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Study on the pollution characteristics of aerosols and VOCs along the lower
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HIGHLIGHTS

o First high spatiotemporal resolution shipborne observation of aerosols and VOCs following stricter fuel standards in the Yangtze River Delta

e Regional pollution transport has a significant impact on the pollution characteristics of local VOCs and aerosols.

e Shipborne polarization lidar captured three typical aerosol evolution episodes over the Yangtze River.

e VOCs exhibited distinct spatiotemporal heterogeneity, dominated by industrial halocarbons and port-related aromatics. Aromatics were critical precursors for
regional SOA formation, with halocarbons showing negligible contributions.

o Shipping emissions and riverside industrial discharges jointly regulated riverine air pollution characteristics.

ARTICLE INFO ABSTRACT

Keywords: China has faced complex air pollution challenges, particularly the synergistic evolution of particulate matter
Shipbome' measurement (PM) and its gaseous precursors. Although extensive near-ground observations exist, high-resolution insights into
Yangtze river delta vertical distributions and chemical mechanisms along the Yangtze River via shipborne platforms remain limited.

Linear depolarization ratio

. . Shipborne measurements offer a unique advantage over fixed ground-based stations by enabling continuous
Volatile organic compounds

spatial transects along the river, capturing spatial heterogeneity and vertical aerosol profiles that are inaccessible
to point measurements alone. This study used a shipborne polarization lidar and single-photon ionization time-
of-flight mass spectrometer to investigate spatiotemporal characteristics, sources, and evolution of aerosols and
volatile organic compounds (VOCs) along the Yangtze River's Jiangsu section from 9 to 11 October 2022.
Combined with ground data, we analyzed the temporal-spatial variations of vertical aerosol profiles, secondary
organic aerosol (SOA) formation potentials (SOAP), and their interconnections. Three aerosol evolution episodes
were identified: aged spherical particles via northwesterly regional transport; dust-mixed aerosols with high
linear depolarization ratio (LDR) and low extinction coefficients; and aging of dust-polluted aerosols. VOCs
showed strong spatiotemporal heterogeneity; high-pollution episodes were dominated by halogenated hydro-
carbons and substituted aromatics, reflecting industrial emissions and solvent volatilization along the riverbanks.
Xylene and ethylbenzene were linked to shipping and port activities. This represents the first high spatiotemporal
resolution shipborne observation of aerosols and VOCs after the implementation of stricter fuel standards in the
Yangtze River Delta, systematically revealing the VOC emission characteristics over the Yangtze River and the
aging process of aerosols following regional transport.
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1. Introduction

Air pollution in China has long been a pressing issue. More than a
decade ago, the frequent occurrence of regional haze had already drawn
widespread attention from both the public and the scientific community
(Ming et al., 2017). As one of the most economically vibrant and highly
urbanized regions in China, the Yangtze River Delta (YRD) region is
characterized by intense emissions and complex pollutant profiles. It has
consistently been a hotspot for complex air pollution, where fine par-
ticulate matter and ozone pollution alternate or co-occur, posing a se-
vere threat to public health (Hamanaka and Mutlu, 2025).Historically,
observational studies have predominantly focused on individual city
clusters and relied on fixed ground-based stations, which effectively
capture pollution characteristics at the urban scale(An et al., 2015;
Wang et al., 2015, 2016, 2018). To clarify the spatial distribution and
regional transport mechanisms of pollutants, prior studies have
commonly adopted numerical methods including backward trajectories
and chemical transport models to perform simulation and source
apportionment. However, these models are inherently susceptible to
uncertainties associated with emission inventories, meteorological
fields, and chemical mechanisms.

Mobile monitoring of air quality has been extensively implemented
worldwide. Early research primarily concentrated on the stationary and
mobile sampling of PM and the six criteria air pollutants. In recent years,
driven by the iterative advancement of high-precision observational
instruments, online mobile monitoring technologies for volatile organic
compounds including Time-of-Flight Mass Spectrometry (TOF-MS) and
Gas Chromatography-Mass Spectrometry (GC-MS), as well as spectral
remote sensing techniques such as Differential Optical Absorption
Spectroscopy (DOAS) and Fourier Transform Infrared Spectroscopy
(FTIR), have rapidly emerged (Huang et al., 2021; Tan et al., 2018;
Wang et al.,, 2021). By integrating these techniques with vertical
observation devices including polarization lidars and aerosol physico-
chemical analyzers, a multi-component mobile observation system is
constructed, which effectively narrows the scale discrepancy between
fixed-site monitoring and numerical model simulations.

In recent years, numerous studies have focused on air pollution along
the middle and lower reaches of the Yangtze River, revealing significant
differences between the atmospheric pollution over the river and that
within the adjacent urban agglomerations. In the winter of 2015, in-
stitutions including Fudan University and the University of Science and
Technology of China conducted a large-scale shipborne mobile obser-
vation campaign along the middle and lower reaches of the Yangtze
River. The vessel departed from Shanghai on 21 November, arrived in
Wuhan on 29 November, and returned to Shanghai on 4 December. A
variety of observational instruments were deployed during this
campaign, including analyzers for the physical and chemical properties
of aerosols, monitors for six criteria air pollutants, VOCs sampling and
monitoring devices, polarization lidars, and MAX-DOAS. This deploy-
ment enabled three-dimensional observations ranging from near-surface
chemical compositions to vertical aerosol profiles(Fan et al., 2018; Hong
et al., 2018; Li et al., 2018; Ting et al., 2021; Wang et al., 2020; Zhu
et al., 2018). The campaign directly captured significant regional dis-
parities in pollutant concentrations and sources. Specifically, it identi-
fied that Wuhan was dominated by secondary inorganic aerosols, the
Yangtze River Delta was enriched in crustal elements, rural areas were
prominently affected by biomass burning, and ship emissions contrib-
uted significantly in the Shanghai segment. Furthermore, observations
from instruments like MAX-DOAS confirmed that severe pollution
events in this basin were primarily driven by meteorologically induced
cross-regional transport, rather than the accumulation of local emis-
sions. Meanwhile, it pointed out that biomass burning was the dominant
source of brown carbon light absorption in winter. Although the syn-
chronous deployment of multiple instruments in this campaign yielded
commendable data and results, the subsequent analyses predominantly
focused on findings from individual instruments. Furthermore, the
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prolonged sampling times required for offline VOC and aerosol mea-
surements limited the potential for high-temporal-resolution cross--
validation and synergistic multi-pollutant source apportionment,
leaving considerable room for optimization. Building upon the 2015
study, the Jiangsu Provincial Environmental Monitoring Center con-
ducted a 15-day shipborne campaign along the Jiangsu segment of the
Yangtze River in 2019, targeting the more heavily polluted lower rea-
ches(Chen et al., 2022; Zhao et al., 2021). The study revealed that air
pollution levels over the Yangtze River were higher than those in sur-
rounding cities, with secondary nitrates, ship emissions, and coal com-
bustion identified as the major sources of aerosols. The levels of the six
criteria pollutants over the river were consistently higher than those at
the nearest environmental monitoring stations, indicating a more pro-
found impact from ship emissions in the riverine area and industrial
discharges along the riverbanks.

