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30 Abstract

31 Organic aerosol (OA) represents a significant component in the marine
32  atmosphere, yet its chemical composition and sources remain poorly constrained owing
33  toits relatively sparse observations in coastal regions. This study investigates molecular
34  characteristics and evolution of OA by high-resolution mass spectrometry during winter
35 over the East China Sea. The detected thousands of organic compounds exhibited low
36  O/C ratios (0-0.6) but broad H/C distributions. Over 95% (ESI+) and 60% (ESI-) of
37  detected molecules were highly sensitive to air mass origins, revealing the dynamic
38 interplay between marine and anthropogenic emissions. The CHON subgroup
39  dominated the ESI+ mode (55 — 58%), while the dominant subgroups in the ESI- mode
40  varied with atmospheric processes. The CHON- subgroup fraction surged substantially
41 during pollution episodes, particularly for nitro-aromatics. The CHOS- subgroup was
42 more sensitive to aqueous-phase reactions and facilitated by elevated SO./SO+* levels,
43 leading to the formation of organosulfate (O/S > 4). Marine biomarkers persisted across
44 all periods, indicating pronounced resilience of marine emissions even in winter. The
45  bulk volatility increased during polluted periods, particularly for CHON- and CHN+
46  subgroups, driven by primary emissions and suppressed oxidation. This study
47  demonstrates that continental outflows, atmospheric secondary processes, and
48  persistent marine emissions collectively complicated OA molecular characteristics over

49  the East China Sea.
50

51 1. Introduction

52 Marine aerosol particles, derived from oceanic emissions, contribute more than 50%
53  of natural acrosols globally (Erickson and Duce, 1988), which have legitimately been
54  responsible for a pronounced biological cycle and climate effect (O'dowd and De
55  Leeuw, 2007; Cochran etal., 2017). However, limited understanding of marine aerosols
56  characteristics continues to fuel debate regarding cloud formation and radiative forcing
57  estimates in pristine environments (Rosenfeld et al., 2019). Marine aerosols comprise
58 complex mixtures of sea salt and organic components. These components originated

59  from bubble bursting processes and the oxidation of volatile organic compounds and
2
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60  primary organic aerosols (Gantt and Meskhidze, 2013; Yu and Li, 2021; Russell et al.,
61  2010; Jiang et al., 2022; Claeys et al., 2010). Globally, marine emissions contribute an
62  estimated 20 TgCy? of organic aerosols (Albert et al., 2010), which constitute
63  approximately 77% of primary marine aerosol masses (Ovadnevaite et al., 2011), and
64  accounted for over 60% of the organic aerosol mass concentrations in remote marine
65  regions (Briggemann et al., 2018). Marine organic aerosols enhance cloud droplet
66  number concentrations (CDNC) by 15-100% and act as a critical driver of the marine
67  "biota-cloud-climate" feedback system (O'dowd et al., 2004). Model simulations
68  incorporating ocean-derived organic aerosols show that, under supersaturation
69  conditions of 0.1% (SS = 0.1%), cloud condensation nuclei (CCN) concentrations in
70  the Southern Ocean boundary layer increase by 30 cm™. This leads to an enhanced
71  annual mean shortwave radiation of -0.36 Wm™, with average summer cloud radiative
72 forcing reaching -3.5 Wm™ to -4 Wm2 (Burrows et al., 2022), and are comparable in
73 magnitude to the effects of sea salt aerosols. Estimated by Jo et al. (2023), primary
74 marine organic aerosol exerts the highest radiative burden among aerosol types,
75  exceeding that from biomass burning aerosol and anthropogenic primary and secondary
76  organic aerosols. The role of marine organic aerosol is becoming increasingly
77  significant, since their abundance is projected to rise in a warming climate (Weng et al.,
78 2020).

79 The composition and abundance of marine organic aerosol (OA) exhibit
80  pronounced fluctuations, and are associated with marine plankton activity and carbon
81  pool within surface seawater (O'dowd et al., 2004). Lawler et al. (2020) and Hasenecz
82 et al. (2019) suggested that saccharides constitute 10 - 30% of marine organic fine
83  particle masses, and were emitted from surface seawater. Submicron marine organic
84  aerosols were composed of carbonyl compounds (65 £12%), alkanes (21 +9%), amines
85 (6 £6%), and carboxylic acids (7 =8%) (Frossard et al., 2014). In contrast, dioxylic
86  acids and methanesulfonic acid (MSA) dominate the organic compound in the tropical
87  Atlantic Ocean (Van Pinxteren et al., 2015). This part of SOA formed predominantly

88  from oxidation of dimethyl sulfide (DMS, ~78 %), organic amines (~21 %) and
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89  hydrocarbons (~0.1 %) (Myriokefalitakis et al., 2010). Over the Arctic Ocean, organic
90 aerosols consist mainly of alkanes, organic acids, amines, and organic alcohols,
91  predominantly derived from marine sources (Leaitch et al., 2018). Fu et al. (2013)
92  detected more than 110 organic components based on a global shipping cruise,
93  comfirming primary saccharides as major components, followed by oxidantion
94  products of biogenic volitale organic compounds. In tropical regions, where primary
95 organic aerosol concentrations are relatively low, secondary organic aerosol formed
96 (SOA) from photo-oxidation of VOCs contributes up to 60% of the organic aerosol
97  masses (Briggemann et al., 2018).

98 Continental outflows further enhance the contrasts in marine organic aerosols.
99  Previous studies have shown that East Asian outflows caused biomass-burning
100  contributions to OA over the East China Sea, substantially exceeding those from
101 biogenic emissions (Li et al., 2023a), with pronounced regional heterogeneity in OA
102 (Kang et al., 2018). Stable carbon isotope analyses further indicate that continental
103  outflows contribute up to ~60% of OA over the East China Sea (Li et al., 2022a), while
104  an even higher contribution of approximately 70% has been reported over the Arabian
105  Sea (Bikkina et al., 2022). During long-range transport, secondary processes
106  continuously modify OA composition and molecular characteristics (Ajith et al., 2023).
107  For instance, enhanced concentrations of dicarboxylic acids have been attributed to
108  photochemical formation from biomass-burning and combustion-related precursor
109  emissions during transport (Hegde et al., 2022). More importantly, interactions between
110  anthropogenic pollutants and marine VOCs promote the secondary formation of highly
111 hygroscopic organosulfates and organonitrates (Wang et al., 2023; Li et al., 2025; Zhu
112 et al., 2025; Tian et al., 2023), which potentially contribute to CCN formation.
113 Consequently, South Asian continental outflows fundamentally alter the chemical
114  control of CCN activation and cloud droplet formation over the Indian Ocean, with
115  organic-dominated aerosols decoupling CCN from aerosol mass and weakening the
116  relationship between CCN and CDNC in coastal regions compared to the remote ocean

117 (Nair et al., 2024). Critically, minute variations in organic molecular composition
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118 govern >50% of CCN formation (Trostl et al., 2016; Rejano et al., 2024).

