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Abstract

Ground-level ozone (O3) pollution remains persistently high in China, despite the implemen-
tation of stringent emission controls targeting primary pollutants. However, understanding of
the drivers and formation mechanisms of this secondary pollutant remains limited. Herein,
comprehensive field observations of O3 and its precursors were conducted in a medium-
sized city in eastern China. The average O3 concentration was 93.60 £ 61.98 ug~m’3, with
severe pollution accounting for 47.05% (high-temperature, low-humidity conditions). The
peak O3 concentration during pollution episodes (207.13 + 34.93 pg-m~2) exceeded that of
non-pollution periods (108.77 £ 43.99 pg~m’3) by more than twofold. A generalized addi-
tive model (GAM) was employed to identify the key drivers of Oz pollution, revealing
relative humidity (RH) (F = 36.95) and volatile organic compounds (VOCs) (F = 8.03) as
dominant drivers. Further interaction analysis using the GAM showed synergistic effects
between RH and nitric oxide (NOx) as well as the temperature (T) and NOx on O3 evo-
lution. O3 formation sensitivity analysis demonstrated that O3 production was primarily
within a VOC-limited regime (VOCs/NOx < 5.5). Alkenes were found to be the most
prominent component, contributing 41.20-45.38% to the in situ O3 formation potential
(OFP), especially for ethylene and acetaldehyde (>10 ug-m~3). The toluene/benzene ratio
indicated that Taizhou’s ambient VOCs were dominated by vehicle exhaust emissions, with
minor contributions from solvents, oils, and gases, and LPG volatilization, making vehicle
exhaust control the core of VOC reduction. The air mass transport from the Yellow Sea also
significantly affected the local O3. This study quantifies the effects of multiple factors of
summertime O3 pollution and provides scientific support for targeted O3 control strategies
in a medium-sized city in eastern China.

Keywords: ozone; volatile organic compounds; ozone formation potential; generalized
additive model

1. Introduction

In recent years, benefiting from the promulgation of the Ambient Air Quality Standard,
primary pollutants such as volatile organic compounds (VOCs), carbon monoxide (CO),
and nitrogen oxides (NOx) have decreased significantly across China. However, near-
surface ozone (O3) pollution has intensified due to climate change and evolved into the

Sustainability 2026, 18, 2134

https://doi.org/10.3390/su18042134


https://crossmark.crossref.org/dialog?doi=10.3390/su18042134&domain=pdf&date_stamp=2026-02-22
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://www.mdpi.com/journal/sustainability
https://www.mdpi.com
https://orcid.org/0000-0002-6763-0520
https://orcid.org/0000-0001-7472-5563
https://doi.org/10.3390/su18042134

Sustainability 2026, 18, 2134

2 of 14

primary factor constraining further improvement of air quality in the country. The number
of days with O3 as the primary pollutant accounted for 34.7% of the total number of days
exceeding the Grade II National Ambient Air Quality Standards in 339 prefecture-level
and above cities in China in 2021 [1,2]. Ground-level O3 adversely affects human health,
inhibits biomass growth, reduces agricultural yields, and poses persistent challenges to
air quality management in China, making O3 pollution control an urgent priority for the
region [3].