Concurrently, from 2016 to 2020, increasingly stringent fuel stan-
dards were enforced across all navigable segments of the Yangtze River
basin, mandating that ocean-going vessels switch to fuels with a sulfur
content of <0.1% upon entering inland waterways. The Yangtze River
Delta (YRD) region features a highly developed shipping industry. Es-
timations based on ship trajectories reveal that ship emissions exert a
significant impact on the atmospheric environment(Fan et al., 2016).
Furthermore, ship emission inventories indicate that emissions peak
during hoteling and cargo-handling operations, while those from slow
steaming and cruising modes are also prominent (Weng et al., 2020).
During the initial phase of the fuel switch, sulfate emissions decreased
(Xiao et al., 2018); however, the emission factors of VOCs increased
significantly. Alkenes replaced alkanes as the dominant species, leading
to an approximately twofold increase in the secondary organic aerosol
formation potential (SOAFP) (Wu et al., 2020). Following the complete
implementation of the fuel switch, aromatics and oxygenated VOCs
(OVOCs) became the predominant VOC components, accompanied by
further elevated emission factors and a marked enhancement in SOAFP
(Zhang et al., 2024) Beyond the shifts in the emission profiles of major
pollution sources over the Yangtze River driven by the revised marine
fuel standards, the landscape of pollution sources in the YRD has un-
dergone new transformations. Over the past decade, propelled by rapid
urbanization and stricter environmental quality controls, coupled with
the logistical convenience and cost-effectiveness of Yangtze River ship-
ping, a substantial number of polluting enterprises have relocated from
urban centers to riverside industrial parks.

In summary, the composition, source structure, and spatial distri-
bution of air pollution along the middle and lower reaches of the
Yangtze River exhibit unique characteristics that are distinct from those
in urban areas. Furthermore, previous studies suffered from insufficient
spatiotemporal resolution for VOC measurements. Given that the
dominant sources of VOC emissions have shifted in recent years, the
absence of corresponding cross-regional joint monitoring campaigns
highlights a critical need for further investigation.

To address these gaps, our team conducted a shipborne mobile
observation campaign along the Jiangsu segment of the Yangtze River
between 9 and 11 October, 2022, utilizing a polarization lidar and a
single-photon ionization mass spectrometer. This study focuses on
analyzing the vertical distribution and optical properties of aerosols, as
well as the spatiotemporal patterns of VOC components over this
waterway. The campaign revealed distinct differences in VOC distribu-
tions between port operation areas and riverside industrial zones,
elucidating the characteristic profiles of VOC emissions from various
sources. Concurrently, we successfully captured the aging process of
dust aerosols and systematically analyzed the evolution of key param-
eters, such as the LDR and extinction coefficient. These findings provide
first-hand observational data for deciphering the sources and trans-
formation mechanisms of regional pollutants. Given the pressing need
for finer air quality regulations in the YRD, the synergistic PM and VOC
data obtained herein facilitate the precise pinpointing of pollution hot-
spots and the differentiation of source contributions. This holds
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substantial practical significance for advancing joint regional air
pollution prevention and elevating the overall efficacy of environmental
governance.
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Fig. 1. (a) Shipborne cruise tracks, yellow line shows industrial land use within a 5 km buffer along both sides of Yangtze River. (b) LDR on 9 October (from Nanjing
to Nantong); (c) LDR on the morning of 10 October (from Nantong to Taicang); (d) LDR in the afternoon of 10 October (from Taicang to Nantong); (e) LDR on 11
October (from Nantong to Yangzhou).
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2. Methodology
2.1. Study area and cruise track

The Jiangsu section of the Yangtze River was selected as the target
research area. The shipborne mobile monitoring campaign was con-
ducted from 9 to 11 October 2022. On 9 October, the research vessel
departed from Nanjing Port (118.72°E, 32.09°N) at 05:47 and arrived at
Nantong Port (120.83°E, 32.01°N) at 17:09. On 10 October, the cruise
started from Nantong Port at 09:35, reached Taicang Port (121.18°E,
31.67°N), and then immediately performed an inbound journey,
returning to Nantong Port at 14:17. On 11 October, the vessel traveled
back from Nantong Port (departure at 05:43) to Nanjing Port, arriving at
18:18. The detailed cruise tracks, along with the locations of major in-
dustrial clusters, ports, and power plants along the river, are illustrated
in Fig. 1.

2.2. Instruments and data sources

During the monitoring period, a single-photon ionization mass
spectrometer (SPIMS-2000) was employed to measure the concentra-
tions and compositions of VOCs in the atmosphere. The SPIMS-2000
offers real-time monitoring with a 5 s time resolution, a mass-to-
charge ratio (m/z) coverage of 48-261, sub-ppbv to ppbv level
method detection limits (e.g., 0.38-2.46 ppbv for key aromatics) (Mai
et al., 2022; Ren et al., 2022), which are critically important for mo-
bile observations (Li et al., 2023; Shang et al., 2022). The spatial sam-
pling density is approximately 28-42 m per data point.

