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Real-time single particle characterization of oxidized organic
aerosols in the East China Sea
Zhe Liu 1, Hui Chen 1,2✉, Li Li2, Guangzhao Xie1, Huiling Ouyang3, Xu Tang3, Ruiting Ju1, Bo Li1, Renhe Zhang 3 and
Jianmin Chen 1,3✉

Knowledge of the chemical characteristics and sources of organic aerosols (OA) over marine is needed for evaluating their effects
on climate change and air quality. Here, a quadrupole aerosol chemical speciation monitor (Q-ACSM) and a single-particle aerosol
mass spectrometry (SPAMS) were synchronously employed to investigate the chemical composition, mixing state, and oxidation
degree of oxidized organic aerosols (OOA) in PM1 over the East China Sea (ECS) from 3 to 27 June 2017. Both aerosol mass
spectrometers demonstrated that a higher oxidation state of OOA in aerosol particles could be generated during marine air mass-
dominated periods (MDP) than that generated during land air mass-dominated periods (LDP). Two OOA factors including semi-
volatile oxidized organic aerosol (SV-OOA) and low-volatility oxidized organic aerosol (LV-OOA) were distinguished based on
Q-ACSM. Fifty-seven percent of the total detected particles with obvious signals of organic markers were identified as oxidized
organic carbon (OOC) particles via SPAMS and further divided into lower oxidized organic carbon (LOOC) particles and more
oxidized organic carbon (MOOC) particles. All OOC-containing particles were clustered into seven particle subgroups. The EC and K
subgroups dominated the LOOC and MOOC particles, respectively, during periods controlled by land air masses, indicating that
notable OOC formation was influenced by continental sources. OOA with higher oxygen states were found to dominate near ports.
This suggested that OOA chemical characteristics over the ESC are seriously affected by continental, ship, and port emissions, which
should be synergistically considered in evaluating their effects on solar radiation transfer and cloud processes.
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INTRODUCTION
Oxidized organic aerosols (OOA) constitute an important compo-
nent of ambient aerosols1–4 and can be produced through gas-to-
particle partitioning of reaction products, oxidation of precursor
volatile organic compounds (VOCs), and condensed-phase reac-
tions in the atmosphere1,5. OOA are characterized by substantially
reduced saturation vapor pressures and therefore significantly
contribute to new particle formation and growth of newly formed
particles to cloud condensation nuclei (CCN) size6. OOA also
adversely affect human health, as they can penetrate deep into
the lungs to increase the risk of respiratory and cardiovascular
diseases7,8. In addition, certain chemical components are toxic,
mutagenic, and carcinogenic, accruing serious health risks to
humans not yet completely discovered9.
The formation processes and characteristics of OOA are affected

by the type and quantity of the precursors, reactivity of the
precursors and their oxidation products, and condensation trends
of the oxidation and other reaction products10. In addition,
meteorological parameters, such as the temperature (T) and
relative humidity (RH), and NOx level, in addition to the oxidant
concentration [e.g., hydroxyl (OH), ozone (O3), and nitrate (NO3)],
particle pH and aerosol liquid water content (ALWC), can all
influence OOA formation. Due to their high temporal resolution,
aerosol mass spectrometry (AMS) and aerosol chemical speciation
monitor (ACSM) instruments have been widely employed in
aerosol chemical composition measurements to investigate their
chemical composition, sources, and secondary processes11–23.

Generally, the OA types can be resolved via positive matrix
factorization (PMF) according to the mass spectral signal, and OA
can be classified into a primary organic aerosol (POA) [e.g.,
hydrocarbon-like OA (HOA), cooking OA (COA), and biomass
burning OA (BBOA)] and OOA, which can be further resolved
based on the oxidation degree [e.g., SV-OOA and LV-OOA]13. The
contribution of OOA to OA exhibits wide spatial distributions, with
a high fraction occurring at the background and rural sites, while a
much lower fraction has been observed at urban and suburban
sites due to the significant contribution of POA which can be
generated mainly from anthropogenic emissions. For example, the
contribution of OOA to OA reached 75% on the Qinghai–Tibet
Plateau24 and 41% in Beijing25. Similar to the spatial distribution of
the OOA fraction in OA, the contribution of LV-OOA generally
shows an increasing trend from urban/suburban to background/
remote sites, and LV-OOA dominated the OA composition with a
contribution of 60.7% at Mt. Wuzhi26. This is consistent with a
previous study reporting gradually increasing LV-OOA contribu-
tion and O:C values from urban and suburban sites to
background sites.
Knowledge of the mixing state of individual particles is crucial