119 However, tracer-based organic aerosol studies typically quantify only about 4.8 —
120  5.7% of the total organic mass concentrations (Fu et al., 2013). The complexity
121 involved in chemical processes of OA leads to the coexistence of 10,000 - 100,000
122 distinct organic compounds in the atmosphere (Allen H. Goldstein and Galbally, 2007),
123 and more than 90% of these species remain uncharacterzied at the molecular level
124 (Franklin et al., 2023; Sandstr&m et al., 2024). Advanced studies enable mechanistic
125  links between molecular components and climate effects. Siegel et al. (2022) proposes
126 a novel and precise approach for predicting CCN based on molecular-level chemical
127  composition observation in the Arctic region. Wan et al. (2020) and Wan et al. (2021)
128  identified the key organic substances driving new particle growth in coastal atmosphere,
129  which are initiated by iodine nucleation from marine biogenic emission. However, due
130  to the inherent chemical complexity of organic aerosols, the set of constants required
131  to characterize their climate properties still needs to be further expanded (Moise et al.,
132 2015).

133 In recent years, the molecular compositions of organic aerosols across diverse
134  marine regions have been characterized, including the North Atlantic (Gurganus et al.,
135  2015; Wozniak et al., 2014), Northwest Pacific (Bao et al., 2018), Antarctic and Arctic
136 (Yeetal, 2021), and along the eastern coast of China (Sun et al., 2023). Collectively,
137  these studies demonstrate that complex OA molecules exhibited pronounced regional
138 differences in subgroups fraction, molecular characteristics, and specific compound
139  classes. The East China Sea (ECS) serves as a critical natural laboratory for
140  investigating the molecular evolution of organic aerosols, owing to the unique interplay
141 between marine emissions and continental outflows. In this study, we employ high-
142 resolution mass spectrometry to comprehensively characterize the molecular
143 composition and evolution of organic aerosols over the ECS during winter. This season
144  was dominated by distinct air mass types originating from marine regions, northern
145  China, and the Yangtze River Delta (YRD), enabling us to disentangle the influences

146  of different precursors on organic aerosol transformation. Our results advance the
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understanding of the complex molecular characteristics of marine organic aerosols

under the combined effects of multiple sources and atmospheric processes.

2. Methodology

2.1. Sampling
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Figure 1. Maps of the observation site (Huaniao Is.), and 48h backward air mass

trajectories during three periods, including (a) marine background atmosphere (MBGA),

(b) polluted air masses from northern China (PE_North), and (c) polluted air masses

from eastern China (PE_East). Backward trajectories are colored by the altitude of air

masses.
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159 Field sampling was conducted at Huaniao Island (HNI, 30.85°N, 122.68°E, Figure
160 1) in January 2019, an offshore island located in the East China Sea and about 80
161  kilometers away from Shanghai. HNI is an ideal atmospheric background observation
162  site due to negligible local anthropogenic emissions and significant marine emissions
163 (Lietal., 2022b).

164 PM: s samples were collected on cellulose filters and quartz filters (Whatman® 41
165  filters) using high-volume aerosol particles samplers (HY-1000, Hengyuan) at a flow
166  rate of 1.05 m*/min with a duration of 11 hours (from 08:00 to 17:00 was donated as
167  daytime, and from 18:00 to 07:00"" was donated as nighttime). All quartz filters were
168  combusted at 450 °C for 4 hours to remove organic residues before sampling, and
169  sampled filters were wrapped in aluminum foil and stored in -18 °C to avoid aging of
170  organic components till analysis.

171

172 2.2 Chemical Component Analysis

173 Aerosol chemical components analysis including water-soluble ions and
174  carbonaceous species were conducted by an Ion Chromatograph (IC, DIONEX ICS-
175 3000, Thermo-Fisher) and an Organic Carbon and Elemental Carbon Aerosol Analyzer
176 (OCEC analyzer, RT-3195, Sunset Laboratory, Beaverton, Oregon, USA), and more
177  details were given in our pervious study (Li et al., 2022b).

178 Organic aerosol analysis at the molecular level was conducted by a high-
179  performance liquid chromatograph (HPLC, 1290 series, Agilent Technologies, USA)
180  coupled with a quadrupole time-of-flight mass spectrometer (Q-ToF MS, Agilent 6564,
181  Agilent Technologies, USA), which was equipped with an electrospray ionization
182  source (ESI). A C18 column (SB-C18, 100 x 3.0 mm, 1.8 pum particle size, Agilent
183  Technologies, USA) was applied for chromatographic separation. The injection volume
184  of each sample was set as 10 pL at a flow rate of 0.4 ml/min. The full scan mode from
185  m/z 50 to 1,700 was employed in both positive and negative modes. Table S1 shows
186  the gradient separation solution and more details about the MS system have been given

187 in Lietal. (2023b).
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188

189 2.3 Mass Data Processing

190 All possible formulas were generated within m/z 50 — 800 with a mass tolerance
191  of+5 ppm, constrained by setting elemental number of atoms in the range of '2C (1-50),
192 'H (2-100), N (0-5), 10 (0—20) and 32S (0—-3). The double-bond equivalent (DBEs)
193  of CcHhOoNnSs formula is calculated as follow.

2c+2+n-h

194 DBE = ———— (1)

195 The carbon oxidation state (OSc) (Kroll et al., 2011) is calculated by the following
196  equation.

197 0Sc = 20/C —H/C (2)

198 Where, O/C and H/C are the elemental ratio of oxygen-to-carbon and hydrogen-
199  to-carbon.

200 The aromaticity equivalent (Xc) was estimated to identified aromatic compounds.
201 X, = 3(D;BEE—_(€pxXa:quxsg—2 3)

202 p and q represent the ratio of oxygen and sulfur atoms involved in the n-bond

203  structure compounds, which were highly correlated with the categories of detected
204  compounds. p=g=0.5 was chosen for the ESI- mode with sensitivities to compounds
205  containing carboxyl groups, p=g=1 was applied as the possibility of more function
206  groups in the ESI+ mode. o and s represent the number of oxygen or sulfur atoms.
207  Liphatic compounds usually exhibited Xc values lower than 2.50, aromatics with a
208  benzene/naphthalene/anthracene/pyrene core structure usually showed 2.50 < Xc <
209 2.71,2.71 £Xc <2.80,2.80 < Xc <2.83, and 2.83 < Xc < 2.92, respectively.

