SOA tracers (sum of isoprene-, α-pinene-, and β-caryophyllene-derived
compounds), and those of sums of C2 and C3 diacids (j), C7−C9 diacdis, (k) and ωC7−ωC9 oxoacids (l) with biogenic SOA in Sapporo aerosols
during the sampling period. Organic tracers data are obtained from Pavuluri et al.40
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derived from the VOCs of anthropogenic emissions. In fact,
consumption of fossil fuel drastically increases in northeast
Asia for space heating in winter, e.g., kerosene consumption
increases by a factor of 20 compared to that in summer in
Hokkaido.58 The lowest fraction of α-dicarbonyls in OC in
summer indicates the intensive aging of aerosols that lead to
the transformation of carbonyls to carboxylic acids. Thus, the
seasonal variations in molecular distributions and temporal
trends of diacids and related compounds, and their mass ratios
to OC suggest that OA loading over Sapporo should have been
largely influenced by season specific emissions and subsequent
secondary formation/transformation.
However, temporal variations in δ13C of diacids and

oxoacids as well as Gly are not clear and did not show any
seasonal pattern, except for some cases (see Figure S3), despite
enhanced contribution from season specific sources. It is likely
that secondary formation and/or aging of aerosols are
significant because 12C is generally enriched in reaction
products in unidirectional chemical reactions resulting in the
remaining reactants being isotopically heavier.59 However, the
occurrence of chemical processing within the aerosol phase
leads to 13C enrichment in the substrate, i.e., the product
remained in the aerosol phase, if some of the reaction products
are volatile.28,60,61 In fact, δ13C of total carbon (TC) and
water-soluble OC (WSOC) in these samples showed a clear
temporal trend with a decrease from autumn to late winter and
then an increase toward summer.62 Therefore, the irregular
pattern in δ13C of diacids and related compounds implies that
Sapporo aerosols are more aged and largely contributed from
distant sources rather than local sources.
Relations with Organic Tracers. We now examine the

relations of total diacids, oxoacids, α-dicarbonyls, and sums of
selected species with organic tracers to obtain better insights
on origins and secondary formation of organic aerosols in
Sapporo. Scatter plots between total diacids and hopanes,
marker species of fossil fuel combustion,63,64 as well as
levoglucosan, an excellent tracer of biomass burning,65 showed
negative relations (Figure 3a,b). Whereas those between total
diacids and biogenic SOA tracers (sum of isoprene-, α-pinene-,
and β-caryophyllene-derived compounds)66 showed a positive
correlation with moderate coefficient (Figure 3c). The SOA
was estimated according to the tracer based method.66 The
details of the procedure adopted has been provided else-
where.40 In addition, sums of C7−C9 diacids and ωC7−ωC9
oxoacids showed a linear relationship (r2 = 0.85 and 0.68,
respectively) with biogenic SOA tracers (Figure 3k,l). These

relations indicate that diacids and oxoacids are mainly derived
from the oxidation of biogenic VOCs, although we do not
preclude the anthropogenic sources.
Oxoacids showed neither a positive nor negative relation

with any tracers, suggesting that they should have originated
from mixed sources. Further, their loading may be influenced
by photochemical aging during long-range atmospheric
transport. Total α-dicarbonyls showed a positive relation
with levoglucosan and hopanes (Figure 3h), but the correlation
coefficients are weak, indicating that α-dicarbonyls also might
be derived from mixed sources. However, we do not overrule
the significant contribution from fossil fuel combustion and
biomass burning because weak relations should have been
driven by pronounced aging of α-dicarbonyls. However, it is of
worth to note that the correlation between the sum of C2 and
C3 diacids and biogenic SOA was also moderate (r = 0.57),
although it is slightly lower than that (r = 0.61) between total
diacids and biogenic SOA tracers (Figure 3c,j). This result
again suggests that contribution of biogenic sources is larger
than anthropogenic sources in Sapporo aerosols.
To further confirm the sources of Sapporo aerosols, we

applied principal component analysis (PCA)16 for selected
diacids (C2, C6, and C9) and related compounds (ωC2, ωC8,
and Gly) as well as biomarkers (hopanes, levoglucosan, and
BSOA). The PCA resulted in three components with a percent
of variance of 33.4, 28.7, and 23.7, respectively (see Table S1).
BSOA was loaded with component 1 (r = 0.90), whereas
hopanes (0.82) and levoglucosan (0.93) were both loaded with
component 2. Hence, the former component can be attributed
to biogenic sources and later one to anthropogenic emissions.
C2 acid was well associated with component 1 (0.63) and
weakly with component 3, whereas C6 was well associated with
component 3 (0.75) and weakly with components 1 and 2, as
well. Ph acid and Gly were almost equally associated with
components 2 and 3. In contrast, C9 and ωC8 acids were highly
associated with component 1 (0.89) and ωC8 was with
component 3 (0.93). Thus, the PCA results imply that
contributions from biogenic emissions and their photo-
chemical oxidation are larger than those from anthropogenic
emissions.