to understand their physicochemical properties better and
provide information on their reaction processes. Single-particle
mass spectrometry (SPMS), including aerosol time-of-flight mass
spectrometry (ATOFMS) and single-particle aerosol mass spectro-
metry (SPAMS), can provide real-time mixing state and size
information of individual particles27, allowing insights into the
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sources, atmospheric processes, and optical and cloud properties
of atmospheric aerosols28–31. Due to the application of a high-
energy laser, single-particle aerosol mass spectrometry can
measure not only water-soluble ions and organic matter but also
non-refractory species such as metals. Currently, ATOFMS and
SPAMS are widely adopted in source apportionment. For example,
particles containing a mass spectrum involving strong K signals
were identified as biomass burning particles32,33. Healy et al.34

measured the size and composition of freshly emitted ship
exhaust particles at a port in Ireland, identifying a unique ship
exhaust class containing internally mixed elemental and organic
carbon, sodium, vanadium, nickel, calcium, iron, and sulfate.
ATOFMS and SPAMS can identify both aged and freshly emitted
particles. Many studies have demonstrated that aged particles are
commonly internally mixed with secondary species of ammonium,
nitrate, and sulfate through atmospheric processes35–37.
Although SPMS can characterize almost all species to determine

the chemical composition and mixing state of single particles at a
high temporal resolution, it is difficult to obtain quantitative
information due to its variable ionization and detection efficiency
levels. As a result, it is crucial to integrate bulk and single-particle
analysis results, which can provide more complete information on
atmospheric aerosol particles. Middlebrook et al.38 first operated
AMS and ATOFMS instruments jointly, and subsequently, an
increasing number of studies have employed these two instru-
ments together39,40. Drewnick et al.41 deployed AMS and ATOFMS
instruments to characterize aerosols generated from lawn mowing
and identified two aerosol sources, thus demonstrating that the
combination of these two instruments could provide more
comprehensive information to identify aerosol sources. Cubison
et al.42 measured the size-resolved mass and size-resolved number
concentration of aerosols to investigate the mixing state better.
They verified that the aerosol mixing state is important in
determining the activation properties of particles around the
critical activation diameter to obtain atmospherically realistic
supersaturating values. Salcedo et al.39 compared the particle lead
concentrations observed with AMS and ATOFMS instruments,
indicating good agreement between these two instruments. AMS
and laser desorption/ionization single-particle aerosol mass
spectrometry (LISPA-MS) instruments were co-developed to
characterize organic aerosols in Tokyo40. The RCOO signal in
LISPA-MS and the m/z 44 signal obtained with an AMS instrument
exhibited a significant linear correlation, suggesting that the RCOO
signal in LISPA-MS could be a measure of the relative abundance
of OA. Approximately 95% of the organic containing particles
identified via LISPA-MS contained nitrate, which explained the
correlation between m/z 44 and nitrate observed with AMS
instrument, facilitating the deeper investigation of the mixing
state of OA and nitrate. All these studies suggest that the mixing
state, oxidation condition, formation mechanisms, and sources of
OA could be better revealed with the combined adoption of the
two-particle mass spectrometers.
Covering over two-thirds of the Earth’s surface, marine

environments significantly impact the Earth’s climate and notably
contribute to global aerosols43–45. The marine atmosphere is
affected by anthropogenic sources, including industrial processes,
fuel, and biomass burning through long-range transportation,
ports, and shipping exhaust emissions, as well as biogenic
emissions46–49. A notable impact of biomass burning on the
marine aerosol composition was observed during a campaign
from the Cape Verdean island of São Vicente to Gabon, revealing
elevated SOA concentrations50. Recently, research has increasingly
focused on the emissions of atmospheric pollutants originating
from shipping, with the contributions to ambient PM2.5 as
51.9–62.6 μg/m3 in China51,52 and 0.26–2.3 μg/m3 in Europe53–59.
The oxidation products of gas-phase species emitted from the
ocean, including dimethyl sulfide (DMS) and other biogenic
volatile organic compounds (VOCs), could be further converted