A polarized lidar, operating at a wavelength of 532 nm with a typical
pulse energy of 20 mJ and a range resolution of 7.5 m, was used to
vertically monitor the LDR of aerosol particles in the air. The vertical
extinction coefficient was calculated based on the Fernald method.
During shipborne observations, each vertical profile represents a 1-s
average, and the horizontal interval between consecutive profiles is
approximately 5.6-8.3 m. This horizontal sampling density is sufficient
to resolve spatial aerosol variations along the cruise track.

For the ambient environmental data collected during mobile mea-
surements, hourly concentrations of PM, 5 and PM; were obtained from
national environmental air quality monitoring stations along the
Jiangsu section of the Yangtze River. Wind field and relative humidity
data were derived from the ERAS reanalysis dataset provided by the
European Centre for Medium-Range Weather Forecasts (ECMWF).

3. Results and discussion
3.1. Polarization lidar observations

During the cruise campaign, the polarization lidar operated in a
vertically pointing mode to acquire LDR data. The LDR is defined as the
ratio of the perpendicular polarization component to the parallel po-
larization component in the lidar backscatter signal, with values ranging
from O to 1. Values approaching 0 indicate that the aerosol particles are
highly spherical, whereas higher values suggest more irregular particle
shapes. For the 532 nm laser wavelength, the LDR of dust aerosols across
various modes does not exceed 0.5, while that of continental aerosols
remains below 0.08. Previous studies have established a correlation
between particulate matter concentrations and the LDR, demonstrating
that the correlation between PM;( and the LDR is significantly stronger
than that with PMy 5 (Wang et al., 2019).

Fig. 1 illustrates the LDR profiles up to 2.5 km during this cruise
campaign. The observation results for 9 October are presented in Fig. 1b.
Elevated LDR values were observed above most cruise segments that
were identified as low-level clouds via lidar detection. Since the laser
beam cannot penetrate thick liquid clouds, the light undergoes multiple
scattering between liquid cloud droplets, resulting in a rapid increase in
the LDR (Sun et al., 2016).
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On 10 October, a round-trip cruise observation was conducted be-
tween Nantong and Taicang, as depicted in Fig. 1c and d. The ship
departed at 09:00 local time (LT). Immediately after leaving Nantong
Port, the LDR in the lower boundary layer exceeded 0.2, with high
values mainly concentrated below 500 m, whereas the ratios in the
middle and upper boundary layer remained below 0.15. Meanwhile, the
PM; concentration at the Nantong national environmental air quality
monitoring station reached its diurnal peak (Fig. 7). Toward noon, the
LDR within the boundary layer gradually decreased, dropping to
approximately 0.13 upon arrival at Taicang. As shown in Fig. 1d, the
depolarization ratio within the boundary layer further decreased to 0.1
upon arrival back at Nantong.

Fig. le illustrates the LDR during the return voyage from Nantong on
11 October. The ship departed at 05:43 LT. Lidar observations revealed a
series of high near-surface LDR regions at low altitudes, all of which
corresponded to the industrial parks along the Yangtze River. Simulta-
neously, a high LDR zone exceeding 0.12 was observed at the top of the
residual layer at an altitude of 1.7 km, which dissipates when reaching
the airspace over Changzhou. After 09:00, significantly elevated near-
surface LDR regions were observed in both Changzhou and Jiangyin.
Although the high LDR region in Changzhou was overall weaker than
that in Jiangyin, its altitude was nearly 500 m higher. Apart from the
differences in emission capacities among various industrial parks, this
phenomenon is consistent with the diurnal evolution of the planetary
boundary layer height (PBLH). No evident high LDR regions were
observed during the remainder of the return cruise.

Lidar measurements indicate that elevated LDR values were pri-
marily recorded on 10 and 11 October. Spatially, these high-LDR hot-
spots were consistently co-located with industrial parks or port
terminals, with the most significant enhancements observed near ship-
yards and port areas.

For instance, while cruising along the northern bank of the Yangtze
River between 05:43 and 08:13 LT on 11 October, the vessel traversed a
dense cluster of petrochemical and shipbuilding facilities at the
Nantong-Taizhou border. Here, the near-surface LDR at a 50-m altitude
intermittently spiked above 0.14. Such anomalously high near-surface
values during the early morning are unambiguous signatures of strong
anthropogenic emissions. Subsequently, from 08:13 to 10:43 LT, the
ship passed two major shipyards along the northern bank. Around 09:00
LT, a maximum LDR of 0.16 was detected below 300 m over the first
shipyard in northern Jiangyin. About an hour later (around 10:00 LT), a
peak LDR of 0.12 was observed over the second shipyard in southeastern
Changzhou; remarkably, this high-LDR plume extended up to 800 m.

To further elucidate the atmospheric processes during the cruise,
lidar extinction coefficients were incorporated into the analysis. Fig. 2
depicts the temporal evolution of both the extinction coefficient and
LDR, and Fig. 3 illustrates the vertical profiles extracted at six repre-
sentative time points in Fig. 2. As illustrated in Fig. 2, the planetary
boundary layer (PBL) on October 9 was characterized by markedly high
extinction coefficients coupled with extremely low LDR values, sug-
gesting a clear predominance of spherical particles. Ground-based ob-
servations at Nantong (Fig. 7) recorded a sharp daytime surge in PMj s,
followed by a delayed nighttime peak in PM;o, while strong north-
westerly winds (>10 m/s at 925 hPa) prevailed.

On 10 October, the LDR within the PBL remained above 0.1
throughout the day, substantially higher than on 9 October, while the
extinction coefficient dropped below 0.075 km™! (Figs. 2 and 3b-e).
Both parameters declined gradually over the day. The LDR decreased
from around 0.15 to around 0.1, and the extinction coefficient decreased
by approximately 0.02 km™!. At the Nantong monitoring station, a
pronounced daytime surge in PM;jo concentrations was recorded.
Spatially, enhanced LDR hotspots were consistently observed at three
locations during both outbound and return voyages: the departure port
terminal, a nearby shipyard, and a mixed emission zone within a
riverside industrial park adjacent to the Yangtze River Bridge, which the
vessel passed at around 10:30 and around 13:00 LT. Distinct LDR
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enhancements were captured during both bridge transits, while the
extinction coefficient remained largely unchanged.

