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A B S T R A C T   

Field measurements of the concentrations of dicarboxylic acids and related compounds (oxocarboxylic acids and 
α-dicarbonyls) in PM2.5 were conducted on a background island (Tuoji Island, China) over the Bohai Sea to better 
understand the effects of pollution downwind of the East Asian continental outflow. Air mass backward tra-
jectory calculations demonstrated that the distributions of dicarboxylic acids and related compounds at Tuoji 
Island depended strongly on the East Asian continental outflow and correlated with the hours spent by an air 
parcel in the polluted boundary layer. Based on the data analysis, the sampling period was categorized into heavy 
aerosol pollution periods (HAPPs) and light aerosol pollution periods (LAPPs). The average concentration of 
dicarboxylic acids and related compounds during HAPPs (1280 ± 503 ng m− 3) was approximately seven times 
higher than that during LAPPs (189 ± 90.8 ng m− 3). The order of the major species of dicarboxylic acids and 
related compounds, ranked by concentrations, was oxalic acid (C2) > glyoxylic acid (ωC2) > succinic acid (C4) >
terephthalic acid (tPh) during HAPPs, and C2 > malonic acid (C3) > ωC2 > C4 during LAPPs. Results of positive 
matrix factorization (PMF) showed that secondary sources were the dominant source of dicarboxylic acids and 
related compounds, with contributions of 38% and 57% during HAPPs and LAPPs, respectively. Primary sources 
of biomass burning and plastic waste burning were also significant during HAPPs (contributions: 26% and 20%, 
respectively) and LAPPs (contributions: 18% and 12%, respectively). The concentration ratios of C3 to C4 (C3/ 
C4), C2 to C4 (C2/C4), fumaric acid to maleic acid (F/M), phthalic acid to azelaic acid (Ph/C9), adipic acid to 
azelaic acid (C6/C9), and the positive correlations of Ph or tPh with dicarboxylic acids, and levoglucosan with 
dicarboxylic acids and related compounds further support the PMF results.   

1. Introduction 

The impact of continental pollutant outflow on the marine atmo-
sphere has been a subject of interest for many years, as it has significant 
effects on global tropospheric chemistry and climate (Aswini et al., 
2020; Rastogi et al., 2020; Bikkina et al., 2020). The continental outflow 
from East Asia (Yoshida et al., 2018; Shi et al., 2019) has been the focus 
of recent international research, owing to dramatic increases in eco-
nomic activity and severe atmospheric pollution in this region. 

Tuoji Island, a national station for background atmospheric moni-
toring, is located in the middle of the Bohai Strait, close to the rapidly 
developing Bohai Rim (BHR) region of northern China. The BHR, 
incorporating the Beijing and Tianjin municipalities as well as parts of 
Hebei, Liaoning, and Shandong provinces, is the third largest economic 
zone in China, after the Pearl River Delta and the Yangtze River Delta. 
Moreover, it is one of the most heavily polluted regions in China (Yan 
et al., 2021) owing to rapidly increasing industrialization, urbanization, 
and large-scale farming activities. Therefore, this region has one of the 
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highest numbers of premature deaths attributable to long-term PM2.5 
exposures in China (Liang et al., 2020). 

The atmospheric circulation pattern of the BHR is influenced by the 
East Asian monsoon. In winter, Tuoji Island is within the downwind 
region of the outflow of East Asian continental pollutants. Moreover, 
because the weather conditions typically result in a descending air mass 
in winter, Tuoji Island is affected by long-range transported pollutants, 
not only from the BHR but also from East Asia. Atmospheric observa-
tions at Tuoji Island are helpful for improving our understanding of the 
burdens and effects of the East Asian continental outflow on this oceanic 
site. 

Many studies have been conducted on Tuoji Island to characterize 
the outflow of East Asian continental pollutants (such as carbonaceous 
aerosols, polycyclic aromatic hydrocarbons, inorganic elements, and 
water-soluble ions) (Wang et al., 2014; Zhang et al., 2016, 2018), but 
these studies have not examined water-soluble secondary organic 
aerosols (SOA). Dicarboxylic acids and related compounds (oxocarbox-
ylic acids and α-dicarbonyls) are important constituents of water-soluble 
SOAs and are ubiquitous in atmospheric aerosols (Kawamura and Bik-
kina, 2016; Meng et al., 2018; Zhao et al., 2020; Yang et al., 2020). 
Owing to their high water solubility, dicarboxylic acids and related 
compounds play important roles in aerosol chemistry via atmospheric 
processing (Zhang et al., 2016a; Zhu et al., 2020). They influence the 
radiative forcing of aerosols both directly and indirectly, by scattering 
solar radiation in a manner similar to sulfate (Myhre and Nielsen, 2004), 
and by acting as cloud condensation nuclei, respectively (Andreae and 
Rosenfeld, 2008; Bilde et al., 2015). 