210 In this study, volatility of organic components was estimated by a two-dimensional
211  volatility basis set (Li et al., 2016; Donahue et al., 2011), i.e., Logi0Co = f (nc, no, nn,

212 ns),

ncXnop
nc+ng

213 L0g1oCo = (2 —n¢) X be —ng X by — 2 X bco — Ny X by — ng X bg (4)

214 Where C, is the saturation mass concentration (ug/m’), which represents

215  thermodynamic property of the equilibrium distribution of organic compounds between
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216  gas and particle phase. nQ is the reference carbon number; n¢, ngy, ny, and ng

217  denote the number of carbon, oxygen, nitrogen and sulfur atoms, respectively. b¢, by,
218 by, and bs represent the contribution of each atom to Log,,Cy, respectively, and b¢o
219  is the carbon-oxygen nonideality. According to the function, organic compounds are
220  classified as volatile organic compounds (VOC, C, > 3 x 10° pg/m?), intermediate-
221 volatility organic compounds (IVOC, 300 < C, <3 x 10° ug/m?), semi-volatile organic
222 compounds (SVOC, 0.3 < C, <300 pug/m®), low-volatility organic compounds (LVOC,
223 3x10%*< €, <0.3 pg/m?), and extremely low-volatility organic compounds (ELVOC,
224 Cy <3 x10™ pg/m?).

225

226 2.4 Auxiliary Data

227 Temperature (T), relative humidity (RH), wind speed (WS) and wind direction
228 (WD) were measured by an automatic meteorological observation instrument (WXT
229 520, Vaisala, Finland). Trace gas concentrations, including nitrogen dioxide (NO>),
230  sulfur dioxide (SO2) and ozone (Os) in the transport pathways are obtained from:

231  https://www.aqistudy.cn/historydata/.

232 Aerosol liquid water content (ALWC) and the bulk aerosol pH were calculated by

233 the thermodynamic equilibrium model, ISORROPIAII (http://isorropia.eas.gatech.edu).

234  The reverse mode and “metastable” state were chosen by using temperature, RH, and
235  aerosol components (Na', NH4", K", Mg?", Ca?*, SO4>", NOs", CI') as model inputs (Guo
236 etal,2017; Geetal., 2019).

237

238 3. Results and Discussion

239 3.1 Contrasting Periods in the Marine Atmosphere

240
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241

242  Figure 2. Time series of (a) wind speed and wind direction, (b) temperature, relative
243  humidity and downward short-wave radiation flux, (c) marine background or pollution
244 diagram, (d) categorization of periods based on origins of 48-h backward trajectories,
245  and (e) concentrations of water-soluble ions and carbonaceous aerosols.

246

247 Figures 2a&2b show the time series of meteorological parameters during the study
248  period. The weather conditions exhibited moderate temperature (9.3 + 1.6 °C) and high
249  relative humidity (70.1 £ 13.1 %). The high wind speed of 6.3 + 1.8 m/s indicated
250 relatively strong synoptic weather conditions. In this study, the sum of water-soluble
251  inorganic ions (WSIIs) and carbonaceous aerosols larger than 10 pg/m® was defined as
252 pollution episodes (PE), and the other days were regarded as marine background
253  atmosphere (MBGA). As displayed in Figures 2c&2e, background atmosphere

254  conditions and pollution periods alternatively appeared. WSIIs during PE reached 38.2

10
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255  +24.6 ug/m?, which was 8.1 times higher than those during MBGA (4.7 + 1.4 pug/m?).
256  Secondary inorganic ions, including sulfate, nitrate and ammonium (SNA), accounted
257  for 82.6% and 78.4% during the two periods, respectively. Similarly, carbonaceous
258 aerosols during PE (OC: 5.3 = 4.3 pg/m®, EC: 0.7 + 0.5 ug/m®) were 7.9 and 4.3 times
259  higher than those during MBGA (OC: 0.7 + 0.2 pg/m’, EC: 0.2 + 0.1 pg/m?®),
260  respectively.

261 Figures la-1c categorize 48-h backward air masses trajectories into three groups.
262  During MBGA, air masses mainly originated from the open ocean. While during PE,
263  air masses can be further grouped into two categories. A significant portion originated
264  from northern China and hovered over a large-scale marine area, which was defined as
265  PE_North. The remaining air masses originated from eastern China and traveled over
266  inland regions, which was defined as PE_East.

267 During PE North, sulfate and nitrate were the predominant components with
268 relatively low ratios of NO3/SO4* (0.94 + 0.69) (Figure 2e). As summarized in Table
269  S2, these samples were characterized of higher SO2, RH, ALWC, and ALWC/PM25s. In
270  contrast, samples during PE_East were dominated by nitrate with significantly higher
271 ratios of NO3/SO04* (3.38 £ 0.96). Correspondingly, higher NO>, O3, and solar radiation
272 were observed (Table S2). Overall, these differences discussed above provided a
273  distinct contrast for the subsequent analysis of organic aerosol molecular characteristics
274 during three periods.

275

276 3.2 Evolution of Organic Aerosols Driven by Continental Outflows

277

11
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Figure 3. Mass spectra of detected organic components (Note: CHNS* includes CHN,
CHS and CHNS compounds) during (a) MBGA, (b) PE_North, and (c¢) PE_East.

Figures 3a-3c present the mass spectra, normalized relative intensity (RI: peak
height/sample volume), and relative abundance fractions of detected organic
compounds across the three periods. A total of 569 — 829 and 278 — 383 organic
compounds were detected in ESI+ and ESI- modes, respectively. Notably, organic
species exhibited significantly higher detection frequency and peak intensity in the
ESI+ mode compared to the ESI— mode. This disparity was likely attributed to their
enhanced proton affinity and gas-phase basicity, facilitating more efficient ionization
and detection under positive ionization conditions (Kiontke et al., 2016; Liigand et al.,
2017). The molecular weights (m/z) of the detected compounds were predominantly
distributed within the 150 - 600 range. The most intense ion peaks occurred within m/z
150 - 300 during MBGA and shifted towards higher molecular weights within m/z 150
- 400 during both PE North and PE East. The m/z distributions observed during
PE_North and PE_East were consistent with those reported for biomass burning, coal

combustion, and vehicle exhaust emissions (Song et al., 2018; Tang et al., 2020), as

12
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296  well as in ambient aerosols and cloud water (Bianco et al., 2018; Sun et al., 2021; Zhang
297  etal, 2024).

298 CHON+ compounds constituted the dominant subgroup in the ESI+ mode across
299  all periods, accounting for 55 — 58% of total relative intensity (Figures 3a-3c). CHO+
300  (17.3%) represented the second-most abundant subgroup, followed sequentially by
301  CHONS+ (13.2%), CHNS*+ (9.64%), and CHOS+ (4.78%) during MBGA. CHONS+
302  contributions (19.8%) exceeded CHO+ (11.3%), while CHNS*+ (8.12%) and CHOS+
303  (4.20%) showed minor reductions during PE North. CHNS*+ abundance (16.8%)
304  surpassed CHO+ (14.2%), accompanying with further declined CHONS+ (7.28%) and
305 CHOS+ (3.48%) during PE_East.