On 11 October, the observations showed contrasting vertical features
(Figs. 2 and 3c-f). During the early morning, the near-surface LDR
(below 100 m) exceeded 0.1 and progressively decreased with altitude,
while a distinct high-LDR layer (>0.1) about 300 m thick was present
between 1.5 and 2.0 km. The extinction coefficient exhibited a negative
correlation with LDR: lower near the surface, increasing with altitude,
and dropping abruptly above 1.5 km. Relative to 10 October, the layer
between 700 and 1500 m showed a depressed LDR combined with an
enhanced extinction coefficient. The elevated LDR layer above 1.5 km
dissipated by around 11:00 LT. During the afternoon, a substantial

enhancement in the extinction coefficient appeared at 1.5 km altitude,
while the overall LDR systematically declined.

The spatial coincidence of high near-surface LDR with industrial
parks on 11 October demonstrates that these enhancements originate
from anthropogenic emissions. The higher altitude reached by the LDR
plume over Changzhou compared to Jiangyin (Fig. 1e), despite weaker
overall intensity, is consistent with the diurnal evolution of the PBLH
and likely modulated by differences in emission strength. The anoma-
lously high near-surface LDR (>0.14) recorded during the early morning
passage through the Nantong-Taizhou industrial cluster is an unam-
biguous signature of strong primary emissions. For the two shipyards,
the higher vertical dispersion of the Changzhou plume (up to 800 m),
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despite the smaller scale of the facility, can be explained by the com-
bined effect of a deeper PBL later in the morning and favorable local
dispersion conditions induced by a nearby cross-river bridge.

3.2. VOCs observations

VOCs are recognized as critical precursors of SOA. Given the high
density of chemical industrial parks situated along both banks of the
Yangtze River, synchronized measurements of VOC concentrations were
conducted throughout the cruise observation. Fig. 4 illustrates the
temporal variations in TVOC concentrations. Based on the spatial dis-
tribution of the cruise track, the observation period was partitioned into
six symmetrical time episodes. Table 1 summarizes the dominant VOC
species and their respective mass fractions for the first five episodes,
with the corresponding chemical compositions further visualized in
Fig. 5. To specifically characterize the heavily polluted regions, data
points with TVOC concentrations below 10 ppbv were excluded from the
analysis for these specified episodes.

The toluene-to-benzene (T/B) ratio is a widely utilized diagnostic
tool for discriminating between vehicular and non-vehicular emission
sources. T/B ratios within the range of 0.6-1.0 are generally considered
characteristic signatures of typical motor vehicle exhaust. In contrast,
ratios exceeding 2.0 serve as a robust indicator of solvent evaporation or
industrial activities, as toluene is extensively employed as a solvent in
coatings, printing processes, adhesives, and chemical manufacturing
(Gelencsér et al., 1997; Li et al., 2020; Sun et al., 2016). Furthermore,
owing to the higher photochemical reactivity of toluene compared to
benzene, the magnitude of the T/B ratio also acts as a proxy for the
photochemical age or “freshness” of the sampled air mass (Yuan et al.,
2013; Zou et al., 2023).

Significant VOC enhancements were recorded during the middle
segment of the outbound leg (Episode 1); however, such emissions were
largely absent during the corresponding return journey (Episode 6). Due
to the absence of obvious VOCs pollution in Episode 6, the subsequent
analysis only examines Episodes 1-5. Analysis of the T/B diagnostic ratio
reveals that the values in Episode 1 were markedly lower than those in
Episodes 2-4, yet remained higher than in Episode 5.

To quantitatively evaluate the potential influence of diurnal photo-
chemical variations on the observed VOC differences, we extracted the
hourly surface solar radiation downwards from the ERA5-Land rean-
alysis dataset and calculated the domain-averaged instantaneous irra-
diance over the study region (118-122°E, 31-33.5°N) for both 9 October
and 11 October (Fig. A.3). The results show that the irradiance on 11
October was higher than that on 9 October by approximately 100 W/m?.
We acknowledge that photochemistry does affect VOC concentrations,
with higher irradiance generally accelerating their consumption (e.g.,
peak VOCs in Episode 2 vs. Episode 5). However, the compositional
shifts between episodes contradict a photochemistry-dominated inter-
pretation. As shown in Fig. 5, Episode 2 is dominated by alkanes,
whereas Episode 5 exhibits a much higher fraction of aromatics—species
that react far faster with -OH radicals. Under stronger photochemical
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Table 1
Concentration and proportion of dominant VOCs species in each pollution
period.

Episode T/B VOC Species Concentration Fraction
Ratio (ppbv)
Episode 2.74 Trichloroethane 3.303 13.0%
1 Trimethylbenzene 3.093 12.2%
1,1-Dichloroethylene 2.209 8.7%
Xylenes & Ethylbenzene 1.690 6.6%
1,1,2,2-tetrachloroethane 1.543 6.1%
(1,1,2,2-TeCA)
Episode 6.67 Trichloroethane 6.156 16.6%
2 Trimethylbenzene 3.825 10.3%
Xylenes & Ethylbenzene 3.546 9.6%
Diethylbenzene 3.195 8.6%
1,1,2,2-TeCA 2.954 8.0%
Episode 4.82 Trichloroethane 12.828 21.1%
3 1,1,2,2-TeCA 5.769 9.5%
Diethylbenzene 5.561 9.2%
1,1-Dichloroethylene 4.309 7.1%
Trimethylbenzene 4.184 6.9%
Episode 9.68 1,1-Dichloroethylene 6.971 11%
4 Diethylbenzene 4.972 7.8%
Xylenes & Ethylbenzene 3.965 6.2%
n-Decane 3.664 5.8%
1,3-Dichloropropene 3.433 5.4%
Episode 1.48 Xylenes & Ethylbenzene 9.114 36.0%
5 Diethylbenzene 2.030 8.0%
Pentene 1.929 7.6%
Toluene 1.444 5.7%
Trimethylbenzene 1.369 5.4%

conditions (higher irradiance on 11 October), one would expect the
more reactive aromatics to be preferentially depleted. The fact that the
aromatic fraction increased rather than decreased suggests that photo-
chemical loss alone cannot explain the observed compositional differ-
ences. Moreover, the ~100 W/m? irradiance increase between 9 and 11
October is insufficient to account for the near-complete disappearance of
VOCs in Episode 6. Instead, the decisive factor is the marked shift in
wind field (Fig. A.1b, h): strong northwesterly winds on 9 October
transported pollutant plumes into the cruise track, whereas stagnant
northeasterly winds on 11 October largely suppressed regional transport
and local accumulation.