into OOA, which comprises an important marine aerosol source60.
Moreover, the chemical composition and properties of OOA in
marine environments are influenced by meteorological factors
such as air humidity, wind speed, and direction. However, the
OOA characteristics on a single-particle basis and the influencing
factors of the OOA oxidation degree remain unclear.
In this study, we carried out a cruise campaign in the offshore

area of the ECS from 3 to 27 June 2017, presenting real-time
measurements of marine ambient aerosol using Q-ACSM and
SPAMS. The bulk OOA mass concentration and composition were
quantitatively measured with the ACSM instrument, and the
single-particle chemical composition was further investigated via
SPAMS. The aims of this work are to (1) investigate the single-
particle characteristics of OOA in the ECS (2) analysis the oxidation
degree of OOA during different air mass-dominated periods, and
(3) reveal the main factor influencing the OOA oxidation degree in
the ECS. Combinatorial consideration of the obtained data on a
bulk basis and a particle-by-particle basis could provide deeper
insights into the OOA chemical characteristics, highlighting the
anthropogenic activities influence on occurrence, sources, and
formation of OOA in the ECS.

RESULTS
Overview of the bulk and individual measurements
Supplementary Figure 1 depicts 24 h backward trajectories of the
air masses arriving at the sampling site. The entire study was
separated into four stages by the air mass type. Stage 1 (S1) and
stage 3 (S3) were marine air mass-dominated periods (MDP), while
stage 2 (S2) and stage 4 (S4) were land air mass-dominated
periods (LDP). Figure 1a shows the time series of the mass
concentrations of NR-PM1 species including organics (Org), sulfate
(SO4), nitrate (NO3), ammonium (NH4), and chloride (Cl) and OA
chemical components, and Supplementary Fig. 3 shows time
series of the meteorological parameters and gaseous species. The
concentration of the total NR-PM1 mass during the LDP was ~3
times higher than that during the MDP. SO4 yielded a much
greater contribution than that yielded by NO3 during the MDP
while attaining a similar concentration to that of NO3 during the
LDP, likely due to the high SO2 emissions near ports as well as the
contribution of marine emissions61–63. With a range from
1.5–5.0 μgm−3, the contribution of OA varied within the narrow
range of 27–36% during the campaign. The observed OA mass
loadings were similar to other observations at the background
site, while the fraction of OA was lower than that reported in
previous studies, suggesting that the observation site was deeply
affected by anthropogenic activities24,64. Accounting for 53 and
51% of all OA during S1 and S3, respectively, LV-OOA contributed
substantially to OA during the MDP but much less during the LDP.
In contrast, the concentration of SV-OOA was higher during the
LDP than that during the MDP (54–59% versus 19–32%). The LV-
OOA/SV-OOA ratio was significantly elevated from the LDP (0.74
on average) to the MDP (2.16 on average), which suggests that the
OOA oxidation degree was higher during the MDP.
Overall, a total of 546,874 particles with both positive and

negative mass spectra were collected during the campaign, and
57% of these particles (by number) were identified as OOC
particles. Among these particles, 50% of the OOC particles with a
higher intensity of OOC markers were identified as MOOC
particles, and the remaining particles were identified as LOOC
particles65. The number of total collected particles and OOC
particles was compared to mass concentrations obtained with the
ACSM instrument, as shown in Supplementary Fig. 7, and the
MOOC/LOOC ratio was compared to the LV-OOA/SV-OOA ratio, as
shown in Fig. 1c. Although the time series of the total particle
counts and OOC particle counts did not indicate a completely
consistent trend with that of the NR-PM1 and OOA mass
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concentrations because SPAMS cannot provide quantitative data,
the time series of the MOOC/LOOC ratio was broadly similar to
that of the LV-OOA/SV-OOA ratio, demonstrating that size-
resolved chemical composition analysis via SPAMS can be
combined with quantitative bulk concentration determination
with ACSM instruments to study OOA.
To identify the characteristics and sources of individual OOC