306 In the ESI- mode, CHO- compounds dominated (41.0%), followed by CHON-
307  (35.0%), CHOS- (13.3%), CHONS- (9.01%), and CHNS- (1.78%) during MBGA. The
308  contribution of CHON- reached 36.2% during PE_North and substantially increased to
309  51.7% during PE_East. Concurrently, PE North displayed elevated CHOS- (17.9%)
310  and CHONS- (10.5%) relative to both MBGA (CHOS-: 13.3%; CHONS-: 9.01%) and
311 PE_East (CHOS-: 13.1%; CHONS-: 5.75%) conditions. This study shows that EST+
312  subgroup distributions aligned with the observations in urban areas such as Beijing and
313  Shanghai, however, the ESI- mode revealed a distinctive enhancement in CHON-
314  components relative to CHO- and CHOS- components (Zhang et al., 2024).

315 The relative compositional variations across different periods likely resulted from
316  synergistic interactions between emission sources and atmospheric chemical processes
317  under distinct air mass transport regimes. Protonated compounds, including amino
318 acids, amines, amides, and their oxidation/fragmentation products, not only exhibited
319  more detection sensitivity in the ESI+ mode due to ionization mechanisms (Lin et al.,
320 2012), but also abundantly presented in aerosols from various sources, which
321  potentially explained the consistent CHON+ proportions (55-58%) observed across all
322  periods. During MBGA when air masses originated from the open ocean (Figure 1a),
323  organic aerosols derived predominantly from direct marine emissions, where biological

324  consumption and photochemistry degradation (Wu et al., 2023) selectively enriched

13
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325 CHO-dominated dissolved organic matters such as saccharides, organic acids, and
326  polyphenols in surface waters (Ji et al., 2024). CHOS and CHONS compounds
327  accumulated predominantly in eutrophic or terrestrially influenced regions through
328  riverine inputs, anthropogenic pollutant transport, and episodic biological blooms
329  (Wang et al., 2022), evidenced by sulfur-containing DOM from terrestrial runoff and
330 aquacultural activities in coastal seas of China (Wang et al., 2018a; Guo et al., 2021),
331 and enhanced sulfur-containing compounds formation and emissions during algal
332  blooms (especially dimethyl sulfide, DMS) (Wang et al., 2022).

333 PE North reflected terrestrial-marine coupling, i.e., anthropogenic pollutants
334  transported over the ocean (Figure 1b), directly contributing CHON, CHONS and
335 CHOS species, and providing abundant sulfur-containing and nitrogen-containing
336  precursors that facilitated aqueous-phase formation of these subgroups. PE East
337 demonstrated substantial regional influences (Figure 1c), where vehicle emissions,
338  biomass burning (evidenced by peak K* (1.37 pg/m®) and NO> (60.1 pg/m*)) and NOx-
339  driven photochemistry dominated the evolution of organic compounds, particularly for
340  the markable increase of CHON- and CHN+ compounds (Tang et al., 2020). Zhang et
341  al. (2024) documented higher abundances of CHOS and CHONS compounds relative
342  to CHON compounds in urban Beijing and Shanghai, whereas marine studies revealed
343  contrasting patterns. Bao et al. (2018) and Wozniak et al. (2014) reported substantially
344  higher fractions of CHO subgroups (39-59% in the Northwest Pacific; 26-79% in the
345  North Atlantic), with increasing S-containing subgroups and CHON compounds and
346  decreasing CHO compounds near continental sources. This divergence stemmed from
347  selective aerosolization processes where CHO compounds (e.g., saccharides, alcohols,
348  organic acids) exhibited preferential enrichment in sea spray aerosols (Jayarathne et al.,
349  2016). Conversely, marine-derived CHOS/CHONS compounds were characterized by
350  higher oxidation states and polarity (Melendez-Perez et al., 2018), which might reduce
351  the enrichment efficiency in sea spray aerosols relative to their combustion-derived
352  counterparts. This mechanistic distinction likely accounted another reason for the lower

353  CHOS and CHONS fractions observed in this study compared to urban observations
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3.3 Variations of Molecular Characteristics of Organic Aerosols
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Figure 4. Comparison of (a) DBE, (b) fractions of aromatic compounds for ESI+ (upper)

and ESI- (bottom) mode, and (¢) mean O/C versus H/C during the three periods.

Figure 4 and Table S3 present bulk molecular characteristics of organic species
detected in both ESI+ and ESI- modes. The mean DBE of all subgroups (except CHOS)
exhibited progressive increase with pollution levels, accompanied by elevated
proportions of compounds with DBE > 4 during PE North and PE East relative to
MBGA (Figure 4a). These indicated enhanced molecular unsaturation in polluted
atmospheres, which was consistently observed in heavily polluted urban areas during
winter (Zhang et al., 2024; Wang et al., 2017). Figure 4b and Table S3reveal decreased
contributions from non-aromatic compounds (Xc < 2.5) alongside increased
proportions of monoaromatics (2.5 < Xc < 2.71) and polycyclic aromatics (Xc > 2.71)
(Figure S1, Table S4). Such signatures originated primarily from incomplete
combustion sources, i.e., coal pyrolysis under oxygen-deficient conditions release
abundant high-DBE compounds including polycyclic aromatic hydrocarbons (PAHs)
and tar species, and refractory materials from biomass burning as well (Dong et al.,
2012). Besides, abundant acidic species (nitrate and sulfate) may enhance acid-
catalyzed carbonyl condensation and oligomerization processes (Dong et al., 2012;

Jang et al., 2003), and promoted the formation of highly functionalized compounds
15
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378  such as nitro-aromatics (Wang et al., 2019), which collectively drove an overall increase
379  in molecular unsaturation.

380 Figures S2a-S2f display the van Krevelen diagrams (Kim et al., 2003; Heaton et
381 al, 2009) of detected molecular compositions during the three periods. Organic
382  molecules with low O/C ratios (0 — 0.6) constituted a substantial portion of the total
383  organic molecular species, but exhibited a broad H/C distribution (< 2.5). Oligomeric
384  OA components with high DBE values clustered in the center of the van Krevelen
385  diagrams (H:C ~ 1.5, O:C ~ 0.6). Highly oxidized oligomers (O:C > 1) were mainly
386  detected in the ESI+ mode with minor quantities, and only vanishing part of them can
387  be found in the ESI- mode. Figure 4c summarizes the three-dimensional distribution of
388  OJ/C, H/C, and OSc. During MBGA, organic molecular characteristics were dominated
389 by low-oxygen molecules exhibiting lower O/C and OSc. During PE North and
390 PE East, in both ESI+ and ESI- modes, the average O/C and OSc showed an overall
391  increasing trend, while H/C decreased significantly (except for CHOS-, Table S3). This
392  corresponded to the aforementioned increase in the types and abundance of organic
393  species with high unsaturation and the increased proportion of potentially aromatic
394  compounds (Figure S1 and Table S4). Furthermore, this significant decrease in H/C was
395 accompanied by a slight increase in OSc (except for CHON-), which was different from
396  the synchronous rise in O/C, H/C, and OSc reported in secondary-process-dominated
397 regions (Zhang et al., 2025). For CHON- compounds, the O/C and OSc values
398  significantly increased from 0.23 + 0.20 and -1.14 + 0.74 during MBGA to 0.25+0.17
399 and -0.90 £ 0.71 during PE_North, and 0.34 + 0.22 and -0.52 + 0.80 during PE_East,
400  respectively. The fraction of CHON- compounds characterized by O/N > 3 also elevated
401 from 24.7% to 29.6% and 46.7% (Table S3), indicating that more CHON- compounds
402  possessed at least one nitro (-NOz) or nitrooxy (-NOs) functional group, and can be
403  classified as oxidized nitrogen-containing compounds. Furthermore, the excess oxygen
404  atoms beyond the -NO; functional group in these CHON- compounds suggested the
405  presence of additional oxygenated functional groups, such as hydroxyl groups (-OH).