This specific T/B ratio pattern indicates that the observed pollution
was primarily driven by the transport of an aged air mass. From a
meteorological perspective, the robust northwesterly winds on 9
October served as a primary driver, not only transporting aerosol plumes
but also likely advecting upwind VOC precursors across the river
surface.

The VOC composition in Episode 2 was comparable to that in Episode
1, with halogenated hydrocarbons remaining the predominant species in
both segments. However, Episode 2 exhibited a significant enhancement
in the T/B ratio, accompanied by a higher mass fraction of aromatic
hydrocarbons. Specific species identification provided further insights
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Fig. 4. Variations in TVOCs concentrations.
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into the emission sources. Trichloroethane, characterized by its excep-
tional organic dissolution capacity and relatively low toxicity, has been
extensively utilized as a cleaning solvent in the aviation, automotive,
and electronics industries. Additionally, it serves as a solvent for water-
and oil-repellent treatments in paper and textiles, and is a known con-
stituent in certain pesticide formulations (Doherty, 2000). Similarly,
tetrachloroethane—sharing comparable chemical properties with
trichloroethane—is frequently detected in emissions from the plastics
industry (Shao, 2019). Furthermore, trimethylbenzene and 1,
1-dichloroethylene are primarily employed as raw materials for
coating production. This specific cruise segment navigated past a vast
cluster of industrial parks along the northern bank of the Yangtze River,
which are dominated by port facilities, material chemicals, and textile
dyeing industries. Consequently, the pollution characteristics observed
in Episodes 1 and 2 can be attributed to the superposition of regional
transport from upstream areas and localized industrial emissions along
the riverbanks.

In Episode 3, 1,1,1-trichloroethane emerged as a dominant species,
accounting for 21.1% of the total VOCs. This segment was further
characterized by the enrichment of highly stable halogenated hydro-
carbons and long-chain substituted aromatics, such as 1,1,2,2-tetra-
chloroethane and diethylbenzene, with the total volume fraction of
halogenated hydrocarbons reaching 49%. Due to chlorine's electron-
withdrawing and steric effects, chlorinated alkanes exhibit OH rate
constants (~10~'* ¢cm® molecule™! s™1) two orders of magnitude lower
than aromatics (~10’12) (Atkinson and Arey, 2003), resulting in at-
mospheric lifetimes of months or longer. Due to their chemical inertness
and sluggish photochemical degradation rates, the prevalence of these
halocarbons signifies persistent industrial inputs and minimal air mass
aging, reflecting a strong and consistent contribution from local chem-
ical sources.

Episode 4 exhibited the highest T/B ratio among all observed pe-
riods. While the proportion of halogenated hydrocarbons declined, the
abundance of alkanes rose to 27.6%. Notably, n-decane was a key
component, a long-chain alkane typically associated with petrochemical
facilities or ship engine exhaust. This episode was predominantly gov-
erned by solvent evaporation, fugitive emissions of chemical feedstocks,
and petrochemical-related volatilization. The distinct simplification of

the aromatic profile, coupled with the negligible influence of regional
transport or photochemical processing, underscores that this air mass
represents a typical fresh industrial plume originating from proximal
sources.

In Episode 5, the T/B ratio declined to a relatively low level of 1.48.
This segment was characterized by a substantial mass fraction of xylene
and ethylbenzene (combined 36%), the detection of olefins such as
pentene, and a sharp increase in aromatic hydrocarbons to 59.4%,
whereas the contribution from halogenated hydrocarbons significantly
diminished. These chemical signatures are consistent with the T/B
characteristics typically associated with motor vehicle exhaust and fossil
fuel combustion. Notably, although Episodes 2 and 5 are spatially
proximal, their VOC compositions and dominant species exhibited
distinct discrepancies. This can be explained by the meteorological
transition on 11 October, during which mid-to-high altitude wind speeds
decreased markedly and the wind field shifted to weak northeasterly.
Based on satellite imagery, the pollution peaks recorded during Episode
5 consistently corresponded to the locations of port terminals and
shipyards. Consequently, the VOCs measured during this period likely
originated from a combination of ship emissions and shipbuilding-
related industrial activities along the Yangtze River. Previous studies
have shown that aromatic hydrocarbons emitted by ships in port are
dominated by benzene, toluene, ethylbenzene, and xylene (BTEX) (Xiao
et al., 2018). Given that xylene and ethylbenzene are also primary
constituents of industrial paints (Ghobakhloo et al., 2023), their abun-
dance is further linked to the open-air spray painting processes prevalent
in shipyards. Additionally, slight enhancements in TVOC concentrations
were observed at the commencement and conclusion of each daily
observation, further underscoring the persistent influence of VOC
emissions from port areas. As no notable VOC enhancements were
detected during Episode 6, this period was not included in the subse-
quent detailed compositional and source analyses.

Building upon the preceding analysis of VOC chemical composition
and source apportionment along the cruise track, this study further
evaluated the secondary organic aerosol formation potential (SOAP) of
key VOC species for each episode. The SOAP was employed to charac-
terize the aerosol formation capacity of VOCs. In this study, the toluene
equivalent mass method (Derwent et al., 2010) was applied. This
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method reflects the propensity of individual organic compounds to form
SOA on an equal mass basis relative to toluene, which is represented by
the SOAP index. The secondary organic aerosol potential for each spe-
cific organic compound (SOAP;) were calculated as follows:

Increment in SOA mass concentration with species, i
X

100
Increment in SOA with toluene

SOAP; = @

The SOAP; values utilized in this study were referenced from
Derwent et al. (2010). The total SOAP is derived by multiplying the
SOAP; by the mass concentration of the corresponding VOC species (c;),

calculated as follows:

SOAP="c¢; x SOAP; (2

The results are presented in Fig. 6. Throughout the observation
period, the total SOAP (£SOAP) for the five identified pollution episodes
exhibited pronounced variability, ranging from 15.01 to 51.72 pg/m®.