particles, we separated both MOOC and LOOC particles into
7 subgroups, including EC, K, Na, V, Fe, Mn, and other subgroups.
Supplementary Figure 8 shows the time series and size

distributions of all subgroups. As shown in Fig. 2, the EC subgroup
was the most abundant particle among the LOOC particles during
the MDP, accounting for 48 and 56% of all particles during S1 and
S3, respectively. EC particles were likely derived from incomplete
combustion of carbon-containing compounds, such as vehicle
emissions and fuel combustion66. A large fraction of the
V subgroup in the MOOC particles was observed during the
MDP. V is a notable marker of ship emissions52,67. The abundant V
particles were associated with fresh aerosols emitted at ports and
by ships and further underwent aging reactions, indicating the

Fig. 2 Single-particle characterization of OOA. a Particle number concentration (NC) and MOOC/LOOC ratio during the LDP and MDP;
b relative particle area (RPA) of the OOC markers in the LOOC and MOOC particles in every subgroup during the LDP and MDP. The diamonds
indicate the mean values. The line inside the box indicates the median. The box and error bars indicate the 10, 25, 50, 75, and 90th percentiles.

Fig. 1 Bulk and individual measurement results. a Time series of the NR-PM1 and organic species concentrations at the four stages;
b number fraction of the particle subgroups (EC, K, Na, V, Mn, Fe, and other subgroups) in the LOOC and MOOC particles at the four stages;
c time series of the LV-OOA/SV-OOA values obtained with the ACSM instrument and MOOC/LOOC values obtained via SPAMS.
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significant influences of port and ship emissions on the OOA
composition. Similar to the MDP, the EC subgroup yielded the
largest contribution to the LOOC particles during the LDP.
Accounting for 40 and 36% of all particles during S2 and S4, the
K subgroup was the most abundant particle among the MOOC
particles during the LDP, and the abundance was significantly
higher than that during the MDP. K is often employed as notable
biomass burning marker36,68 and the K subgroup became highly
oxidized during long-range transportation from land to marine
areas. The abundant K subgroup in the MOOC particles during the
LDP suggested the important effects of land sources on OOA
formation in the offshore area of the ECS. Even though mainly
affected by marine air masses during S1, the K subgroup
accounted for a high fraction of the LOOC particles since the
ship sailed along with Shanghai and was influenced by anthro-
pogenic activities on land.

Effects of the particle composition on the OOA oxidation
degree
Supplementary Figure 5 shows the spatial distribution of OA along
the cruise. The observed OA concentration at the different sites
exhibited substantial spatial variance, with higher values near
Shanghai and Ningbo and lower values near Zhoushan Island,
which highlighted the effects of land sources on the OOA
concentration. High OA concentrations were observed on 27 June
(from QD to SS) due to the influence of land sources, even at
relatively large distances away from land, which suggested that
the air mass type dominated the OOA concentration in the
offshore area of the ECS. We noted that higher LV-OOA/SV-OOA
ratios were observed near ports, which indicates that the elevated
oxidation degree of OOA was affected by ports. A similar result
was also found in a previous study, in which it was observed that
aged ship emissions prevailed over primary emissions in the port
environment48.
As discussed in section “Overview of the bulk and individual

measurements”, the air mass type influenced the OOC composi-
tion. We further compared the average particle number concen-
tration between the two air mass-dominated periods. Even
though higher particle number concentrations of all subgroups
were observed during the LDP due to the significantly higher total
particle counts, the EC and K subgroups revealed the most
obvious increase, while the V subgroup exhibited a slight increase,
indicating that land sources through transportation generated
abundant EC and K particles. To explore the influence of the OOC
composition on the OOA oxidation degree, we examined the
MOOC/LOOC ratio in each particle subgroup during the LDP and
MDP, as shown in Fig. 2a. Higher MOOC/LOOC ratios were
observed in the Mn and V subgroups during both the LDP and
MDP, indicating the high oxidation degree of Mn and V particles,
respectively. Mn was found to catalyze the formation of sulfate
during haze events in a recent study69, which may also promote
the formation of OOA. Enhanced oxalate production stemming
from the oxidation of organic precursors was observed in V
particles by Gong et al.70, suggesting that the presence of V may
substantially impact OOA production. The Mn subgroup yielded
small and similar contributions during the LDP and MDP and was
not the main factor causing the high MOOC/LOOC ratio during the
MDP. V is largely introduced into the atmosphere via ship
emissions, and V particles play an important role in offshore areas
due to busy transportation activities. The high MOOC/LOOC ratio
during the MDP was associated with the increased V particle
contribution during these periods. The EC and K subgroups
exhibited a lower MOOC/LOOC ratio than that in the V particles
during both the LDP and MDP, especially the EC subgroup, which
exhibited the lowest MOOC/LOOC value throughout the whole
campaign. Air masses transported land pollutants during the LDP,