O3 is produced through in situ photochemical reactions between VOCs and NOx,
exhibiting a nonlinear relationship with its precursors. VOCs act as reactive precursors for
O3 formation, while NOx serves as catalytic agents with dual effects that can both promote
and inhibit O3 production. Due to the different industrial and economic structures, there are
certain differences in the sensitivity of O3 formation to precursors in different regions [4]. In
rural areas of the Pearl River Delta, the formation of ozone (O3) is predominantly regulated
by VOCs, in contrast to urban areas of the region, where O3 generation is mainly governed
by NOXx [5]. In several Chinese cities, the sensitivity of summer O3 formation has shifted
from a VOC-controlled regime to a transitional phase, and one concrete observation is
that O3 production falls in this transitional zone during summer pollution episodes in
Nanjing [6-8]. Given the complex nonlinear nature of these reactions, identifying whether
O3 generation is more sensitive to VOCs or NOx is crucial for designing targeted and
effective abatement strategies. Meanwhile, O3 formation is strongly influenced by meteo-
rological factors, such as the temperature (T), relative humidity (RH), and solar radiation
(SR) [9,10]. Chemical transport models (CTMs) are widely employed to distinguish the
contributions of anthropogenic emissions and meteorological factors to O3 variations over
long-term periods and specific short-term episodes. Note that CTMs require detailed and
up-to-date emission inventories and computing power. Alternatively, statistical methods
are widely adopted to investigate this issue using long-term observational data of O3 and
meteorological parameters [11,12]. For instance, Hu et al. [13] applied generalized additive
models (GAMs) to predict the maximum daily 8-h average (MDAS8) O3 concentrations
across 334 Chinese cities, revealing that MDAS8 Oj levels in different cities were governed
by distinct meteorological variables, with the temperature (T), relative humidity (RH), and
sunshine hours identified as the top three factors [14]. Such findings collectively reflect
the intricate nature of near-surface O3 formation mechanisms, and thus controlling the
emissions of a single precursor alone fails to effectively mitigate O3 pollution, thereby
posing a significant challenge to atmospheric emission control efforts [15]. The atmospheric
oxidation capacity (AOC) refers the atmosphere’s ability to oxidize primary pollutants
into secondary products, such as the conversion of VOCs and NOx into O3z. The AOC is
driven by various atmospheric oxidants, including hydroxyl radical (OH-), nitrate radical
(NOs3), and Og itself [16]. A strong AOC accelerates the cycling of ROx: radicals (e.g.,
RO,-, HO,-, and OH- radicals), which in turn accelerates O3 formation and exacerbates O3
pollution. Typically, OH- radicals dominate the daytime AOC and serve as key indicators of
atmospheric photochemical activity [17]. Despite numerous studies [18,19] characterizing
O3 precursors and clarifying the influences of anthropogenic emissions and meteorological
conditions on O3 evolution, the relative importance of these factors in driving O3 variation
remains insufficiently understood. Furthermore, research on how the AOC mechanistically
regulates O3 formation is still sparse. Previous studies on OH: radical datasets largely
relied on model simulations like OBM-MCM, which hinders our ability to assess the ac-
tual contribution of atmospheric oxidizability to O3 formation. Previous field campaigns
in China showed that the OH concentrations might be underestimated under low-NOx
conditions [20-22].
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The Yangtze River Delta (YRD), one of China’s most economically developed regions
with intense anthropogenic activities, has experienced frequent photochemical pollutions
in recent years. As a major metropolitan in the YRD, Taizhou city—with a population of
approximately 4.5 million and over 1 million vehicles—have recorded multiple O3 pollution
episodes. These conditions provide an opportunity to investigate how precursor emissions
and meteorological parameters collectively drive the evolution of O3 pollution. The main
goals of this study are to (1) analyze the temporal evolution characterizations of O3 and its
precursors; (2) quantify the crucial precursors and meteorological parameters influencing
O3 formation, elucidating their interactive mechanisms during pollution periods; and
(3) identify an O3 formation sensitivity regime, determine its sensitivity characteristics, and
pinpoint the crucial reactive VOC species involved. This study underscores the importance
of formulating O3 mitigation strategies that consider multi-pollutant interactions, thereby
aiding the design of tailored, region-specific control measures.