For Episodes 1 and 2, the £SOAP values were recorded at 19.99 pg/
m® and 28.30 pg/m°, respectively. xylene/ethylbenzene and toluene
emerged as the predominant contributors, collectively accounting for
over 70% of the total SOAP. This dominance is in close alignment with
the characteristic benzene series profiles associated with industrial sol-
vent emissions during these periods. These findings underscore that
industry-related aromatic VOCs serve as crucial precursors driving SOA
formation in the upstream regions.

The SOAP characteristics during the two episodes within the core

El (X SOAP:19.99)

E2 (X SOAP:28.30)
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pollution zone exhibited distinct discrepancies. In Episode 3, the XSOAP
reached its minimum value (15.01 pg/mg) across the entire observation
period. Trimethylbenzene, dodecane, and undecane were identified as
the primary contributors. This pattern closely mirrors the emission fin-
gerprints characterized by the absolute dominance of halogenated hy-
drocarbons (e.g., trichloroethane and 1,1,2,2-tetrachloroethane), which
possess lower SOAP potentials. The minimal contribution of these hal-
ocarbons to SOA formation resulted in a suppressed overall SOAP level
during this period. By contrast, the XSOAP in Episode 4 surged to
39.49 pg/m?>. This substantial increase was driven by the significantly
enhanced contributions of xylene/ethylbenzene and toluene, which
emerged as the top two SOAP contributors. These variations reflect a
marked increase in the mass fraction of highly reactive aromatics orig-
inating from proximal industrial emissions, thereby leading to a
concomitant elevation in the regional SOA formation potential.

During Episode 5, which was characterized by a dominance of traffic
sources in the downstream symmetrical region, the SSOAP reached its
peak value of 51.72 pg/m® for the entire observation period. Within this
episode, the contribution of xylene/ethylbenzene was overwhelmingly
dominant, accounting for nearly 40 pg/mS, followed by toluene. The
mass fraction of xylene/ethylbenzene reached 36% of the total VOCs,
which is highly consistent with the emission signatures of industrial
solvents. Furthermore, the T/B ratio aligned well with the characteris-
tics of traffic-related sources, such as engine exhaust. These results un-
derscore that highly reactive aromatics originating from both industrial
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Fig. 6. Top five species with the highest SOAP contributions in each episode.
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Fig. 7. Changes of PMys and PM;, concentration in Nantong station (120.86 °E, 32.00 °N) from 8 to 12 October by national environmental air quality moni-

toring stations.

solvents and traffic emissions are the core drivers of SOA formation in
the downstream region. During this period, the meteorological condi-
tions were relatively stagnant, which, coinciding with the lidar obser-
vations of aerosol aging within the boundary layer, facilitated the
intensive chemical transformation of precursors into secondary organic
aerosols.

Overall, the SOA formation potential across the study area exhibited
pronounced temporal variability. While industrial emissions dominated
by halogenated hydrocarbons exerted a constrained influence on SOA
production,  industrial solvent sources and traffic-related
combustion—characterized by an abundance of highly reactive
aromatics—emerged as the primary drivers of SOA formation. Notably,
species such as xylene and ethylbenzene originating from traffic emis-
sions displayed exceptionally high SOAP, underscoring their substantial
and non-negligible role in regional secondary organic aerosol pollution.

3.3. Large-scale particulate matter transport process

A large-scale aerosol transport process was captured during the
cruise monitoring. By synthesizing the variations in PMy 5 and PMjq
with concurrent meteorological data. The pollution observed on 9
October came from nearby regional transport, while the pollution on 10
October came from dust aerosols in the Mongolian region.

Fig. 7 presents the concentration profiles of PMy 5 and PMj at the
Nantong national monitoring station (120.86°E, 32.00°N) from 8 to 12
October. On 9 October, the PM5 5 concentration exhibited an anomalous
“M-shaped” profile with extremely low values during the nighttime.
PMS, 5 concentrations surged after 05:00 LT on 9 October, synchronized
with high northwesterly wind speeds at 925 hPa. The peaks of “M-sha-
ped” structure occurred at 10:00 and 12:00 LT. After 20:00 LT, con-
centrations plummeted to below 10 pg/m® and remained low until
midnight. Concurrently, PM;q levels underwent a rapid surge and sub-
sequent decline at night. These variations deviated significantly from
typical autumnal diurnal trends.

From 09:00 to 14:00 LT on 10 October, the RH across the region
remained below 60% (Fig. A.2). Under the influence of persistent
northwesterly winds, PMj 5 concentrations showed a gradual increase,
whereas PM reached its diurnal peak at 09:00 LT before progressively
declining. Considering that the PM; 5 concentrations at most stations are
at extremely low levels (Fig. A.1.), the episode was identified as a north-
to-south regional particulate matter transport event.

Fig. 8 simulates the 72-h backward trajectories at 500 m, 1000 m,
and 1500 m above the surface at Nantong Station at 09:00 LT on 10
October. The results show that air masses at 500 m and 1500 m origi-
nated from the upper levels of Mongolia, while those at 1000 m came
from the surface of Inner Mongolia. This transport evolution is further
supported by the 72-h trajectory cluster analysis (Fig. A.4). By 11
October, the air mass pathways transitioned significantly into north-
eastern and coastal recirculating flows (dominated by clusters of 41.67%
and 37.50%), reflecting a weakened long-range propulsion. The dust
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Fig. 8. Simulation results of backward trajectories at 500 m, 1000 m and
1500 m above the Nantong station (120.86 °E, 32.00 °N), starting at 01:00 UTC
on 10 October (09:00 LT on 10 October).

was lifted at 06:00 LT on 8 October and then transported over Nantong.
This attenuation process was effectively captured by polarization lidar
observations. A clear reduction in the LDR is visible in Fig. 1c and d,
further corroborating the settling or dispersion of coarse particles.

On 11 October, the wind field shifted to northeasterly, marking a
transition in air mass origin from inland regions to the East China Sea.
Driven by an east-to-west spatial gradient of increasing RH, PM; 5 con-
centrations rose across the stations in Yangzhou, Taizhou, and
Changzhou (Fig. A.1). Simultaneously, synchronized high peaks of both
PMy5 and PM;o were recorded at the Nantong monitoring station
(Fig. 7).