Dicarboxylic acids and related compounds are mostly produced 
by secondary oxidation processes, including the photochemical 
oxidation of volatile organic compounds in the atmospheric gas 
and aqueous phases (Ervens and Volkamer, 2010; Pavuluri et al., 2015; 
Zhu et al., 2020). In addition, dicarboxylic acids and related compounds 
can be directly emitted from natural sources, such as marine plankton 
activities (Tedetti et al., 2006; Rinaldi et al., 2011), and anthropogenic 
sources, such as fossil fuel combustion (Rogge et al., 1993), 
biomass burning (Narukawa et al., 1999), and vehicular exhausts 
(Kawamura and Kaplan, 1987). The East Asian region is characterized 
by high emissions of pollutants from coal combustion, biomass burning, 
and vehicular exhausts (Fang et al., 2017; Gong et al., 2021), which are 
easily transported to Tuoji Island (Zhang et al., 2016). Moreover, these 
pollutants can undergo atmospheric oxidation during transportation. 
Therefore, studies on the characteristics of dicarboxylic acids and 
related compounds over Tuoji Island are necessary to obtain useful 
information about the pollution sources and their atmospheric pro-
cessing in the East Asian outflow. 

We conducted a field campaign on Tuoji Island from December 11 to 
24, 2014. Fine particulate matter (PM2.5) was collected continuously for 
offline analyses of dicarboxylic acids and related compounds, along with 
water-soluble organic carbon (WSOC), organic carbon (OC), elemental 
carbon (EC), inorganic ions, and tracer compounds including levoglu-
cosan, polycyclic aromatic hydrocarbons, hopanes, and phthalate esters. 
The impacts of long-range transport, molecular composition and po-
tential sources of dicarboxylic acids and related compounds were 
examined. To further investigate the sources of photochemical aging and 
biomass burning, the mass ratios of the selected diacids and the corre-
lations between levoglucosan and dicarboxylic acids and related com-
pounds were calculated separately. 

2. Experimental methods 

2.1. Sampling site and aerosol measurements 

Field measurements were conducted on Tuoji Island over the Bohai 
Sea (Fig. 1) from December 11 to 24, 2014. Tuoji Island is surrounded by 
oceans, with almost no stationary emission sources. The distance be-
tween the Chinese mainland and Tuoji Island is approximately 37 km. 

Detailed descriptions of the sampling site have been provided by 
Zhang et al. (2016). 

PM2.5 aerosol samples were collected on the sampling platform of a 
national station for background atmospheric monitoring (38.19◦N, 
120.74◦E, 153 m a.m.s.l.) on the double-top hill of Tuoji Island. A PM2.5 
sampler (Model TH-150A; Wuhan Tianhong Corporation, China) was 
employed to collect PM2.5 samples at 100 L min− 1. PM2.5 samples (n =
91, including 14 daytime (07:30–16:00, local time), 13 nighttime 
(16:30–07:00), and 64 three-hour samples) were collected during the 
campaign. Before sampling, quartz filters were pre-heated at 600 ◦C for 
4 h. Blank samples were collected by exposing the filters in the PM2.5 
sampler without activating it. Once obtained, all samples were stored in 
a refrigerator at − 20 ◦C until analysis. 

During sample collection, the ambient temperature at Tuoji Island 
varied between − 3.2 ◦C and 4.9 ◦C with an average of 1.4 ◦C; relative 
humidity (RH) ranged from 48.8 to 67.1%, with an average of 58.8%. 

2.2. Measurements of inorganic ions, WSOC, OC, and EC 

Detailed descriptions of these analytical methods are provided by 
Zhang et al. (2016). Briefly, a part of each filter was extracted three 
times with 25 mL of Milli-Q water under ultrasonication for 20 min. The 
extracts were then analyzed for inorganic ions, including Na+, NH4

+, 
K+, Mg2+, Ca2+, Cl− , NO3

− , and SO4
2− , using ion chromatography (IC; 

Dionex 2500, USA for cations and Dionex 90, USA for anions). The 
remaining extracts were analyzed for WSOC using a total organic carbon 
(TOC) analyzer (TOC-L, 5000A, Shimadzu, Japan). OC and EC were 
detected through carbon analysis (Sunset Laboratory, Tigard, OR, USA) 
using the thermal-optical transmittance method. 

2.3. Analysis of dicarboxylic acids and related compounds 

A detailed description of sample extraction, derivatization, and gas 
chromatography/mass spectrometry (GC/MS) determination procedure 
is provided in Kawamura (1993), Kawamura and Ikushima (1993), and 
Ho et al. (2010). Briefly, a part of each sample was extracted with Milli- 
Q water by ultrasonication for 15 min to isolate dicarboxylic acids, 
oxocarboxylic acids, and α-dicarbonyls. The extracts were filtered 
through quartz wool and concentrated using a rotary evaporator. The 
concentrates were subsequently reacted with 14% BF3 in n-butanol at 
100 ◦C for 1 h to convert them to dibutyl esters and/or dibutoxy acetals. 
Butyl esters and acetals were extracted using n-hexane. The derivatives 
were determined using capillary GC and flame ionization detection 

Fig. 1. Map of location of Tuoji Island (blue triangle) in the Bohai Sea. Figure 
was created using python and the matplotlib basemap toolkit (https://github. 
com/matplotlib/basemap). (For interpretation of the references to colour in 
this figure legend, the reader is referred to the web version of this article.) 
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(FID). Target compounds were identified using the GC/MS technique. 
Recoveries of the dicarboxylic acids, oxocarboxylic acids, and α-dicar-
bonyls were > 70%. The analytical errors were less than 10%. The 
concentrations in field blanks were below 5% of those in actual samples. 