2. Materials and Methods
2.1. Observation Site and Instrument Analysis

The field observation campaign was conducted at a typical rural area (32.56° N,
119.99° E) of Taizhou, China, from 16 May to 18 June 2018 (Figure 1) This site is surrounded
by farmland extending ~12 km to the central urban area, which is ~150 m away from
expressways but with no major industrial pollution sources within 20 km. The primary
pollution source corresponds to emissions from local vehicular traffic. It is characterized by
a typical subtropical monsoon climate with hot, humid summers (June-August) and cold,
dry winters (December-February). In most of the observation period, southerly and easterly
winds prevailed and brought air from the megacities and sea upwind to this site during the
daytime. Thus, the sampled air mass during this campaign could generally embody the
atmospheric chemical characteristics in this region [23]. In 2024, the corresponding ambient
air quality rate of Taizhou was 83.1%. The contribution ratios of major pollutants to the
comprehensive air quality index were as follows: O3 (28.8%), PMy 5 (25.4%), PM1q (19.1%),
NO; (16.0%), CO (7.0%) and SO, (3.7%).
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Figure 1. (a) Map of the location of the YRD. (b) The surroundings of the sampling site.

The gaseous pollutants of O3, NOx, SO,, CO were measured at a 5-min time resolution
using Thermo Fisher Scientific analyzers (Models 49i-PS for O3, 42i-TL for NOx and 43i, for
50;, respectively, Thermo Fisher, Waltham, MA, USA) and Picarro analyzers (Picarro G2401

https://doi.org/10.3390/su18042134


https://doi.org/10.3390/su18042134

Sustainability 2026, 18, 2134

4of 14

for CO, Picarro, Beijing, China). A total of 98 species of VOCs—-28 alkanes, 11 alkenes,
1 alkyne, 16 aromatics, 28 halohydrocarbons, and 14 OVOCs—were monitored using gas
chromatography-mass spectrometry (GC-MS, Thermo Fisher, Waltham, MA, USA) with
a 1-h time resolution. The OH- radical was directly measured by a laser flash photolysis-
laser-induced fluorescence technique (LF-LIF, Peking University, Beijing, China) system.
The photolysis frequency of NO, (Jno2) was obtained by measuring the photochemical flux
with a spectroradiometer. Meanwhile, T and RH were measured using a temperature and
humidity sensor (MetOne 083E, MetOne, Grants Pass, OR, USA) , wind speed (WS) and
wind direction (WD) using an anemometer, and atmospheric pressure (P) using a pressure
sensor (MetOne 092, MetOne, Grants Pass, OR, USA), with all instruments operating
at a 5-min time resolution. All of the above-mentioned monitoring data were collected
through 24-h continuous monitoring. The PBL was sourced from the European Centre
for Medium-Range Weather Forecasts (ECMWEF) (https://www.ecmwf.int/en/forecasts/
dataset/ecmwf-reanalysis-v5, accessed on 1 December 2025). More detailed information
on the online measurement could be obtained from the China Atmospheric Complex
Pollution Data Sharing Platform (https://www.capdatabase.cn/en) and Text S1 in the
Supplementary Materials (SI).

2.2. Generalized Additive Model (GAM)

The generalized additive model (GAM) enables realistic nonlinear fitting rather than a
typical statistical approach and has been widely applied for nonlinear and non-monotonic
data, including O3 pollution [24-26]. The GAM is depicted as follows:

gu) =P +1£(x1) +f(xp) + ... + f(xn) + ¢ (1)

where u is the expected value of the response variable; x;, is the explanatory variable that
drives or indirectly affects u; g(u) is the link function; f(r1) is the thin plate spline smoothing
function of the explanatory variable; § is the model’s intercept; and « is the error term.

In this study, the GAM model with the ‘gcv’ package in R software (version 4.5.2)
was adopted to simulate hourly O3 concentrations. The Gamma distribution and log link
function out of mathematical rationality were used to check whether the O3 concentration
met a normal distribution. The model outputs were evaluated via various parameters
including the degrees of freedom (df), P value, F statistic, and adjusted coefficient of
determination (R?). In general, a df value larger than 1.0 indicates a nonlinear relationship
between the influencing factor and response variable, whereas a df value of 1.0 denotes a
linear relationship. More detailed information on the GAM approach can be found in Text
52 in the Supplementary Materials (SI).