Comparison of Mass Ratios with Literature. Because
diacids are mainly produced by atmospheric reactions and C3
diacid is preferentially formed by photochemical breakdown of
C4 diacid, the mass fractions of total diacids-C in TC and in
WSOC and C3/C4 mass ratios could provide insights for
understanding the aging of OA and thus their transport from

Table 2. Comparison of Mass Ratios of Total Diacids Carbon to TC and WSOC and Malonic (C3) to Succinic (C4) Acids at
Different Locales over the World

Total diacids-C/TC (%) Total diacids-C/WSOC (%) C3/C4

sampling period min max ave min max Ave min max ave

automobile exhausta 0.25 0.44 0.35
Tokyob Apr 1988−Feb 1989 0.18 1.80 0.95 0.56 2.90 1.60
Chennai, Indiad Jan−Feb and May 2007 0.40 3.00 1.58 4.00 11.0 5.90
Gosan, Koreae Apr 2001−Mar 2002 0.80 6.20 3.10
Western Pacificf Aug−Oct 1992 1.10 4.90 3.20 2.10 14.7 8.20
WN-Central Pacificg Sept−Dec 1990 1.10 15.8 8.80
Arctic Oceanh Aug 2009 0.28 2.10 0.87
Arctic (Alert)i Feb−Jun 1991 1.50 9.00 4.00
Sapporo, Japani Sept 2009−Oct 2010 1.22 3.03 1.95 3.73 16.3 9.20 1.01 5.18 2.08

aKawamura and Kaplan, 1987.19 bKawamura and Ikushima, 1993.51 cPavuluri et al., 2010.16 dKawamura et al., 2004.67 eSempere and Kawamura,
2003.68 fKawamura and Sakaguchi, 1999.69 gKawamura et al., 2012.70 hKawamura et al., 2010.71 iThis study.
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distant source regions to the receptor site. Average ratios of
diacids-C/TC found in Sapporo aerosols are lower than those
(Table 2) reported in remote marine aerosols from the western
Pacific and the western north to central Pacific, and in Arctic
(Alert) aerosols, which were all considered to be transported
from the continents. However, the high end of diacids-C/TC is
comparable to average ratios of remote aerosols (Table 2). The
higher ratios of diacids-C/TC in the Pacific and Arctic aerosols
should have been caused by enhanced aging during the
atmospheric transport.
In addition, both higher end and average of diacids-C/TC in

Sapporo aerosols were comparable, and the lower end was
even higher than those reported from Chennai, India (Table
2), which can be explained by long-range transported air
masses to Sapporo. Both range and average ratios of diacids-C/
TC in Sapporo were higher than those reported at Tokyo and
over the Arctic Ocean (Table 2), where anthropogenic and
marine emissions are dominant, respectively. The mass
fractions of diacid-C to WSOC in Sapporo aerosols were
higher than those reported over the western Pacific and at
Chennai (Table 2). In addition, C3/C4 mass ratios were higher
than those reported in Tokyo aerosols, which were influenced
by local emissions, and 4−10 times higher than those reported
in automobile exhaust (Table 2). These comparisons of mass
ratios with the literature values confirm that the OA in Sapporo
should have mainly been influenced by the air masses delivered
at regional scale in northeast Asia and their aging during long-
range atmospheric transport.
As noted earlier, the air parcels that arrived in Sapporo

during the sampling period originated from Siberia and passed
over northeastern parts of East Asia. The input of organics
from local industries, which include retail, tourism, and
manufacturing of foods, paper, and machinery (http://en.
wikipedia.org/wiki/Sapporo), is expected to be small. Hence,
the features of these Sapporo aerosols could reflect a regional
scenario of northeast Asia.
Enrichment of 13C in Lower Homologues. As seen in