2.4. Analysis of levoglucosan, polycyclic aromatic hydrocarbons, 
hopanes, and phthalate esters 

A portion of the sample was extracted via ultrasonication with 
dichloromethane/methanol (2:1, v/v) for 10 min. The extracts were 
filtered using quartz wool. The filtered extracts were concentrated by 
rotary evaporation and dried under nitrogen stream. The extracts were 
then reacted with N, O-bis-(trimethylsilyl) trifluoroacetamide (BSTFA) 
(50 μL), trimethylsilyl chloride (1%), and pyridine (10 μL) at 70 ◦C for 3 
h. The derivatives were subsequently diluted in n-hexane (140 μL) 
containing an internal standard (1.43 ng μL− 1 of C13 n-alkane). 
The blank field samples were treated in the same manner as the 
real samples. The detailed analytical procedures are presented in 
Fu et al. (2008, 2011) and Simoneit et al. (2004a, 2004b). 

Levoglucosan, polycyclic aromatic hydrocarbons (PAHs), hopanes, 
and phthalate esters were identified using a Hewlett–Packard model 
6890 GC equipped with a split/splitless injection and a DB-5MS fused 
silica capillary column (30 m long, 0.25 mm i.d., 0.25 μm film thickness) 
combined with a Hewlett–Packard model 5973 mass-selective detector. 
High-purity helium was used as the carrier gas at a flow rate of 1.0 mL 
min− 1. The temperature of the GC oven was increased from 50 ◦C to 120 
◦C at 15 ◦C min− 1, then to 300 ◦C at 5 ◦C min− 1, and then maintained for 
16 min. MS was conducted in electron ionization (EI) mode at 70 eV, and 
the mass spectra were scanned from 50 to 650 amu. The sample was 
injected in splitless mode at 280 ◦C. GC/MS response factors were 
determined using authentic standards. Recoveries of the detected com-
pounds were larger than 80%. Field blank samples were also analyzed 
using the procedure described above. The results showed that no major 
contaminants were detected. 

3. Results and discussion 

3.1. Air-mass backward trajectory analyses 

To identify the influence of regional transport during the campaign, 
backward trajectories of air arriving at Tuoji Island were calculated 
using the Hybrid Single-Particle Lagrangian Integrated Trajectory model 
(Draxler and Rolph, 2012). Four types of cluster trajectories were 
derived, together with their corresponding elevations, and are shown in 
Fig. 2. Table 1 presents the classification results for the concentrations of 
dicarboxylic acids and related compounds and their relative abundances 
in WSOC in different clusters. Although clusters 2 and 4 accounted for 
only 39% of the total airmass trajectories, they were the greatest con-
tributors to concentrations of dicarboxylic acids and related compounds 
(approximately 81%; see Fig. 2 and Table 1). Sampling dates in clusters 
2 and 4 included December 14–15, 18–19, and 22–23, 2014, which had 
relatively high PM2.5 concentrations compared with sampling dates 
belonging to clusters 1 and 3 including December 11–13, 16–17, 20–21, 
and 24, 2014 (Fig. S1). In addition, clusters 2 and 4 mainly accounted for 
outflows from Shanxi province, a part of Hebei province, and most of 
parts of Shandong province, where PM2.5 concentrations were high (Fig. 
S1). We also found that the trajectories of clusters 2 and 4 as the air-
masses approached Tuoji Island were characterized by a drop to lower 

Fig. 2. Three-day backward trajectory clusters reaching Tuoji Island during the sampling period. Heights (m) of trajectories above ground level during transport are 
also shown (starting height: 100 m). 

Table 1 
Mean concentrations of dicarboxylic acids, oxocarboxylic acids, and α-dicar-
bonyls as well as their relative abundances in WSOC in the four different cluster 
trajectories.   

Cluster 1 Cluster 2 Cluster 3 Cluster 4 

Dicarboxylic acids (ng m− 3) 180 664 210 984 
Oxocarboxylic acids (ng m− 3) 36.9 152 39.6 233 
α-dicarbonyls (ng m− 3) 7.9 35.0 9.2 52.4 
Dicarboxylic acids/WSOC (%) 9.5 11.1 6.8 13.5 
Oxocarboxylic acids/WSOC (%) 1.9 2.5 1.3 3.2 
α-dicarbonyls/WSOC (%) 0.4 0.6 0.3 0.7  
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altitudes of approximately 650 m and 150 m, respectively (Fig. 2); these 
clusters remained in the boundary layer for an extended period. The 
comparison of regional meteorological data charts (see Figs. S2 and S3) 
and the regional PM2.5 maps (see Fig. S1) showed both higher temper-
ature and specific humidity conditions together with higher PM2.5 
concentrations in the source region of particulate matter during the 
sampling days, belonging to clusters 2 and 4 compared to clusters 1 and 
3. The coincidence of high specific humidity conditions and high PM2.5 
concentrations could well imply more efficient aerosol chemistry on 
sampling dates belonging to clusters 2 and 4 leading to higher concen-
trations of secondary aerosol components such as dicarboxylic acids and 
related compounds. These results also led higher relative abundances of 
dicarboxylic acids, oxocarboxylic acids, and α-dicarbonyls in WSOC in 
clusters 2 (11.1%, 2.5%, 0.6%) and 4 (13.5%, 3.2%, 0.7%) than in 
clusters 1 (9.5%, 1.9%, 0.4%) and 3 (6.8%, 1.3%, 0.3%) (Table 1). 