2.3. Ozone Formation Potential (OFP)

The ozone formation potential (OFP) of VOCs was tested to evaluate the impact of
VOC composition in O3 formation [27]. The OFP was calculated using the mixing ratios of
individual VOC species, multiplying with the respective maximum incremental reactivity
(MIR) values. The MIR is produced by the increase in the unit concentration of VOC species
under different VOCs/NOx values, which were obtained from the work of Carter [28]:

OFPi = [VOCS]i X MIR; (2)

Overall, the technical roadmap of this study is shown in Figure 2.
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Figure 2. Technical roadmap of this study.

3. Results and Discussions
3.1. Overview of Field Observation

The temporal variations in O3 and its precursors as well as the meteorology in Taizhou
during the observation period are shown in Figure 3 and Table S1. The hourly VOC con-
centrations varied in the range of 5.82-110.16 ppbv (mean of 26.03 £ 18.87 ppbv) during the
observation period. The alkanes (35.56%) and OVOCs (25.30%) dominated the VOC composi-
tion, followed by halohydrocarbon (13.65%), alkenes (11.43%), and aromatics (9.40%). The
NOx concentrations were 2.72-90.89 pg-m 3 with a mean of 20.60 4 15.55 pig-m 3. The mea-
sured hourly OH- radical concentrations spanned from 4.12 x 10* to 2.04 x 10” molec-cm~3,
with a daytime average of 5.25 4= 4.27 x 10° molec-cm 3. In comparison with other stud-
ies, it was comparable to those observed in Dongying (5.6 x 10° molec-cm~3) dur-
ing the summer while being a bit lower than those from the coastal city of Xiamen
(7.4 x 10° molec-cm™2) [29,30]. As the decisive driver of the daytime AOC, the enhanced
OH- radicals may promote local in situ O3 formation. The hourly O3 concentrations showed
wide variation from 1.32 to 331.38 pg-m~3 with an average of 93.60 & 61.98 pg-m~3, which
was comparable with that in Shijiazhuang (102.94 + 23.74 pg-m~3) [31]. Specifically, the
daily maximum 8-h average Oz concentrations (MDA-8h Os) exceeding the National
Ambient Air Quality Standard Class II (160 pg-m~3) frequently occurred under typi-
cal conditions of a high T (23.41 £ 4.42 °C), low RH (74.46 £ 18.97%), and strong Jno2
(242 £3.11 x 1073 s71).