406 Both CHOS+ and CHOS- compounds exhibited significantly higher DBE during
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407  MBGA compared to the two pollution episodes (Figure 4a), with PE_North showing
408  slightly lower values than PE East. CHOS+ molecules demonstrated notably high
409  average DBE, with over 50% containing at least one aromatic ring structure (Xc > 2.5,
410  Figure 4b). Meanwhile, CHOS+ compounds maintained nearly identical O/C ratios
411 (0.16 £ 0.16 — 0.17 = 0.21) between PE_North and PE_East, accompanied by only
412 marginal increases in H/C. Their O/S ratios fell within a moderate range (2.39 + 2.34 -
413 2.70 + 2.83), with the proportion of O/S > 4 remaining essentially stable (16.7% -
414 21.9%). These characteristics suggested that CHOS+ species predominantly
415  represented aromatic or heterocyclic sulfur-containing compounds, such as thiophenes
416  and thioethers, which could be generated through high-temperature pyrolysis and
417  cyclization processes. In contrast, CHOS- compounds displayed substantially lower
418  DBE during PE North (1.40 + 2.38) and PE_East (1.78 + 2.90) compared to MBGA
419 (2.49+3.10), alongside significant increases in O/C and OSc (Figure 4b and Table S3).
420  Over 90% of CHOS- compounds exhibited Xc < 2.5 (Figure 4b, Figure S1, and Table
421 S4), with O/S ratios rising from 2.12 + 1.73 to 2.60 + 1.89 and 2.74 + 2.17. The
422 proportion of CHOS- compounds with O/S > 4 increased from 25% to 40%, indicating
423 their predominance as slightly unsaturated organic sulfides. This pattern suggested the
424 substantial formation of organic sulfides (including alkyl sulfonates, carboxy sulfonic
425  acids, and sulfate esters) during both pollution episodes. Higher O/C, OSc, and H/C
426  values observed during PE North were likely attributed to the formation of
427  organosulfate in highly oxidized environments with enriched SO and sulfate.
428  Conversely, CHOS- compounds during PE_East may primarily be originated from
429  gasoline vehicle exhaust, urban activities, and industrial sources.

430 Following the distribution of carbon oxidation state (Kroll et al., 2011), about 40%
431 - 90% of detected molecules were classified into four types, and accounted for 35% -
432 90% of the bulk relative intensity. Hydrocarbon-like organic aerosol (HOA) and
433  biomass burning organic aerosol (BBOA) are regarded as primary species directly
434  emitted into the atmosphere, while semi-volatile and low-volatility oxidized organic

435  aerosols (SV-OOA and LV-OOA) represent fresh and aged secondary aerosols formed
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436  through multistep oxidation reactions (Jimenez et al., 2009; Kourtchev et al., 2015;
437  Kourtchev et al., 2016). As demonstrated in Figure S3 and Table S5, both PE_North
438  and PE_East periods exhibited higher proportions of BBOA or oxidized organic aerosol
439  (including SV-OOA and LV-OOA) in terms of both formula number and relative
440  intensity compared to MBGA, particularly for the increased fractions of LV-OOA and
441 SV-OOA in CHO- and CHON- subgroups. This pattern aligned with the enhanced
442  contributions of biomass burning emissions and aging processes during atmospheric
443 transport. Similar classification by van Krevelen analysis (Figure S4, Table S6 and
444  Table S7) (Kim et al., 2003; Fu et al., 2020) also suggested that the proportions of
445  CRAMs-like structures (both ESI+ and ESI- modes) and aromatic structures (ESI+)
446  within CHO, CHON, and CHOS subgroups increased progressively with pollution
447 levels.

448 The relative intensity of CHN+ subgroups increased with pollution levels. These
449  compounds exhibited N/C ratios primarily distributed between 0 — 0.3 (mean: 0.11 —
450  0.12) and H/C ratios of approximately 0.5 — 2.0 (mean: 1.04 — 1.19) (Figure S5a), and
451  were detected across the m/z 100 — 600 range (Figure S5b), predominantly comprising
452 N and N species. Both N/C and H/C values were comparatively low (Figure S5c),
453 with 94.7% — 95.7% possessing Xc > 2.5 across all three periods. PAH-like components
454 constituted 69.2% — 77.5% of CHN+ compounds (Figure S5c), substantially exceeding
455  monocyclic aromatic hydrocarbons (17.7% — 25.5%), while aliphatic compounds
456  represented only approximately 5% of the CHN+ subgroup.

457
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459  Figure 5. Comparison of O/C versus H/C ratios with previous studies, hollow and solid
460  symbols present molecules detected in ESI+ and ESI- mode, respectively. The region
461  marked in (a) CHO-/+, (b) CHON-/+, (¢) CHOS-/+, and (d) CHONS-/+ were obtained
462  from Zhang et al. (2021) to describe oxidation state of these compounds. (Reference:
463  Beijing (Wang et al., 2018b; Jiang et al., 2016), Mainz (Wang et al., 2018b), Shanghai
464  (Wang et al., 2021; Wang et al., 2017), Cambridge (Rincon et al., 2012), Peal River
465  Delta (PRD, (Lin et al., 2012)), Guangzhou and Changchun (Wang et al., 2021), Po
466  Vally in Bologna (Brege et al., 2018), Strom Peak Laboratory/mountain (Mazzoleni et
467  al.,, 2012), Tivoli Industrial Estate and Docks (Kourtchev et al., 2014), Virginia
468  (Willoughby et al., 2014), cloud-water (Bianco et al., 2018; Zhao et al., 2013), fog-
469  water (Brege et al., 2018), urban rainwater (Altieri et al., 2009), tunnel OA (Tang et al.,
470  2020), vehicle exhaust (Tang et al., 2020), off-road engine (Cui et al., 2019), biomass
471 burning OA (Tang et al., 2020; Cai et al., 2020; Song et al., 2018), coal combustion OA
472  (Tang et al., 2020; Song et al., 2018; Song et al., 2019)).