Cluster 3 was the most frequent trajectory, accounting for 54% of 
total trajectories (Fig. 2), but contributed only approximately 10% to 
concentrations of dicarboxylic acids and related compounds (Table 1). 
The low concentrations of dicarboxylic acids and related compounds in 
cluster 3 were related to the clean source region of Siberia, low PM2.5 
concentrations in intermediate areas, long transport distance, and only a 
very short residence time at low altitudes (Fig. 2 and Fig. S1). The least 
frequent trajectory (7%) was found in cluster 1, which also had the 
lowest contribution to the concentrations of dicarboxylic acids and 
related compounds (approximately 9%). Higher contributions of dicar-
boxylic acids and related compounds to WSOC in cluster 1 than in 
cluster 3 (Table 1) suggested enhanced photochemical aging in cluster 1. 

Fig. 3 shows the backward trajectory heights every 6 h for each 
sampling date. During the 36 h before arriving at Tuoji Island on sam-
pling dates belonging to clusters 2 and 4, most trajectory heights were 

close to the ground. However, approximately 6 h before arriving on 
Tuoji Island on sampling dates belonging to clusters 1 and 3, trajectory 
heights began to decrease. As shown in Fig. 4, very good correlations 
were obtained between PM2.5, dicarboxylic acids and related com-
pounds and the time spent by the trajectory at low heights (< 400 m) 
(r > 0.90, p < 0.01). These results again implied that more ground 
pollutants were transported to Tuoji Island on sampling dates belonging 
to clusters 2 and 4. Therefore, these dates were considered heavy aerosol 
pollution periods (HAPPs). Correspondingly, sampling dates belonging 
to clusters 1 and 3 were considered light aerosol pollution periods 
(LAPPs). 

3.2. Molecular characteristics of dicarboxylic acids and related 
compounds 

Table 2 presents the concentrations of each species of dicarboxylic acids 
and related compounds measured during both the HAPPs and LAPPs. The 
concentrations of total quantified dicarboxylic acids and related com-
pounds varied from 651 to 2695 ng m− 3 (average: 1280 ± 503 ng m− 3) 
during HAPPs, and from 61.8 to 484 ng m− 3 (average: 189 ± 90.8 ng m− 3) 
during LAPPs. The concentration ratios of dicarboxylic acids, oxocarboxylic 
acids, and α-dicarbonyls between the HAPPs and LAPPs were 6.2, 9.5, and 
9.4, respectively. The concentration ratios of the individual species of 
dicarboxylic acids and related compounds during HAPPs and LAPPs ranged 
from 3.6 to 62.3 (see Table 2). 

The major dicarboxylic acid species identified during HAPPs can be 
ranked according to concentration as: oxalic acid (C2) > succinic acid 
(C4) > terephthalic acid (tPh) > phthalic acid (Ph) (compound abbrevia-
tions are given in Table 2), and the four species accounted for approxi-
mately 76% of total quantified dicarboxylic acids compounds. During 

Fig. 3. Heights (m) of back trajectories at each sampling day during the 72 h duration. The black square, red circle, blue up triangle, and inverted yellow triangle 
indicate 6 h intervals. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 
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LAPPs, C2 (54%) was also the most abundant species, followed by malonic 
acid (C3) (10%), C4 (7%), and Ph (7%). C2 is the 
predominant dicarboxylic acid species during both HAPPs and LAPPs 
because it is an end product of many photochemical oxidation chains 
(Kawamura and Kaplan, 1987; Narukawa et al., 1999; Ervens et al., 2004; 
Tilgner and Herrmann, 2010). C4 can serve as a precursor for C3 (Kawamura 
et al., 1996). Higher concentrations of C3 than C4 did not occur during 
HAPPs but were found during LAPPs, suggesting the importance of sec-
ondary formation during LAPPs. tPh is an important industrial material 
used for plastic production, and can be produced directly from the burning 
of plastic waste (Pavuluri et al., 2010). tPh was the third-largest contributor 
to the concentration of dicarboxylic acids during HAPPs. Moreover, the tPh 
concentrations correlated well with the concentrations of dicarboxylic acid 
during HAPPs (r = 0.87, p < 0.01) (Fig. 5b). It is worth noting that a high 
positive correlation between tPh and dicarboxylic acid was also found 
during LAPPs (r =0.84, p <0.01) (Fig. 5e). These results suggest that plastic 
waste burning was a source of dicarboxylic acid during both HAPPs and 
LAPPs. 

Ph can be formed by photodegradation of naphthalene and other 
polycyclic aromatic hydrocarbons (PAHs) in atmospheric aerosols 
(Zhang et al., 2016b). During the Tuoji Island measurement period, Ph 
was the fourth largest contributor to the concentration of dicarboxylic 
acids in both HAPPs and LAPPs. Moreover, Ph was correlated with 
dicarboxylic acid during both HAPPs (r = 0.79, p < 0.01) (Fig. 5a) and 
LAPPs (r = 0.58, p < 0.01) (Fig. 5d). These results imply that Tuoji Island 
received photochemical products during both HAPPs and LAPPs. Inter-
estingly, high and moderate correlations were also observed between Ph 
and tPh during HAPPs (r = 0.86, p < 0.01) (Fig. 5c) and LAPPs (r = 0.67, 
p < 0.01) (Fig. 5f), suggesting that Ph can be derived from the burning of 
plastic material. 