3.2. Temporal Evolution of O3 Pollution

Based on the O3 concentrations, the observations were further divided into O3 pol-
lution episodes (MDAS8 O3 > 160 pg-m~3, according to Chinese air quality standards for
Class II areas (160 ug-m_3)) and non-pollution periods. As shown in Table S2, 16 pol-
lution episodes (i.e., 47.05%) were recorded, which was less than the number of non-
pollution episodes (i.e., 52.95%). The maximum and average MDAS8 O3 concentrations in
the pollution episodes were 276.37 ug-m~2 and 192.70 pg-m 3 respectively, which were
1.7-1.8 times higher than those in the non-pollution periods. Similarly, the mean levels of
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the primary pollutants of VOCs, NOx, CO, and SO, during the O3 pollution episodes were
1.3-2.3 times higher than those in the non-pollution periods. As expected, the OH- radical
concentration during the pollution episodes (4.12 & 4.12 molec-cm~3) was much higher
than that during the non-pollution periods, indicating a stronger oxidizing atmosphere
and more intense photochemical reactions during pollution episodes. Notably, the role
of OH- radicals drove the oxidation of VOCs to generate reactive intermediates. These
intermediates further oxidized NO to NO,, which produced oxygen atoms that combined
with O, to form Og, thus linking higher OH- radical concentrations directly to increased
O3 production. Aside from that, the O3 pollution episodes occurred mainly under a high
T (25.03 £ 4.25 °C), low RH (65.88 £ 19.15%), strong solar radiation (daytime maximum
Jno2 of 7.87 £ 1.91 x 1073 s71), and low wind speed (1.81 + 0.91 m-s~1). These excellent
light and heat conditions promote in situ O3 formation. Thus, a strong atmospheric oxidiz-
ing capacity, elevated precursor concentrations, and faster precursor consumption rates
were key factors driving the observed O3 enrichment. Among the influencing factors
analyzed above, the strong positive correlations were between O3 and the T, Jnop, PBL and
OH- radicals (r = 0.81, 0.59, 0.81, 0.64, p < 0.01), whereas negative correlation was found
between O3 and the precursors (NO;, NO, and VOCs) and RH (r = 0.77, 0.49, 0.58, 0.86,
p < 0.01), suggesting the crucial role of these factors in O3 formation on pollution days, as
shown in Figure 4m-n . Specifically, an elevated T and high OH- radical count and Jnop
enhanced the reaction rates of O3 precursors, O3 formation rates, and mechanism pathways,
thus showing positive correlations with O3 levels. The RH affected O3 by promoting cloud
formation, regulating solar radiation reaching the surface through an aerosol-radiation
effect, and enhancing wet deposition. Aside from that, O3 formation was accompanied
by the photochemical consumption of VOCs and NOx. Although NO, and VOCs con-
tributed to O3 production, excessive NOx titrated O3, and high VOCs levels consumed
abundant OH- radicals, resulting in reductions in the O3 concentration [14,17]. Notably, the
positive correlations between O3 and wind speed and PBL were different from previous
studies. On Oz-polluted days with low wind speeds (1.81 £ 0.91 m-s~1), a relatively high
PBL (499.11 + 541.38 m), strong solar radiation (daytime maximum JNop of 7.87 = 1.91 x
103 s’l), and precursor concentrations, weak diffusion-dilution and mixing-dominated
atmospheric conditions yielded positive wind speed—O3 and PBL-Oj correlations. The
mild wind (<2 m-s~!) increments boosted photochemical reactions and surface O3 accumu-
lation, while the relatively high PBL below 2000 m caused vertical exchange that induced
downward Os flux. However, rising wind speeds (>2 m-s~!) enhanced diffusion to parity
with mixing, and elevated wind speeds induce a negative correlation by strengthening
diffusion processes and inhibiting surface O3 buildup [32].

The hourly variations in O3 and its precursors, the meteorology in Taizhou during the
pollution episodes and non-pollution periods are shown in Figure 4a-1. O3 concentrations
slightly decreased in the early morning and reached the valley values (26.32-50.47 pug-m~3)
near 5:00 a.m. local time (LT) due to the deposition and depletion of O3. Subsequently, the
O3 underwent a rapid increase and reached the maximum values (108.77-207.13 ug-m~3) at
1:00 p.m. LT, indicating the crucial role of local photochemistry reactions for O3 formation.
In contrast with O3, the primary pollutants of VOCs, NOx, CO, and SO, exhibited similar
diurnal patterns, with the maximum and minimum values occurring in the morning (at
about 8:00 a.m. LT) and afternoon, respectively.
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3.3. Drivers of O3 Pollution Episodes

Since the nonlinear relationships between in situ O3 formation and its influencing
factors (precursors emissions and meteorology), a GAM approach was employed to further
quantify the impacts of influencing factors on O3 pollution formation as well as reveal
characterizations of the interactions between meteorological effects and various precursors
(Figures 5a—d, S2a and S3 and Table S5). Due to OH- radicals and Jnop possibly inducing
GAM multicollinearity (VIF > 5), five major explanatory variables, including precursors
(VOCs and NOx) and meteorological conditions (T, RH, and PBL) were added for model
execution. The total deviance explained (%) and adjusted R? were 86.70% and 0.81, re-
spectively, indicating that the GAM approach has a robust predictive ability for the O3
formation process. The degrees of freedom (df) of all explanatory variables exceeded 1.0,
suggesting significant nonlinear relationships between these explanatory variables and O3
concentrations. However, the PBL was excluded due to its low independent explanatory