3.4. Discussion

3.4.1. Regional transport and aging of aerosols

Based on shipborne lidar observations, this section elaborates the
aerosol evolution over the Yangtze River Jiangsu section during 9 to 11
October, covering three typical successive processes: regional transport
of aged anthropogenic aerosols, dust-polluted mixed aerosol intrusion,
and continuous photochemical aging accompanied by local pollutant
emissions.

The high extinction coefficients together with very low LDR on 9
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October point to a predominance of spherical particles. This optical
pattern, together with the observed PMj 5 surge, delayed PM; peak, and
strong northwesterly winds, explicitly points to a north-to-south
regional pollution transport event. In the transported air mass, finer
and lighter PM; 5 reached the Yangtze River first, while the coarser PM;
fraction arrived hours later. High extinction combined with low LDR is a
well-recognized signature of polluted aerosols; although many anthro-
pogenic particles are non-spherical at emission, atmospheric aging
driven by photochemical processes gradually renders them more
spherical, thereby reducing the LDR (Baars et al., 2019; Fan et al., 2018).
The strong confinement of the aerosol layer within the PBL further
supports its polluted nature (Huang et al., 2012). Therefore, the 9
October episode is interpreted as a typical case of northerly wind-driven
regional transport that initially delivered aged, spherical PMj 5 particles.

On 10 October, the combination of persistently elevated LDR (>0.1)
and substantially reduced extinction coefficient (<0.075 km™ 1) differs
markedly from the polluted episode of the previous day. Although the
maximum LDR did not reach the around 0.25 typical of pure dust, the
optical pairing of relatively high LDR and low extinction is widely
employed as a robust criterion for dust or dust-pollution mixed aerosols
(de Foy et al., 2011; Panahifar et al., 2020; Zhou et al., 2013). This
interpretation is corroborated by the concurrent daytime PM; surge at
Nantong. The localized LDR enhancements observed near the port ter-
minal, shipyard, and bridge-associated industrial zone, with minimal
variation in extinction, are likely attributable to primary anthropogenic
emissions from industrial operations or bridge traffic.

The vertical structure on 11 October captures a transition from dust-
polluted mixed aerosols to aged and secondary organic aerosols. The
reduction in LDR observed between 700 and 1500 m, accompanied by
an increased extinction coefficient relative to 10 October, is a well-
established indicator of aerosol aging (Burton et al., 2012). This sug-
gests that aerosols trapped in the nocturnal residual layer over the
Yangtze River underwent significant aging, leading to a higher fraction
of spherical particles. The elevated high-LDR layer above 1.5 km is
ascribed to the dust-polluted mixed aerosols advected on 10 October,
likely sustained by a nocturnal temperature inversion that suppressed
gravitational settling. This aloft layer persisted under clear-sky condi-
tions (RH < 60% on 10 October, RH < 80% on 11 October, Fig. A.2) and
exhibited both moderate LDR values (0.10-0.20) and low extinction
coefficients, thereby ruling out the possibility of cloud contamination or
low-level clouds. The dissipation of this aerosol layer by around 11:00
LT is consistent with the post-sunrise development of the PBL, enhanced
convective mixing, and the vessel moving away from the primary source
region. In the afternoon, the substantial extinction enhancement at
1.5 km, concurrent with a systematic LDR decline, points toward active
secondary aerosol formation. Given the intense solar radiation, it is
plausible that reactive precursors within the PBL were transported up-
ward by turbulent diffusion and underwent intensive photochemical
reactions with the advected dust-polluted aerosols near the PBL top,
thereby accelerating further aging and facilitating the formation of
secondary aerosols.

3.4.2. VOCs compositional characteristics and its effects on aerosol
evolution

High-resolution shipborne VOC observations reveal distinct compo-
sitional differences and source signatures across various pollution epi-
sodes along the river. Combined with aerosol optical evolution results
from polarization lidar, this section further explores the linkage between
different VOC emission sources and the atmospheric aging as well as
secondary formation of regional aerosols.

High spatiotemporal resolution VOC measurements along the cruise
track suggest that emissions from industrial parks on both banks of the
Yangtze River and from shipping activities likely played a substantial
role in shaping the observed aerosol pollution. Episode 1 was dominated
by halogenated hydrocarbons from aged, regionally transported air
masses; Episode 2 reflected a mix of regional transport and local
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industrial solvent use, with elevated aromatics and trichloroethane;
Episode 3 was characterized by persistent fresh emissions from nearby
chemical industries, overwhelmingly enriched in 1,1,1-trichloroethane
and other inert halocarbons; Episode 4 featured fresh petrochemical
and engine-related plumes, with increased alkanes such as n-decane;
Episode 5 was dominated by ship and shipyard emissions, with excep-
tionally high fractions of xylene and ethylbenzene alongside BTEX; and
Episode 6 showed negligible VOC enhancements, indicating minimal
local source impacts along the return track.

When these VOC constraints are considered alongside the lidar-
derived optical evolution, a more complete, albeit tentative, interpre-
tation emerges for 11 October. The morning vertical structure captured
a transition from residual dust-polluted mixed aerosols to an aging
aerosol layer, as suggested by the declining LDR and increasing extinc-
tion between 700 m and 1500 m. As boundary layer growth and
enhanced convective mixing occurred, it is reasonable to infer that
highly reactive aromatics from local ship and industrial emissions, as
illustrated by the extreme SOAP observed in Episode 5, were transported
upward and experienced photochemical processing near the PBL top.
This episode is broadly consistent with the afternoon enhancement of
extinction at around 1.5 km and the concurrent systematic decline in
LDR, previously interpreted as a signature of active secondary organic
aerosol formation. These coincidences therefore suggest that the high
SOAP from local anthropogenic VOCs, combined with the stagnant
meteorological conditions and diurnal boundary-layer dynamics, may
have contributed significantly to the secondary aerosol formation
episode observed on the third day, though the relative importance of this
local precursor supply versus other processes remains to be quantified.