During HAPPs and LAPPs, glyoxylic acid (ωC2) was the dominant 
oxocarboxylic acids species, comprising 49% and 45% of total oxo-
carboxylic acids, respectively, followed by pyruvic (Pyr), 3-oxopropa-
noic acid (ωC3), and 4-oxobutanoic acid (ωC4). Glyoxal (Gly) (57%) 
was more abundant than methylglyoxal (mGly) (43%) during HAPPs, 
while their concentrations were equivalent during LAPPs. 

3.3. Comparison with other East Asian sites 

Compared to other winter measurement sites influenced by East 

Asian continental outflow, although our samples were of PM2.5, the 
concentrations of dicarboxylic acids, oxocarboxylic acids, and α-dicar-
bonyls during HAPPs were approximately 2.0, 5.0, and 2.4 times higher 
than those in TSP sampled on Jeju Island, Korea (Kundu et al., 2010), 
and 3.9, 4.8, and 7.3 times higher than those in TSP sampled in the 
western North Pacific (Fu et al., 2013) (Table 3). However, during 
LAPPs, the concentrations of dicarboxylic acids, oxocarboxylic acids, 
and α-dicarbonyls were all lower than those on Jeju Island and in the 
western North Pacific. 

During HAPPs, the predominance of C2 was consistent with the re-
sults from Jeju Island and the western North Pacific. However, we found 
ωC2 to be more abundant than C4, which is different from Jeju Island and 
the western North Pacific, but similar to urban sites where anthropo-
genic emissions were the dominant sources, such as Xi’an City (samples 
of TSP collected in winter) and Hong Kong City (samples of PM2.5 
collected in winter) in China (Wang et al., 2012; Ho et al., 2011). As 
mentioned above, tPh, a tracer for the burning of plastic waste, was the 
fourth most abundant species of dicarboxylic acids and related com-
pounds during HAPPs, which was also different from the results on Jeju 
Island and the western North Pacific, but similar to the results from 
urban sites, such as Xi’an City and Guangzhou City (samples of PM2.5 
collected in winter) in China (Wang et al., 2012; Ho et al., 2011). These 
results and comparisons suggest that HAPPs are affected by anthropo-
genic sources. 

The major species of dicarboxylic acids and related compounds 
during LAPPs were the same as those on Jeju Island and in the western 
North Pacific (Table 3). Jeju Island and the western North Pacific are 
remote ocean sites compared to Tuoji Island. Thus, these comparisons 
suggest that LAPPs are more affected by secondary formation. 

3.4. Source identification of dicarboxylic acids and related compounds 

3.4.1. Source apportionment using PMF analysis 
To better understand the source apportionment of dicarboxylic acids 

and related compounds, positive matrix factorization 5.0 (PMF 5.0) 
(Polissar et al., 1998) was employed. A detailed description of how to 
run PMF 5.0 is provided in its user manual (Norris et al., 2014). Dicar-
boxylic acids and related compounds, OC, EC, WSOC, and tracer com-
pounds were used for PMF analysis, and five factors were resolved as the 
optimal solution during both HAPPs and LAPPs. The reconstructed 
concentrations of dicarboxylic acids and related compounds showed 
good agreement with the concentrations observed during both HAPPs 
(slope: 0.97 ± 0.06, r2 = 0.96) and LAPPs (slope: 0.95 ± 0.03, r2 =

0.98). 
As shown in Fig. 6a, during HAPPs, Factor 1 contributed the most to 

dicarboxylic acids and related compounds, followed by Factors 3, 4, 5, 
and 2. Their corresponding contributions were 38%, 26%, 20%, 10%, 
and 6%, respectively. Factor 1 was identified as secondary sources, 
owing to the relatively high loads of SO4

2− , NO3
− , and NH4

+. Factor 3 
indicated biomass burning, because it had high loads of levoglucosan 
and K+. Levoglucosan is considered a key tracer of biomass burning 
(Simoneit, 2002; Oja and Suuberg, 1999; Puxbaum et al., 2007) while 
K+ can also be used to trace biomass burning (Yao et al., 2016). Factor 4 
was characterized by a high load of phthalate esters, indicating 
plastic waste burning. Phthalate esters are usually used as plasticizers in 
synthetic polymers and as softeners in polyvinylchloride 
(Simoneit et al., 2005; Kawamura and Pavuluri, 2010; Kumar et al., 
2015), thus they can be used as tracers of plastic waste burning. Factor 5, 
characterized by high loads of PAHs276 and hopanes, was identified as 
coal combustion, since PAHs276 generally indicate coal combustion 
(Zhang et al., 2018). Hopanes are specific biomarkers of petroleum and 
coal, and are emitted to the atmosphere from internal combustion 
engines and the use of coal (Rogge et al., 1993; Simoneit et al., 1991). 
Factor 2 was associated with vehicle emissions due to high loads of 
hopanes and EC, but a low load of PAHs276 (Du et al., 2018; Charron 
et al., 2019; Hao et al., 2019). 

Fig. 4. Correlations between the concentrations of dicarboxylic acids and 
related compounds (represented by DCRCs, pink circles) or PM2.5 (orange cir-
cles) and the hours spent by air masses along its trajectory at heights <400 m. 
(For interpretation of the references to colour in this figure legend, the reader is 
referred to the web version of this article.) 