which considerably increased the fraction of EC and K particles,
leading to a lower MOOC/LOOC ratio during the LDP.
To further examine the oxidation degree of every particle

subgroup, the relative particle area (RPA) of OOC markers was
compared between the different subgroups. The RPA of the OOC
markers in the LOOC particles indicated no significant variance
between the different subgroups due to the employed classifica-
tion rules. Among the MOOC particles, the RPA of the OOC
markers was higher for the Mn and V subgroups during both
periods, followed by the Fe, K, Na, EC subgroups during the LDP
and the K, Na, Fe, EC subgroups during the MDP. The higher RPA
of the OOC markers in the Mn and V subgroups suggests that the
organic material in these particles is susceptible to deeper
oxidation processes.

Different OOA characteristics and formation influencing
factors during the LDP and MDP
We noted that the MOOC/LOOC ratios were higher during the
MDP than those during the LDP in every subgroup. As shown in
Fig. 2, the MOOC/LOOC ratios in the V and EC subgroups during
the MDP were approximately two times higher than those during
the LDP. Except for the V and EC subgroups, all other subgroups
showed a slightly increasing trend during the MDP over the LDP.
To further explore the OOA oxidation degree, the van Krevelen
diagram (V-K diagram) was applied to depict the H:C and O:C
ratios71. As shown in the V-K diagrams in Fig. 3a and d, the O:C
ratio varied between 0.4 and 0.9 during the LDP, which was lower
than that during the MDP, with the O:C ratio ranging from 0.5 to
1.1. Previous studies reported a higher O:C ratio (ranging from 0.5
to 1.4) at background sites and a lower O:C ratio in urban areas
(ranging from 0.3 to 0.6)72–74, suggesting that organic aerosols
could be more notably oxidized with fewer anthropogenic
sources. The O:C ratio throughout the whole campaign was
higher than that in observations in urban areas but slightly lower
than that at background sites. The lower O:C ratio during the LDP
was consistent with the increased effects of anthropogenic
sources during these periods. The formation mechanism of OOA
can be estimated according to the slope of the V-K diagram71,75.
The formation of alcohol and peroxide emerged as the dominant
process for OOA during this campaign since the slopes in both V-K
diagrams were close to −0.2.
Figure 3b and e shows the average diurnal cycles of the OA

species mass concentration during the LDP and MDP, respectively.
OA exhibited distinct diurnal patterns during these two periods.
During the LDP, SV-OOA exhibited a pronounced diurnal cycle
with a distinct peak between 10:00 and 11:00, while LV-OOA
exhibited a flat diurnal cycle. Comparatively, SV-OOA demon-
strated a stable distribution, and LV-OOA revealed a gradual
increase starting from 8:00 until 14:00 and then a decrease until
19:00 during the MDP. Photochemical and aqueous-phase
processes exerted combined effects on OOA formation76. Their
influence on the OOA concentration and composition during the
LDP and MDP are illustrated in Fig. 3c and f, respectively. The
highest OOA mass concentration values occurred in the top right
corner, indicating that both photochemical and aqueous-phase
processes played an important role in the formation of OOA.
However, the LV-OOA/SV-OOA ratio revealed a negligible relation-
ship with the ALWC and O3, which indicated that there are more
factors influencing the OOA oxidation degree. During the MDP,
the OOA concentration and the LV-OOA/SV-OOA ratio exhibited
similar distributions, attaining high values at high O3 concentra-
tions. This indicated that photochemical processes dominated the
formation of LV-OOA which is consistent with the peak value of
the LV-OOA concentration at noon. To evaluate the contribution
of photochemical and aqueous-phase processes to every sub-
group during these two periods, the changes in the MOOC/LOOC
value with the O3 and ALWC concentrations during the LDP and
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MDP were investigated, as shown in Supplementary Fig. 9.
Generally, the V and Mn subgroups exhibited increasing trends
with increasing O3 concentration during both periods, suggesting
that photochemical processes played a more important role in
OOA formation for the V and Mn subgroups. During the MDP, the
MOOC/LOOC ratio in the EC and K subgroups increased
dramatically with increasing O3 concentration, while they
exhibited a decreasing trend during the LDP, likely due to other
influencing factors, such as campaign cruises.