4. Conclusion

Building upon the synergistic observations along the Jiangsu section
of the Yangtze River, this study elucidates the distinct air pollution
evolution patterns and underlying physicochemical mechanisms of this
critical waterway. Three typical aerosol evolution episodes were iden-
tified, which were closely regulated by meteorological parameters:
under prevailing northwesterly winds on 9 October, a significant north-
to-south regional transport event occurred, with aerosols dominated by
aged spherical particles characterized by high extinction and low LDR;
on 10 October, under strong northwesterly winds conditions, dust-
mixed aerosols were captured, exhibiting markedly elevated LDR over
port terminals and industrial zones; by 11 October, under stagnant
northeasterly winds, dust-mixed aerosols experienced continuous aging
evolution, driven by local emissions and daytime planetary boundary
layer activities. Simultaneously, VOC concentrations exhibited pro-
nounced spatiotemporal heterogeneity, with dominant species
diverging according to emission sources. High-pollution episodes were
mainly affected by emissions from riverside chemical industries and
solvent volatilization, and such pollution sources are predominated by
halogenated hydrocarbons and substituted aromatics. Xylene and eth-
ylbenzene showed prominent enrichment levels in partial navigation
segments with a maximum proportion of 36%, which reveals the
considerable pollution contributions derived from ship activities and
port operations.

Further SOAP evaluations confirmed that highly reactive aromatics
serve as the core precursors driving regional SOA formation, whereas
the contribution of chemically inert halogenated hydrocarbons remains
constrained, reflecting a high degree of coupling between SOAP char-
acteristics and emission source profiles. Future attention should be
continuously paid to VOC emissions from industrial parks and open-air
shipbuilding facilities along both banks of the Yangtze River.

In conclusion, air pollution along the Yangtze River is fundamentally
driven by the superposition of riverside industrial emissions and mari-
time traffic, presenting unique spatiotemporal and compositional pat-
terns that distinguish it from typical urban environments. These findings
clarify the source-receptor relationships and meteorological regulatory
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mechanisms in this region, providing a robust scientific basis for refined Declaration of competing interest
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Appendix A

A region-wide shift in PM concentrations was captured during the cruise monitoring. By synthesizing the variations in PMy 5 and PM;o with
concurrent meteorological data (wind field and relative humidity), the event was attributed to a large-scale aerosol transport process. The underlying
characteristics and drivers of these variations are further analyzed below.

Fig. A.1. illustrates the synoptic wind field at 925 hPa and the concurrent variations in PMjy 5 concentrations at surrounding national monitoring
stations during the cruise. On 9 October (Fig. A.1a-c), at 06:00 LT, northwesterly winds (around 12 m/s) prevailed in the Nanjing-Yangzhou region,
while westerly winds of similar intensity were observed near Changzhou, Taizhou, and Nantong. Concurrently, PMj 5 concentrations began to rise in
several cities. By 12:00 LT, the wind field across the Jiangsu section of the Yangtze River had shifted entirely to northwesterly, with speeds slightly
increasing up to 15 m/s. Under the influence of persistent northwesterly winds, PMj 5 levels declined in most cities, although upward trends persisted
at some stations in Nantong. By 18:00 LT, the wind further veered northward and weakened slightly; consequently, PM5 5 concentrations at most
stations remained lower than their morning peaks, with the exception of Changzhou and northern Wuxi.

Regarding 10 October (Fig. A.1d-f), wind speeds remained stable at 8-10 m/s, with the direction gradually transitioning from northwesterly to
northly. Regional PMj 5 concentrations remained notably low (<20 pg/m%) throughout the day.

On 11 October (Fig. A.1g-i), the wind field shifted to northeasterly and wind speeds decreased significantly. Stagnant conditions were observed
within the boundary layer near Nanjing and Yangzhou, while wind speeds near Nantong were maintained at around 4 m/s, leading to relatively high
PMS, 5 levels at several stations in Yangzhou, Taizhou, and Changzhou. By 14:00 LT, as the vessel traversed the Zhenjiang section, the wind shifted to
easterly and speeds near Yangzhou increased to around 4 m/s, causing PMs 5 concentrations at national stations to drop below 30 pg/m®. By 16:00 LT,
the wind further transitioned to southeasterly near Nanjing, coinciding with rising PMj 5 levels at some stations in Wuxi. Notably, as the Yangtze River
banks are densely lined with port terminals and industrial parks, most national monitoring stations are situated in urban or suburban areas at
considerable distances from the main river channel. Therefore, data from these stations primarily serve as a regional reference for the spatiotemporal
trends of PMj 5 rather than a precise reflection of the immediate cruise environment.
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Fig. A.1. Monitoring route of 9 to 11 October, the dots represent the national environmental air quality monitoring stations, the color of dots indicates the con-
centration of PMy 5, and the 925 hPa wind field is from ERA5 reanalysis data.

Fig. A.2 further illustrates the spatiotemporal evolution of relative humidity (RH) at 925 hPa during the cruise. At 06:00 LT on 9 October, RH
exceeded 85% in certain areas under cloudy morning conditions; however, it subsequently dropped below 60% across most regions, driven by
persistent northwesterly winds. Dominated by northly winds on 10 October, the RH remained below 60% throughout the day. With the wind turning
northeasterly on 11 October, relative humidity rose progressively from east to west.

33°N 9 October 06:00 9 October 1200 9 October 18:00
L :
32°N
N 10 October 09:00 ] 10 October 12:00 10 October 14:00
(d) (e) €3]
32°N
339N 11 October 06:00 11 October 12;00 11 October 16:00
(2 '
32°N¢
119°E 120°E 121°E 119°E 120°E 121°E 119°E 120°E 121°E
[ I
60 70 80 90 100

Relative Humidity (%)
Fig. A.2. Variation of RH in the Monitoring Area from 09 to 11 October.
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Fig. A.3. Hourly surface solar radiation downwards from the ERA5-Land reanalysis dataset and calculated the domain-averaged instantaneous irradiance over the

study region (118-122°E, 31-33.5°N) for both 9 October and 11 October.
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Fig. A.4. 72-h backward trajectories and cluster analysis at Nantong site during 9-11 October (Light gray lines represent raw trajectories; colored lines represent

daily cluster trajectories).

Data availability

Measurement data from the cruise campaign used in this study are
available from the corresponding author wupon request
(zhenzhang@nuist.edu.cn).
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