473

474 To compare the chemical characteristics of organic molecules detected over the

475  ECS with previous studies, a modified van Krevelen diagram (Figure 5) based on the
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476  maximum carbonyl ratio (Zhang et al., 2021) was constructed, dividing the diagram
477  into five categories, i.e., very highly oxidized components, highly oxidized components,
478  intermediately oxidized components, oxidized unsaturated components and highly
479  unsaturated components. Both CHO+ and CHO- subgroups exhibited a shift towards
480  higher unsaturation during PE North and PE_East. Specifically, CHO+ molecules
481  transitioned from region (IV) to region (V), suggesting a shift from primary source
482  dominance towards combustion-related/condensational aging processes. CHO-
483  molecules shifted from region (III) to region (IV), indicating increasing contributions
484  from primary emissions and possible aromatic oxidation products. CHON+/- subgroups
485  remained predominantly clustered within region (IV), though their distribution trended
486  towards the lower right, signifying growing contributions from aromatic oxidation
487  products originating from combustion-related/condensational aging precursors. The
488  distributions of CHO+/- and CHON+/- subgroups overlapped with characteristic urban
489  and emission source signatures, reflecting the combined influence of multiple emission
490  sources and continental atmospheric transport on CHO and CHON molecules. CHOS+
491  subgroups distributed near the boundary between regions (IV) and (V), while CHOS-
492  subgroups occupied region (II) with a rightward shift, aligning with distinct sources and
493  formation pathways, as discussed in Section 3.3. CHONS+/- subgroups were primarily
494  located in region (IV), with CHONS+ shifting towards region (V) and CHONS-
495  towards region (III), indicating stronger combustion influence on CHONS+ and greater
496  susceptibility to oxidation processes for CHONS-. Notably, the distributions of
497  CHOS+/- and CHONS+/- subgroups showed less alignment with characteristic urban
498 and emission source signatures compared to CHO+/- and CHON+/- subgroups,
499  suggesting potential alternative sources or formation pathways for these molecular
500  classes.

501

502 3.4 Differences of Organic Aerosol at the Molecular Level

503  3.4.1 Molecular Composition Dynamics Across Pollution Episodes
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505  Figure 6. Wayne diagram of detected molecules during the three periods in the (a) ESI+
506  and (b) ESI- mode, and (c) O/C versus H/C of overlap and unique molecules during the
507  three periods.

508

509 In the ESI+ mode, only 30 organic molecules were consistently detected during
510 all three periods (Figure 6a), representing a mere 4.5%, 3.3%, and 2.2% of the total
511  detected molecules, while 125 in the ESI- mode exhibited overlapping organic
512  molecules, accounting for 40.2%, 27.1%, and 23.7% of molecules in each respective
513  period (Figure 6b). This contrast underscored the strong temporal heterogeneity of
514  organic aerosols over the East China Sea, resulting from distinct emission sources,
515  chemical pathways, and meteorological conditions. Overlapping components in the
516  ESI+mode exhibited the lowest O/C ratios and moderate H/C values (Figure 6¢), while
517  those in the ESI- mode showed moderate O/C ratios but the highest H/C values. Unique
518  components in both ionization modes during pollution episodes displayed higher O/C
519  but substantially lower H/C compared to MBGA. Elevated O/C ratios suggested
520  enriched oxygenated functional groups due to the secondary organic aerosol formation.

521  Lower H/C ratios during pollution episodes resulted from aromatic structures from
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537

combustion emissions, and the formation of highly functionalized stable compounds or
low-volatility oligomeric/polymeric products. Furthermore, unique components in the
ESI- mode during PE_East exhibited significantly higher O/C and lower H/C ratios
than during PE_North. This suggested unique components during PE_North may derive
more from aliphatic precursor dominated sources or undergo weak oxidation producing
aliphatic oxidation products, whereas unique components during PE East likely
originated from aromatic-precursor-dominated sources and experienced strong

oxidation processes, such as aromatic ring-opening and nitro-substitution.

3.4.2 Impact of Continental Outflow on Organic Aerosols at the Molecular Level
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Figure 7. Comparison of the relative enrichment of identified compounds (CHO-,
CHON-, CHOS- CHONS- and CHN+) between (a) MBGA and PE North, (b) MBGA
and PE_East, (c) PE_North and PE_East. All compounds are normalized to sampling

volume. (d) Correlations between OC and detected representative organic molecules in
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538  CHO- and CHON- subgroups.

539

540 Figures 7a-7c depict the relative intensities of organic components (CHO-,
541  CHON-, CHOS-, CHONS-, and CHN+) during the three periods. Palmitic acid
542  (Ci6H3202), a key tracer for marine emissions (Filimonova et al., 2016; Sharmin et al.,
543  2016), consistently exhibited the highest abundance among CHO- molecules during all
544  periods. Its relative intensity remained comparable across periods, clustering near the
545  1:1 ratio line in inter-period comparisons. Notably, palmitic acid showed slightly higher
546  relative abundance during PE North, which could be due to the long-range transport
547  over the ocean compared to the other two periods. Additionally, other characteristic
548  tracers of marine biogenic emissions or oxidation products, including CisH33NO,
549  CigH3sNO, CoHi302 (azelaic acid), C1sH3002, and CisH340:2 (oleic acid), though less
550 abundant than palmitic acid (Sharmin et al., 2016; Pavuluri et al., 2015; Hera, 2019),
551  also displayed similar relative intensities across the three periods. This pattern further
552  confirmed the stable contribution of marine biogenic emissions to atmospheric aerosols
553  over the East China Sea.

554 Compared to MBGA (Figures 7a&7b), the highest-abundance CHO- species
555  showed minimal variation across periods, dominated by long-chain aliphatic
556  compounds with low unsaturation. However, increased relative abundance was
557  observed for certain species from anthropogenic emissions and secondary formation.
558  Biomass burning markers including CsHsO (phenol), C7HsO2 (benzoic acid), and
559  CsHgO:2 (methyl benzoate) (Hatch et al., 2015) exceeded the 2:1 line and approached
560  the 4:1 line during PE_North and PE_East, respectively. CHON- compounds displayed
561  significantly elevated nitro-aromatics (e.g., CsHsNO3, C;H7NO3, CsHoNOs3) above the
562  4:1 line during the two pollution episodes, these CHON- compounds were recognized
563  as monocyclic aromatic structures originating from biomass burning (Mohr et al., 2013),
564  fossil fuel combustion and secondary formation (Ng et al., 2017), which was evident
565  from continental outflows. The relative intensities of CHOS- remained relatively stable

566  for high-abundance species. Long-chain alkane CHOS- components (C > 10, e.g.,
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567  Ci2H2604S, CisH2603S, Ci14H3008S2) clustered between 2:1 — 1:2 lines with low
568  unsaturation, reflecting mixed marine biogenic, fossil fuel combustion, and industrial
569  sources. Besides, part of C > 14 CHOS- compounds (e.g., CigH3003S, C17H2803S)
570  showed pronounced increases above 2:1 and 4:1 lines, potentially linked to continental
571  fossil fuel combustion and traffic emissions (Tang et al., 2020; Wang et al., 2016).
572  Short-chain CHOS- components (C < 10, e.g., C3HsOS and CsH204S) exhibited
573  marked abundance enhancements above the 2:1 line during pollution episodes, which
574  could be contributed by the secondary formation from transported unsaturated
575  hydrocarbons (Tao et al., 2014). Likewise, CHN+ compounds demonstrated substantial
576  increases in relative abundance during the two pollution episodes. Combustion-derived
577  species such as CoH7N (quinoline, biomass burning (Schmeltz and Hoffmann, 1977))
578 and CioHoN (naphthylamine, metal smelting and biomass burning (Ge et al., 2011))
579  both exceeded the 4:1 line.