Oxidation degree and evolution patterns of OOA and their
subgroups
To further investigate the reason for the higher OOA oxidation
degree during the MDP, we evaluated the contributions of the
particle subgroup components and the oxidation degree of every
subgroup during these two periods. Since the K, EC, and V
subgroups accounted for the major fraction throughout the whole
campaign, ternary plots (Fig. 4a and c) were generated to visualize
the relationship between the LV-OOA/SV-OOA ratio and the
fraction of these three subgroups.
Most particles during the LDP fell on the left side of the plot,

illustrating that the K and EC subgroups continuously constituted
the dominant fraction during the LDP. The particles during the
MDP were scattered across the ternary plot, and the LV-OOA/SV-
OOA ratio indicated an increasing trend near the corner at the
right, which verifies that a large fraction of V particles during the
MDP plays a significant role in the enhanced OOA oxidation
degree. Figure 4b and d further shows the effects of the oxidation
degree of the three subgroups on the LV-OOA/SV-OOA ratio.
During the LDP, an increased proportion of MOOC particles in the
K and EC subgroups was accompanied by a higher LV-OOA/SV-
OOA ratio. Similar trends were also observed during the MDP.
Higher LV-OOA/SV-OOA ratios were found over time higher LV-
OOA/SV-OOA ratios. Additionally, we noted that certain points
were scattered at the top of the ternary plot only during the MDP,

indicating a higher contribution of MOOC particles during the
MDP. The points scattered at the top of the ternary plot indicated
a higher LV-OOA/SV-OOA ratio, which suggests that a higher
fraction of MOOC particles is a significant factor in the higher
oxidation degree during the MDP.
Figure 5a shows the variance rate of SV-OOA and LV-OOA

detected with the ACSM instrument as well as of the LOOC and
MOOC particles detected via SPAMS. Broadly similar trends in the
variance rates between the SV-OOA and LOOC particles and
between the LV-OOA and MOOC particles were observed. In total,
the variance rates of the SV-OOA and LV-OOA during the LDP
were significantly higher than those during the MDP, which could
further support the important contribution of land sources to the
marine air environment. Three cases were selected further to
illustrate the OOA evolution pattern at the different stages.
Figure 5b and c shows the variance process of two OOA and the

variance ratios of seven subgroups in the three cases. The results
reveal that different processes could be attributed to different
components. With decreasing rates of 0.44 μgm−3 h−1 and
0.22 μgm−3 h−1, sharp declines in SV-OOA and LV-OOA were
observed in Case 1, which were attributed to the dilution effect of
clean marine air masses and less influenced by land pollutant
sources. The EC subgroup, with a variance ratio of 94, contributed
the most to the decrease in SV-OOA, followed by the K subgroup.
We noted that V subgroup attained a negative variance ratio
value, which was consistent with the increasing ship emissions
near ports. Similar to the SV-OOA, the K and EC subgroups in the
LV-OOA experienced a dramatic decline, with variance ratios of
112 and 58, respectively. To further illustrate the influence of land
sources on the marine atmosphere during the LDP, we
investigated the increasing process of SV-OOA and LV-OOA in
Case 3. The average increase rates of the SV-OOA and LV-OOA
were 0.58 and 0.33 μgm−3 h−1, respectively. Consistent with Case
1, SV-OOA exhibited a more obvious change during the LDP, and
the EC and K subgroups were the most important species leading
to SV-OOA and LV-OOA variation, respectively.