power (p > 0.5) for Os.
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Figure 5. GAM-derived response curves of O3 concentrations and changes in explanatory variables.
(a—d) Single-factor effects of T, RH, NOx, and VOC levels. The y axis is the smoothing function values.
For example, s(T, df) shows a trend with O3 when T changes, and the df number is the degree of
freedom. The x axis is the influencing factor, and the shaded area around the solid blue line indicates
the 95% confidence interval of Os. (e~h) Multi-factor interaction effects: T-VOCs, T-NOx, T-RH, and
RH-NOx.

The RH (F = 36.95) emerged as the most dominant driving factor for O3 pollution,
exhibiting a nonlinear negative correlation with the O3 concentrations. This phenomenon
may be attributed to two main aspects. On the one hand, increased RH promotes cloud
formation and aerosol scattering, which reduces solar radiation and thus indirectly weakens
in situ photochemical O3 production. On the other hand, high RH facilitates the wet deposi-
tion of O3 and its precursors, which would result in reduced O3 concentrations [33,34]. This
phenomenon aligns with prior studies conducted in Shanghai, Nanjing, Hangzhou, and
Hefei, which found that RH serves as the dominant factor governing O3 pollution in the
summer [35]. In comparison with RH, the VOCs, T, and NOx showed much less importance
in O3 pollution, with F values of 3.08-8.03. The T generally displayed a nonlinearly positive
correlation with O3, in line with prior works [36]. As expected, O3 concentrations exhibited
decreasing trends with increasing NOx and VOC levels. These precursors were consumed
in photochemistry reactions for forming O3 [37,38]. Notably, under relatively low concen-
tration variations (<35 ppbv with narrow CI), VOCs had a significant positive promotion
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effect on O3 formation. However, the VOCs shifted to a negative correlation with O3
evolution under high VOC levels, indicating that sufficient VOCs facilitate photochemical
reactions and exacerbate O3 pollution.

The multi-factor GAM approach showed enhanced explanatory power compared with
the single-factor approach (Figures 5e-h, 52b and S4 and Table S6). With the deviance
explained (87.70%) and adjusted R? (0.82) a bit higher than those for the single-factor
GAM, robust performance for the model simulation was verified. The RH-NOx interaction
emerged as the most critical factor (F = 4.41), with T-NOx and T-VOC interaction as
secondary contributors (F = 3.07-3.40), whereas interactions of T-RH and RH-VOCs
displayed results of F = 2.45-2.72. The interaction of T-VOCs showed strong positive
correlation with O3, where O3 concentrations gradually increased with higher T and VOC
levels. In contrast, the interactions of RH-NOx showed negative correlation with O3. The
increasing ambient T usually accompanied reduced RH, and elevated VOC levels were
conducive to O3 formation. Notably, O3 pollution majorly occurred under conditions of
T > 25 °C and RH < 70%. Thus, the typical conditions of pollution episodes with relatively
low RH (65.88 £ 19.15%), a high T (25.03 £ 4.25 °C), as well as relatively high VOC levels
(35.93 & 20.51 ppbv) were highly prone to initiating O3 pollution.

3.4. O3 Production Sensitivity Analysis

The VOC/NOx ratio was adopted to assess the relationship between ambient O3
concentrations and their precursors (VOCs and NOx) and identify the formation sensitivity
regime (Figure 6a). In general, a VOC/NOx ratio less than 5.5 under typical urban atmo-
spheric conditions means that the OH- radical preferentially reacts with NOx, rendering
O3 formation sensitive to VOC levels (VOC-limited regime) [39]. Conversely, at high
ratios (>5.5), O3 formation becomes sensitive to NOx (NOx-limited regime). The hourly
VOC/NOx mixing ratio in this study was 1.92 (R? = 0.73), indicating that O3 formation
was located in a VOC-limited regime during the O3 pollution episodes in Taizhou. Oj is
primarily formed via photochemical reactions between OH- radicals and VOCs or NOx,
in which NOx and VOCs compete for OH-: radicals. Under VOC-limited regimes, the
reaction of OH: + NO; is the terminating reaction under a relatively high NOx concentra-
tion environment, and a reduction in the VOC concentration would effectively mitigate
O3 yields.