Y. Zhu et al.                                                                                                                                                                                                                                     



Atmospheric Research 272 (2022) 106154

6

During LAPPs, secondary sources were also the largest contributors 
of dicarboxylic acids and related compounds (Fig. 6b). However, 
compared with HAPPs, the contribution (57%) of secondary sources was 
much greater than that of biomass burning (18%), plastic waste burning 
(12%), coal combustion (9%), and vehicle exhaust (4%). 

3.4.2. Photochemical aging 
Previous studies have proposed that the C3/C4 ratio can be used as 

an effective indicator of photochemical aging of organic 
aerosols because C4 can be further photochemically oxidized into C3 
(Kawamura and Ikushima, 1993; Bikkina et al., 2015). During HAPPs in 
this study, the C3/C4 ratios ranged from 0.6 to 1.3 with a mean value of 
0.9, and from 0.8 to 2.5 with a mean value of 1.6 during LAPPs (Fig. 7). 
These values were higher than those reported for aerosols 
freshly emitted by vehicles (0.25–0.44, average 0.35) 
(Kawamura and Kaplan, 1987) and biomass burning (average 0.7) 
(Kundu et al., 2010), indicating an important photochemical modifica-
tion of the aerosols measured at Tuoji Island. The average C3/C4 ratio 
during HAPPs was comparable with that reported for aerosols collected 
in the central Himalayas (average 0.88) (Hegde and Kawamura, 2012), 
in which photochemical aging was significant. The average C3/C4 ratio 
during LAPPs was comparable with photochemically aged aerosols in 
remote regions, such as the Southern Ocean (average 1.7) (Wang et al., 

2006), Jeju Island, Korea (average 1.26) (Kundu et al., 2010), and the 
North Pacific (average 1.3) (Fu et al., 2013). Again, these comparisons 
suggest that the aerosols at Tuoji Island are significantly aged by 
photochemical processes, especially during LAPPs. 

The C2/C4 concentration ratios can also be used to assess the 
extent to which organic aerosols are photochemically aged 
(Sorooshian et al., 2007). In this study, C2/C4 ratios varied from 4.0 to 
7.7 with a mean value of 5.8 during HAPPs, and from 5.2 to 14.6 with a 
mean value of 8.1 during LAPPs (Fig. 7). The average C2/C4 ratio during 
HAPPs was higher than that of aerosols directly emitted from vehicle 
exhausts (average 4.1) (Kawamura and Kaplan, 1987), but similar to 
those of biomass burning plumes (average 5.0) (Kundu et al., 2010), 
suggesting photochemical aging and biomass burning were significant 
during HAPPs. During LAPPs, the average C2/C4 ratio was higher than 
that of both vehicle emissions and biomass combustion, suggesting the 
importance of photochemical aging. 

Maleic acid (M) can be transformed into fumaric acid (F) via 
enhanced photochemical activity. As a result, the F/M concentration 
ratio can also be used as a tracer of the photochemical isomerization of 
cis M to trans F (Kawamura and Sakaguchi, 1999). In general, higher F/ 
M ratios indicate that aerosols are associated with enhanced photo-
chemical aging. In this study, F/M ratios ranged from 0.5 to 1.2 with a 
mean value of 0.7 during HAPPs, and from 0.3 to 2.7 with a mean value 

Table 2 
Measured concentrations of dicarboxylic acids and related compounds as well as concentration ratios of their individual species during HAPPs and LAPPs.  

Compounds, abbreviation HAPPs LAPPs HAPP-LAPP ratio 

Min. Max. Mean SD Min. Max. Mean SD Mean 

I. Dicarboxylic acids (ng m− 3) 
Oxalic, C2 249 980 499 196 27.0 205 86.3 41.8 5.8 
Malonic, C3 38.4 144 79.5 24.3 6.7 32.3 15.9 5.8 5.0 
Succinic, C4 40.1 151 88.1 34.9 3.1 29.2 11.4 6.4 7.7 
Glutaric, C5 12.5 41.2 24.5 7.9 1.7 9.2 4.4 1.9 5.5 
Adipic, C6 3.1 12.9 7.3 2.7 0.7 2.9 1.5 0.5 4.9 
Pimelic, C7 1.0 11.2 4.3 2.6 0.0 1.8 0.4 0.5 11.7 
Suberic, C8 0.0 1.5 0.2 0.4 0.0 0.3 0.0 0.0 9.1 
Azelaic, C9 14.5 63.6 32.1 14.1 1.6 15.0 4.7 2.3 6.9 
Sebabic, C10 0.0 10.7 1.0 2.1 0.0 0.4 0.0 0.1 28.5 
Undecanedioic, C11 0.9 7.8 3.1 2.1 0.0 2.1 0.2 0.4 20.4 
Dodecanedioc, C12 0.0 2.1 0.7 0.7 0.0 0.6 0.0 0.1 23.8 
Methylmalonic, iC4 0.0 6.9 3.6 1.7 0.0 2.1 1.0 0.7 3.6 
Methylsuccinic, iC5 6.3 33.4 16.0 6.4 0.0 6.0 2.9 1.3 5.6 
2-methylglutaric, iC6 2.2 15.6 6.7 4.2 0.0 2.3 1.0 0.7 6.4 
Maleic, M 6.0 19.8 12.7 3.4 0.6 8.2 3.2 1.8 4.0 
Fumaric, F 4.9 20.6 8.2 3.2 1.7 3.4 2.3 0.4 3.6 
Methylmaleic, mM 3.5 21.3 13.5 4.7 1.7 7.8 3.6 1.5 3.7 
Phthalic, Ph 39.1 147 80.7 28.8 0.6 26.1 10.8 6.9 7.5 
Terephthalic, tPh 38.2 150 84.9 29.8 1.6 38.6 8.3 7.3 10.2 
Oxomalonic, kC3 0.7 41.2 15.9 10.0 B.D. 5.9 2.7 2.0 5.8 
4-oxopimelic, kC7 0.0 11.4 5.6 2.4 0.0 2.7 0.5 0.7 10.9 
Subtotal 547 1843 988 349 58.0 391 159 71.7 6.2  