Fig. 3 Influence factors of OOA oxidation state. Van Krevelen diagram of the OOA during a the LDP and dMDP; diurnal patterns of the three
types of OA (HOA, SV-OOA, and LV-OOA) during b the LDP and e MDP; AWLC and O3 dependence of the OOA concentration and LV-OOA/SV-
OOA ratio during c the LDP and f MDP, respectively.
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A clear difference in the growth processes during the MDP was
observed in Case 2. Generally, a significant impact of ship
emissions on the marine atmosphere was observed in Case 2.
The average increase rates of the SV-OOA and LV-OOA particles
were 0.24 and 0.20, respectively. The slightly lower increase rate of
the LV-OOA was likely due to the smaller particle size of the V
subgroup, which accounted for a large proportion of the LV-OOA.
The V subgroup, an indicator of ship emissions, attained a variance
rate of 272 in the LV-OOA, which was two times higher than that
of the other subgroups, revealing the important contributions of
ship emissions near ports.

DISCUSSION
The mass concentration of organics varied dramatically during the
campaign, with the average concentration ranging from 1.46 to
5.04 μgm−3. Accounting for 27–36% of all particles on average,
organics comprised a major fraction of NR-PM1 at all stages.
Different LV-OOA/ SV-OOA ratios were observed between the two
periods, with a lower ratio during the LDP and a higher ratio
during the MDP, suggesting a higher oxidation degree of OOA at
stages with fewer land source influences. Besides, significant
variance in the particle compositions of OOC particles was
observed during these two periods. The EC and K subgroups
yielded major contributions to LOOC and MOOC particles,
respectively, during the LDP, which indicated that continental
sources imposed a great effect on the marine aerosol environment

during these periods. With decreasing contribution of the K
subgroup, the V subgroup played an increasingly important role in
the MOOC particles during the MDP, suggesting that port and ship
emissions also significantly influenced the offshore air environ-
ment in the ECS.
The different chemical compositions during the LDP and MDP

were demonstrated as an important factor in the variance in the
organic oxidation degree between these two periods. An
increasing fraction of the V subgroup resulted in a higher
oxidation degree during the MDP. Additionally, higher MOOC/
LOOC ratios were observed in all subgroups during the MDP over
the LDP, which further led to a higher oxidation degree during the
MDP. Analysis of the ALWC and O3 effects on OOA formation and
MOOC/LOOC ratio in every subgroup suggested that photoche-
mical oxidation was the dominant factor of the elevated oxidation
degree during the MDP. These results suggest that both pollutant
sources and oxidation processes are critical for organic aerosol
characteristics and the oxidation degree in the offshore area of the
ECS and anthropogenic activities should be considered in the
occurrence, sources, and formation of OOA in the ECS.

METHODS
Sampling site and instrumentation
In situ measurements were conducted from 3 to 27 June 2017 in the
offshore area of the ECS. The cruise campaign mainly surrounded the
Zhoushan archipelago. The cruise track is depicted in Supplementary

Fig. 4 The mixing state of OOA during two periods. Ternary plots for the EC, K, and V particles during a the LDP and c MDP. The EC, K, and V
particles are normalized such that these three components comprise a total of 100%; the fractions of the LOOC and MOOC particles in the EC,
K, and V particles during b the LDP and d MDP.
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Fig. 2, and further details of the sampling site can be found elsewhere77. All
observational instruments were placed within a mobile platform located in
the middle of a sampan. Trace constituents and meteorological parameters
were continuously measured during the cruise campaign.
All observational instruments were placed within a mobile platform

located in the middle of a sampan. Trace constituents and meteorological
parameters were continuously measured during the cruise campaign19.
Basically, this instrument is composed of an aerodynamic lens that focuses
a particle beam (with a vacuum aerodynamic diameter below 1 µm) and
directs it through three vacuum chambers, the last one being a detection
chamber in which particles are vaporized upon impact on a surface heated
to 600 °C. The generated positive ions were finally analyzed with a
commercial quadrupole mass spectrometer.
The SPAMS instrument (Guangzhou Hexin Analytical Company)

employed in this work was designed according to the ATOFMS method
and has been introduced in detail in the previous publications78. Briefly,
ambient particles were sampled through an 80 μm critical orifice into a
vacuum-controlled aerodynamic lens at a flow rate of 75mLmin−1. The
size of individual particles was measured by two laser beams (532 nm) and
subsequently desorbed or ionized by a pulsed laser (266 nm). After
ionization, the positive and negative ions were detected with a Z-shaped
bipolar time-of-flight mass spectrometer.