580 The comparison between PE East and PE North revealed that aliphatic
581  compounds behaved largely unchanged or slightly reduced under the PE East air
582  masses (Figure 7c). For instance, palmitic and azelaic acids showed marginally lower
583  abundances during PE East, falling below the 1:1 ratio line. This pattern likely reflects
584  reduced marine biogenic contributions associated with weaker oceanic transport when
585  air masses from the Yangtze River Delta region, though overall differences remained
586 minor (proximity to 1:1 line). In contrast, PE East exhibited elevated relative
587 abundance of nitroaromatic compounds (Figure 7c), which can be attributed to
588 enhanced NOx and nitrate concentrations under stronger photochemical oxidation
589  conditions, promoting the secondary formation of nitroaromatics.

590 C4HsOs, tentatively identified as tartaric acid, can be formed by oxidation of
591  biogenic volatile organic compounds derived from marine biota (Rohrl and Lammel,
592  2002; Debolt et al., 2006). Tartaric acid and marine-derived CHON- species (long-chain
593  compounds with O/N < 2 associated with biogenic emissions) demonstrated strong
594  inverse correlations with organic carbon (R?= 0.59 and R? = 0.86, respectively, Figure

595  7d). In contrast, C7HsO2 and CsHsO., tentatively assigned as benzoic acid and

24



https://doi.org/10.5194/egusphere-2026-4499
Preprint. Discussion started: 1 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

596  phenylacetic acid (representative combustion-derived phenolic compounds), exhibited
597  positive correlations with OC concentrations (R> = 0.26 and R? = 0.39, respectively,
598  Figure 7d). In parallel, combustion and secondary formation related CHON- species,
599 including CsHsNOs3;, C7H7NO3, CsHgN202, and CsHoNOs, exhibited strong positive
600  correlations with OC (R? = 0.49) as well. The contrasting temporal trends of marine-
601  and combustion-derived molecular tracers further revealed a shift in the secondary
602  formation pathways of marine organic aerosols under continental outflow conditions.
603  This transition was likely driven by the enhanced transport of anthropogenic precursors
604 and elevated NOx levels associated with continental air masses. Such conditions
605  favored the formation of anthropogenic secondary organic compounds, particularly
606  nitrogen-containing oxidation products, while reducing the relative importance of
607  secondary organic aerosol formation from marine biogenic precursors.

608

609 3.5 Evolution of Volatility Driven by Continental Outflows
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611  Figure 8. Mean molar mass versus saturation mass concentration for organic
612  compounds categorized by CHO, CHON, CHOS and CHONS in the (a) ESI+ and (b)
613  ESI- mode, (c) relative contribution of organic compounds with different volatility.

614

615 The volatility of organic molecule is a critical property governing vapor
616  condensation, gas-particle partitioning, new particle formation, and particulate growth,
617  which is closely linked to functional groups and oxidation state. Figures 8a&8b
618 illustrate the relationship between saturation concentration and molar mass for all
619  detected subgroups. The CHO+ and CHO- subgroups predominantly fell within the
620 LVOC and SVOC volatility ranges, respectively, showing similar distributions across
621  periods. As shown in Figure S6 and Table S8, IVOC species constituted the highest
622  proportion (30 — 35%) of CHO+ compounds, while LVOC species, SVOC species, and
623  ELVOC species contributions were comparable (~20 — 25% each). CHO- compounds
624  were dominated by IVOC species (~50%), followed by SVOC species (33 —40%), with
625 minimal LVOC/ELVOC species representation (<9%). Similarly, CHON+, CHOS+,
626  and CHONS+/- subgroups predominantly clustered near the LVOC-ELVOC boundary
627  despite minor variations. CHON+ compounds showed high ELVOC species prevalence
628  (~50%), followed by LVOC species and SVOC species, indicating overall low volatility.
629  CHOS+ displayed comparable ELVOC species and LVOC species contributions (~40%)
630  with lower SVOC species proportions (14 — 18%). Both CHONS+ and CHONS-
631  subgroups followed identical volatility hierarchies of ELVOC species > LVOC species >
632  SVOC species > IVOC species.

633 Conversely, CHON-, CHOS-, and CHN+ subgroups exhibited substantial
634  variations in molecular volatility and relative abundance contributions across periods.
635  Specifically, CHON- during MBGA clustered near the LVOC-ELVOC boundary. With
636  increasing pollution intensity and rising NOy/nitrate levels, its distribution shifted
637  towards higher volatility (ELVOC—LVOC—SVOC). Meanwhile, both molecular
638 number and relative intensity of ELVOC species in CHON- decreased significantly,
639  while SVOC contributions surged from 4.33% (MBGA) to 30.0% and 39.9% (Figure

26
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640  S6 and Table S8). CHOS- shifted from the LVOC region (MBGA) to the SVOC-IVOC
641  transition zone during both pollution episodes.
642 As shown in Figure 8c, among volatility bins (logi0Co = 1), CHON- during two
643  pollution episodes showed the most pronounced increase within the IVOC range
644  compared to MBGA. Contrastingly, SVOC species consistently dominated CHOS-
645  subgroup (65-70%), and maintained stable relative intensity contributions, with
646  molecular proportion increased from 30.7% — 53.4% during the episode from MBGA
647  to pollution episodes, while the relative intensity of ELVOC species decreased from
648  28.2% to 11.9% (Figure S6, Table S8). CHN+ volatility differences manifested as
649 LVOC species dominance (~50%) during MBGA, balanced distributions with
650  prominent SVOC species contribution (~40%) in PE_North, and PE_East dominance
651 by IVOC species (>50% molecular proportion, >80% relative abundance). Figure 8c
652  further highlights the exceptional increase in total organic aerosol relative intensity
653  contributed by IVOC-range CHN+ molecules.
654
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656  Figure 9. Scatter plots of distribution of PM>.s mass concentration versus mean volatility.
657  Other city data are obtained from Figure S12 and Table S3 in Wang et al. (2024), and a
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658  summary table is given in Table S9.