II. Oxocarboxylic acids (ng m− 3) 
Pyruvic, Pyr 11.4 127 38.9 28.1 0.3 32.9 4.6 5.8 8.5 
Glyoxylic, ωC2 27.2 394 116 80.1 B.D. 42.5 12.4 11.0 9.4 
3-oxopropanoic, ωC3 13.2 83.6 33.2 15.2 0.7 13.2 3.7 2.9 8.9 
4-oxobutanoic, ωC4 13.6 52.9 27.5 11.2 1.1 7.9 3.8 1.7 7.2 
5-oxopentanoic, ωC5 3.6 19.8 8.0 3.8 0.0 3.1 1.2 0.7 6.9 
7-oxoheptanoic, ωC7 2.1 12.6 6.2 2.8 0.0 2.8 1.4 0.6 4.5 
8-oxooctanoic, ωC8 0.0 6.8 2.7 2.2 0.0 0.8 0.2 0.3 13.7 
9-oxononanoic, ωC9 0.3 42.8 4.1 8.1 B.D. 1.1 0.1 0.2 62.3 
Subtotal 76.8 695 237 133 3.8 78.3 24.9 19.2 9.5  

III. α-dicarbonyls (ng m− 3) 
Glyoxal, Gly 10.9 82.8 31.3 16.2 B.D. 8.4 3.2 2.2 9.7 
Methylglyoxal, mGly 9.7 74.2 23.4 15.0 B.D. 7.0 3.3 1.6 7.2 
Subtotal 23.7 157 54.7 29.7 0.0 15.2 5.8 3.8 9.4 
Total (all detected organics) 651 2695 1280 503 61.8 484 189 90.8 6.8 

Min.: Minimum; Max.: Maximum; SD: standard deviation; B.D.: below detection limit. 
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of 0.9 during LAPPs (Fig. 7). The average F/M ratios during HAPPs and 
LAPPs were higher than or similar to those of aged aerosols from Jeju 
Island, Korea (average 0.45) (Kundu et al., 2010), the North Pacific 
(average 0.75) (Hoque et al., 2015), and the Arctic Ocean (average 0.71) 
(Kawamura et al., 2012). These comparisons also suggest that photo-
chemical aging is important for aerosols from Tuoji Island. 

While C6 and Ph are largely produced via photochemical oxidation 
of anthropogenic cyclohexene and aromatic hydrocarbons 
(Kawamura and Ikushima, 1993), C9 is mainly produced by the photo-
chemical oxidation of unsaturated fatty acids emitted from biogenic 
sources (Kawamura and Gagosian, 1987). Consequently, the C6/C9 and 
Ph/C9 ratios can be used as tracers to evaluate the source contributions 
of anthropogenic and biogenic precursors (Kawamura and Yasui, 2005). 
In this study, C6/C9 ratio ranged from 0.1 to 0.3 with a mean value of 0.2 
during HAPPs, and from 0.2 to 0.5 with a mean value of 0.3 
during LAPPs (Fig. 7). These ratios were approximately 2–4 times 
lower than those of urban Chinese and Tokyo aerosols 
(Kawamura and Yasui, 2005; Ho et al., 2007), suggesting that Tuoji Is-
land aerosols were influenced by biogenic sources, particularly during 
HAPPs. However, it should be noted that apart from terrestrial plants, 

unsaturated fatty acids can also be emitted from biomass burning 
(Kawamura and Gagosian, 1987; Rogge et al., 1991). Positive correla-
tions were observed between C9 and levoglucosan (HAPPs: r = 0.80, p <
0.01; LAPPs: r = 0.62, p < 0.01) (Fig. S4), suggesting that biomass 
burning could be a source of dicarboxylic acids and related compounds. 
Ph/C9 ratios ranged from 1.4 to 4.2 with a mean value of 2.7 during 
HAPPs, and from 0.2 to 5.2 with a mean value of 2.4 during LAPPs 
(Fig. 7). These values were comparable to those of wintertime aerosols 
collected in Chinese megacities (average 2.71) (Ho et al., 2007), and 
more than four times higher than those of urban Tokyo aerosols (average 
0.65) (Kawamura and Ikushima, 1993). These results and comparisons 
suggest significant photochemical production of dicarboxylic acids and 
related compounds from anthropogenic precursors during both HAPPs 
and LAPPs. 

3.4.3. The influence of biomass burning 
Field observations and laboratory studies have shown that biomass 

burning is an important contributor of dicarboxylic acids and related 
compounds (Cao et al., 2017; Zhu et al., 2018). No open 
biomass burning occurred during the sampling period on Tuoji Island 

Fig. 5. Concentration correlations during both HAPPs (above, black circles) and LAPPs (below, red circles) between Ph and dicarboxylic acid (a and d), between tPh 
and dicarboxylic acid (b and e), and between Ph and tPh (c and f). (For interpretation of the references to colour in this figure legend, the reader is referred to the web 
version of this article.) 