Figure 4, δ13C values of the measured species showed that C9

diacid and ωC7−ωC9 oxoacids were depleted in 13C more than
other diacids and oxoacids and Gly. Although the average δ13C
values of C9, ωC7, ωC8, and ωC9 are significantly (p < 0.000)
high, their lower ends (−34.9‰, −33.7‰, −30.0‰, and
−31.1‰, respectively) are comparable to the average δ13C
values (−38.5‰ to −31.2‰) of fatty acids (even C14−C30)
reported in unburned C3 plant; Eucalyptus sp.72 and Taxus
cuspidate73 leaves. Such a comparison of δ13C confirms that C9

diacid and ωC7−ωC9 oxoacids should be formed by
atmospheric oxidation of unsaturated fatty acids50,74 emitted
from terrestrial vegetation. The relatively high δ13C of C9 and
ωC7−ωC9 acids in aerosol samples (Table 1) are reasonable
because aerosol aging causes their photochemical breakdown
and oxidation to the lower homologues species, which leads to
the enrichment of 13C in the remaining reactants.59 Thus, it is
clear that biogenic emissions and subsequent photochemical
processes of organics during long-range atmospheric transport
should have controlled the composition of OA in Sapporo.
The median δ13C of diacids increased with decreasing

carbon numbers, that is, C2 diacid (−19.5‰) was more
enriched with 13C than C3 diacid (−21.7‰) followed by C4
(−22.9‰), C5 (23.5‰), and C9 (−26.7‰) (Figure 4). The
range and average δ13C of C4 and C5 diacids are almost the
same (Table 1; Figure 4). The enrichment of 13C in lower
homologues reveals that the Sapporo aerosols should have
been aged during long-range transport because, as noted
earlier, 13C is enriched in the substrate (a reaction product
remained in aerosol phase) with chemical processing, if the
other reaction products are volatile.60 Laboratory and field
studies revealed that the remaining aliphatic and aromatic
hydrocarbons (e.g., isoprene) after photooxidation become
enriched with 13C.75,76 The equal enrichment of 13C in C4 and
C5 diacids is also reasonable because, as evident from a
laboratory study, both these species are preferably produced by
photochemical breakdown of C6−C9 diacids.

77

It has been known that Gly is an oxidation product of many
anthropogenic and biogenic precursors in the gas phase. Gly
can be oxidized to ωC2 in clouds, which is further converted to
C2, an ultimate oxidation product.21 Simultaneously, C2
degrades to CO2 upon aging and remaining oxalic acid
becomes more enriched with 13C.27−29 On the contrary, the
median (−18.4‰, −17.6‰, and −18.4‰) and higher end
(−14.0‰, −3.45‰, and −12.2‰) δ13C values of ωC2−ωC4
as well as the average δ13C of ωC2 and ωC3 (−18.1‰) were
higher than those (−19.5‰, −14.0‰, and −19.0‰,
respectively) of C2 diacid (Figure 4; Table 1). The range
(−21.3 to 4.63‰) and median (−7.49‰) δ13C values of Gly
are significantly (p < 0.000) higher than those of C2 and short-
chain oxoacids (ωC2−ωC4) as well (Figure 4; Table 1).
Average δ13C of Gly is higher than that of C2 by 10‰ (Table
1). The reason for this enrichment of 13C in Gly and
ωC2−ωC4 acids is not clear at this moment but is a subject of
further investigation through laboratory experiments. However,
gas-phase Gly partitioned easily to particle phase by three
possible mechanisms; (1) irreversible uptake to particle
surface, (2) reversible partitioning to atmospheric waters,
and (3) the partitioning to oxygenated organic material.35

Therefore, we presume that gas and particle phase partitioning
of Gly can result in isotopic fractionation.59 This is an analogy
of nitrogen isotopes; NH4

+ is highly enriched with 15N
compared to that of NH3 (gas), which is attributed to gas-to-
particle conversion.78,79

■ CONCLUSIONS
This article provides a comprehensive study of molecular
distributions of diacids, oxoacids, and α-dicarbonyls and their
carbon isotope ratios (δ13C) observed over a one-year period
at Sapporo, Japan. Based on the results obtained and their
relations with organic tracers together with air mass back
trajectories, we found that biogenic emissions of volatile
organic compounds (VOCs) and subsequent photochemical

Figure 4. Box and whisker plots of stable carbon isotope ratios (δ13C)
of diacids, oxoacids, and glyoxal in TSP in Sapporo, Japan.
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processes are responsible for enhanced loading of organic
aerosols over northeast Asia. The present results also indicate
that the emissions from biomass burning and fossil fuel
combustion are important in autumn and winter. Therefore, it
is necessary to reconcile the atmospheric models by the
inclusion of the seasonality in biogenic emissions of VOCs to
reduce the uncertainty in estimating the atmospheric aerosol
loading and impacts on climate.
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