659

660 Wang et al. (2024) established a logarithmic correlation between PMas
661  concentrations and bulk organic aerosol OA volatility across urban areas (Figure 9),
662 indicating enhanced volatility with worsening urban air pollution. Despite
663  methodological differences in solvent extraction affecting absolute volatility
664  magnitudes, a similar relationship emerged between PMas levels and average OA
665  volatility in the East China Sea. This trend likely reflected increased contributions from
666  less-oxidized primary OA during pollution episodes (Xu et al., 2021). Elevated particle
667  number concentrations from anthropogenic and primary OA emissions provided greater
668  surface area for organic vapor condensation onto particles, thereby suppressing gas-
669  phase oxidation. Xu et al. (2021) documented higher wintertime OA volatility in rural
670  and urban North China Plain due to enhanced coal and biomass burning emissions.
671  Negligible volatility changes in CHO+/-, CHON+, CHOS+, and CHONS+/- subgroups
672  were attributable to dominant contributions from transported higher-volatility primary
673  emissions outweighing oxidation effects, a pattern particularly pronounced in the
674 CHN+ subgroup. In particular, the CHON—- and CHOS— subgroups exhibited
675  significantly higher volatility during PE North and PE_East, likely reflecting enhanced
676  contributions from semi-volatile organic nitrates and organosulfates formed under
677  elevated NOx and SO> conditions.

678 To elucidate the volatility transformation of organic aerosols across the three
679  periods, individual compound distributions within the molecular corridors framework
680  arepresented in Figure S7 (Li et al., 2016; Shiraiwa et al., 2014).The molecular corridor
681  is constrained by two boundary layer of alkanes (CnHzn+2, grey line with O/C=0) and
682  sugar alcohols (CyH24+204, yellow line with O/C=1). In this study, organic molecules
683  over the East China Sea exhibited decreasing volatility with increasing molecular
684  weight, consistent with urban OA studies (Li et al., 2016; Wang et al., 2024). CHO+/-,
685  CHON+, CHOS+, and CHONS+/- subgroups showed intermingled distributions across
686  periods, whereas CHON- and CHOS- molecules shifted towards the upper SVOC-

28



https://doi.org/10.5194/egusphere-2026-4499
Preprint. Discussion started: 1 September 2026 EG U
sphere

(© Author(s) 2026. CC BY 4.0 License.

687  IVOC corridor region during PE North and PE_East. This migration suggested such
688 CHON- and CHOS- components were formed via gas-phase or aqueous-phase
689  oxidation of smaller molecular-weight VOC precursors (Shiraiwa et al., 2014). Figure
690 S8 further illustrates the relationship between volatility and OSc. Compounds in the
691  ESI+mode concentrated within -2 < OSc <0, indicating low oxidation states with broad
692  volatility distributions (Figure S8a). The volatile species with high relative intensity
693  were characterized of relatively low OSc and O/C values, while some high-OSc
694  compounds exhibited minimal volatility. In contrast, compounds in the ESI- mode
695  (Figure S8b) displayed an exponential volatility-OSc relationship. Elevated OSc
696  corresponded to higher volatility coupled with greater relative intensity, particularly for
697 CHON™ and CHOS™ subgroups, which aligned with our preceding discussion.

698

699 4. Conclusion

700 Significant uncertainties persist in accurately assessing the climate effects of
701  ambient organic aerosol due to its complex molecular composition and diverse sources.
702 In this study, the profound influence of East Asian continental outflows on the
703 molecular characteristics of organic aerosol over the East China Sea was investigated.
704  During MBGA, the mass concentration of PM»s was only 4.4 ug/m®, while it reached
705  55.7 ug/m’ and 76.7 ug/m® during two polluted periods, i.e., PE_North and PE_East,
706  respectively. Air masses during PE_North originated from northern China and travelled
707  over marine areas, resulting in higher relative humidity. Air masses during PE East
708  originated from the Yangtze River Delta region, accompanied with higher downward
709  solar radiation and O3 concentrations.

710 Atotal of 569 — 829 and 278 — 383 organic compounds were detected in ESI+ and
711 ESI- modes, respectively, which exhibited relatively low O/C ratios (0 — 0.6) but broad
712 H/C distributions (< 2.5). In the ESI+ mode, CHON+ compounds dominated (55 — 58%
713 relative intensity). CHO- species prevailed in the ESI- mode (41.0% during MBGA),
714  with CHON- as the second-most abundant subgroup (~35%). Only 4.5% (ESI+) and

715 23.7 — 40.2% (ESI-) of the organic compounds were detected across all periods,
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716  indicating extreme sensitivity of molecular compositions to continental outflows.
717  Unique compounds during pollution episodes exhibited elevated O/C and reduced H/C,
718  consistent with molecular characteristics from combustion sources and oxidative
719  functionalization. Pollution episodes significantly enriched combustion tracers with
720  high unsaturation (DBE > 4) and aromaticity (Xc > 2.50) compared to MBGA. CHON-
721  abundance progressively rose to 36.2% (PE North) and 51.7% (PE_East), while
722 CHNS*+ increased to 16.8% (PE_East). CHON- compounds showed substantial
723 oxidation enhancement, with mean O/C increasing from 0.23 + 0.20 to 0.34 + 0.22. The
724  proportion of nitroaromatics (O/N > 3) surged from 24.7% to 46.7%, confirming
725  dominance by biomass burning and coal combustion emissions or their nitro-precursors.
726  Similarly, characteristic combustion products like quinoline (CoH7N) and
727  naphthylamine (C10HoN) exhibited 4-fold increases during pollution episodes, directly
728  reflecting contributions from fossil fuel combustion and industrial emissions.

729 Long-chain fatty acids (e.g., palmitic acid and oleic acid) dominated CHO-
730  compositions during MBGA. Their abundances increased during PE North due to
731  extended trajectories of marine air masses, while only marginal decreases occurred
732 during PE_East, demonstrating pronounced resilience of marine biogenic contributions.
733 Meanwhile, short-chain CHOS- species doubled through secondary formation from
734  alkenes, while monoterpene oxidation products (e.g., CioH17NO7S) only emerged
735  exclusively during pollution episodes, suggesting the addition of anthropogenic
736  secondary formation in the marine atmosphere. Under the high-humidity and sulfate-
737  rich conditions during PE_North, aqueous-phase oxidation promoted the formation of
738  organosulfate (O/S >4 in CHOS-) and SV-OOA, concurrently driving CHOS- volatility
739  shift towards the SVOC regime under acidic conditions (Zhu et al., 2024). Conversely,
740  high irradiation and NOx under PE_East generated highly oxidized nitroaromatics,
741  though excess NOx limited VOC conversion to lower-volatility products and triggered
742 IVOC predominance in CHON-. This volatility dichotomy underscored pathway-

743 specific secondary processing mechanisms. Furthermore, bulk OA volatility increased
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744  logarithmically with PMas concentrations during pollution episodes, primarily
745  attributable to enhanced contributions from higher-volatility primary emissions.

746 In summary, East Asian continental outflows profoundly reshaped the molecular
747  compositions and evolution pathways of organic aerosols over the East China Sea. This
748  influence superseded marine emissions, induced various oxidative processes, and
749  caused molecular evolution of organic aerosol microphysics. Our findings provide
750  critical constraints for climate models, with profound implications for regional climate
751  predictability and emission control strategies.
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