Table 3 
Comparison of the concentrations (ng m− 3) of dicarboxylic acids, oxocarboxylic acids, and α-dicarbonyls measured in this study with those obtained at other East Asian 
continental outflow sites.  

Location Season Size Dicarboxylic acids Oxocarboxylic acids α-dicarbonyls Major species 

This study (HAPPs) Winter PM2.5 988 ± 349 237 ± 133 54.7 ± 29.7 C2 > ωC2 > C4 > tPh 
This study (LAPPs) Winter PM2.5 159 ± 71.7 24.9 ± 19.2 5.8 ± 3.8 C2 > C3 > ωC2 > C4 

Jeju Island, Koreaa Winter TSP 499.1 ± 392.4 47.3 ± 39.5 23.1 ± 17.1 C2 > C3 > ωC2 > C4 

Western North Pacificb Winter TSP 255 49.3 7.48 C2 > C3 > ωC2 > C4  

a Kundu et al. (2010). 
b Fu et al. (2013). 
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(see the data of the Fire Information for Resource Management System 
(FIRMS) operated by the National Aeronautics and Space Administra-
tion (NASA) from December 11 to 24, 2014 at Tuoji Island in Fig. S5). 
Moreover, the local biomass burning in Tuoji Island has a negligible 
contribution to OC (Wang et al., 2014), implying that its contribution to 
dicarboxylic acids and related compounds is even more negligible. 
However, the PMF results showed that biomass burning was the second 
largest source of dicarboxylic acids and related compounds. Moreover, 
levoglucosan was positively correlated with dicarboxylic acids (Fig. 8a 
and d), oxocarboxylic acids (Fig. 8b and e), and α-dicarbonyls (Fig. 8c 
and f) during both HAPPs and LAPPs (r > 0.65, p < 0.01). In addition, 
C2, C3, C4, C9, Pyr, ωC2, Gly, and mGly were also correlated with levo-
glucosan during both HAPPs and LAPPs (r > 0.50, p < 0.01) (Fig. S4). M 
was also correlated with levoglucosan during HAPPs 
(r = 0.58, p < 0.01) and LAPPs (r = 0.39, p < 0.05) (Fig. S4), while Ph 
and levoglucosan exhibited no correlation during LAPPs, but were 
correlated during HAPPs (r = 0.45, p < 0.05) (Fig. S4). These results 
imply that emissions from biomass burning may be transported to Tuoji 
Island by the East Asian continental outflow forming a source of dicar-
boxylic acids and related compounds. This result is further 
supported by the distribution of active fire spots and by the burning of 
biomass for heating by residents (Wu et al., 2020; Zhang et al., 2017) in 
the regions passed by the East Asian outflow (Fig. S5). 

Fig. 6. Source profiles of percentage of each species derived from PMF during HAPPs (a) and LAPPs (b). DCRCs represent dicarboxylic acids and related compounds.  

Fig. 7. Concentration ratios of C3/C4, C2/C4, F/M, C6/C9, and Ph/C9 during 
HAPPs (red bars) and LAPPs (green bars). (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of 
this article.) 
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4. Conclusions and outlook 

In this study, PM2.5 collected at Tuoji Island over the Bohai Sea in 
winter 2014 was analyzed for dicarboxylic acids and related 
compounds. Backward trajectory analyses suggested that East Asian 
continental outflow was a key factor controlling the distributions of 
dicarboxylic acids and related compounds on Tuoji Island. The 
concentrations of dicarboxylic acids and related compounds during 
HAPPs and LAPPs were 1280 ± 503 ng m− 3 and 189 ± 90.8 ng m− 3, 
respectively. Molecular distributions revealed that the order of dicar-
boxylic acids and related compounds, when ranked by concentration, 
was C2 > ωC2 > C4 > tPh during HAPPs and C2 > C3 > ωC2 > C4 during 
LAPPs. 

Results of PMF revealed that secondary sources were the largest 
contributor of dicarboxylic acids and related compounds during both 
HAPPs (contribution: 38%) and LAPPs (contribution: 57%). Emissions 
from the burning of biomass and plastic waste were also significant 
during HAPPs (contributions: 26% and 20%, respectively) and LAPPs 
(contributions: 18% and 12%, respectively). The concentration ratios of 
C3/C4, C2/C4, F/M, C6/C9, and Ph/C9 demonstrated that photochemical 
aging was important during both HAPPs and LAPPs. Positive correla-
tions of levoglucosan with dicarboxylic acids and related compounds, 
and correlations between tPh and dicarboxylic acids, further indicated 
that emissions from the burning of biomass and plastic waste were 
notable sources of dicarboxylic acids and related compounds. 

Overall, the findings of this study motivate further investigations of 
the formation pathways of dicarboxylic acids and related compounds, 
particularly the secondary formation from anthropogenic emissions. 
We intend to investigate this issue in a follow-up study, using an 
air parcel model with complex multiphase chemistry based on 
the chemical aqueous-phase radical mechanism (CAPRAM) 
(Bräuer et al., 2019; Hoffmann et al., 2019) and its accompanying 
biomass burning module. 
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