Data analysis
The final mass concentrations and mass spectra were processed in ACSM
standard data software, which is a widely applied procedure described in
ref. 19. A particle collection efficiency (CE) of 0.5 was attained throughout
the entire campaign. The mass concentration and chemical composition of
NR-PM1 species were obtained based on the default relative ionization
efficiency (RIE), at 1.4, 1.2, 1.1, and 1.3 for Org, SO4, NO3, NH4, and Cl,
respectively, and an RIE value of 5.72 for ammonium based on on-site
calibrations. Source apportionment of the organics was conducted via
PMF, and the results were evaluated with the Igor Pro-based PMF
Evaluation Tool. Three factors, HOA, SV-OOA, and LV-OOA were identified.
The size distributions and chemical compositions of the particles

detected by SPAMS were analyzed using the YAADA software based on
MATLAB software toolkit. A total of 546,874 particles with both positive
and negative ion mass spectra were collected during the campaign. In
previous SPMS studies, 27[C2H3] +, 37[C3H] +, and 43[C2H3O] + have been
identified as markers for organic compounds both in field and laboratory
measurements30,79,80. Thus, in this study, oxidized organic carbon (OOC)
particles were identified by organic markers with relative peak areas larger

than 5%. OOC particles with higher organic signals (greater than 10%)
were identified as more oxidized organic carbon (MOOC) particles, and the
remaining particles were identified as less oxidized organic carbon (LOOC)
particles. According to this classification criterion, a total of 309,914 OOC
particles were identified, of which 156,008 and 153,906 particles were
identified as LOOC and MOOC particles, respectively. Furthermore, all the
OOC particles were classified into seven subgroups with the ART-2a
method to investigate their sources and formation process. The seven
subgroups of OOC particles included (1) the elemental carbon (EC)
subgroup, (2) K subgroup, (3) Na subgroup, (4) V subgroup, (5) Mn
subgroup, (6) Fe subgroup, and (7) other subgroup.

Air mass backward trajectories
Air masses related to local or regional meteorological conditions could be
responsible for the atmospheric transport of aerosol particles along with the
vertical and horizontal directions. Twenty-four hours air mass backward
trajectories for each day were simulated with the Hybrid Single-Particle
Lagrangian Integrated Trajectory (HYSPLIT, http://www.arl.noaa.gov/
HYSPLIT_info.php) model of the National Oceanic and Atmospheric Admin-
istration (NOAA) Air Resources Laboratory (ARL) and were calculated at 0:00,
6:00, 12:00, and 18:00 (local time) at a height of 500m (Supplementary Fig. 1).

NR-PM1 mass concentration variation processes
In this study, we calculated the variation rate for two OOA mass
concentrations and the particle numbers of seven OOC subgroups to
illustrate organic compound variation processes. The variation rates of the
OOA and OOC subgroups were defined with Eq. (1) and Eq. (2), respectively:

Variation rate μg �m�3 � h�1� � ¼ ð½mass concentration�nþt � ½mass concentration�tÞ
n ðhourÞ

(1)

Variation rate N � h�1� � ¼ ð½particle number�nþt � ½particle number�tÞ
n ðhourÞ (2)

the variation ratio of the seven OOC subgroups was calculated to evaluate
the contribution of each subgroup to OOA variation, and the variation ratio
was determined with Eq. (3):

Variation ratio N=μg �m�3
� � ¼ ð½particle number�end � ½particle number�startÞ

½mass concentration�end � ½mass concentration�start
�

(3)

Fig. 5 Evolution patterns of OOA oxidation degree. a Variation rates of the OOA mass concentration with the ACSM instrument and OOC
particle number concentration (NC) via SPAMS; b OOA mass concentration and OOC particle counts in the three typical cases; c the variation
ratios of each subgroup in the three typical cases.
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