Alkanes Alkenes Alkynes Aromatics Halohydrocarbon OVOCs
100 160 30
. b) .. (c)
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Figure 6. (a) VOC-NOx-O3 synergistic relationship diagram. (b) Contributions and total value of OFP
for each type of organic matter in episodes and non-episodes. (c) The top 10 VOC species contributing
the most to OFP along with their contributions to VOCs during pollution episodes.

3.5. OFP Evaluation

The OFP induced by VOCs during both pollution episodes and non-pollution periods
were calculated, as shown in Figure 6b,c. The mean OFP was 80.00 p1g-m ™2 during pollution
episodes, which was over two times higher than that for the non-pollution periods. In
general, different VOC groups contributed similarly to O3 formation in both pollution
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episodes and non-pollution periods. Alkenes played a dominant role in O3 formation
(41.20-45.38%), followed by OVOCs (25.58-31.47%), aromatics (11.85-13.71%), and alkanes
(12.04-12.57%), whereas halohydrocarbon (0.59-0.86%) exhibited the smallest contribu-
tion. More specifically, ethylene was the most dominant VOC species contributing to O3
formation (26.69 pg-m~2), and the second primary contributor species was acetaldehyde
(>10 pg-m~3), followed by toluene, propylene, propionaldehyde, o-xylene, and propane
(2-5 pg-m~3) during pollution episodes. This finding highlights that ethylene and acetalde-
hyde are the key reactive species driving Oz pollution formation in Taizhou, and reduction
measures targeting these key species should be prioritized for effective O3 mitigation. The
ratio of characteristic pollutants in VOCs can characterize pollutant sources. Toluene and
benzene in the atmosphere are mainly derived from industrial emissions, combustion
sources, and motor vehicle emissions. It is generally recognized that a toluene/benzene
ratio <2.0 indicates a significant influence of motor vehicle exhaust emissions [40]. A ratio
<1.0 points to a prominent impact of combustion sources, with the toluene/benzene ratio
ranging from 0.37 to 0.58 for biomass combustion sources and 0.71 for coal combustion
sources [41]. A ratio >2 suggests that, in addition to motor vehicle exhaust emissions,
the region may also be affected by other pollution sources (e.g., solvent volatilization
sources [40]). Based on the toluene/benzene ratio, VOCs in the ambient air of Taizhou
during the monitoring period were predominantly influenced by vehicle exhaust emissions,
with additional minor contributions from solvent volatilization, oil and gas volatiliza-
tion, and LPG volatilization. Therefore, the control of vehicle exhaust emissions was the
core priority for VOC emission reduction in the city, with concurrent regulation of the
aforementioned supplementary volatilization sources as auxiliary measures.

3.6. Regional Transport Analysis

Figure S5 illustrates the six clusters of the 48-h backward trajectory affecting Taizhou
on pollution days from 16 May to 18 June 2018, which were obtained using the Meteolnfo
(version 3.9.4, more details are provided in Text S3). Air mass trajectories were classified
into six categories based on their primary passing regions and the occurrence frequency
of the dominant cluster, among which Clusters 3, 1 and 5 accounted for relatively high
air mass proportions of approximately 58%, 20%, and 17% respectively, while those of
Clusters 2, 4, and 6 were comparatively low. In terms of air mass source directions, Cluster
3 represented short-distance transport, originating primarily from the Yellow Sea and
reaching the study area via northeastern Jiangsu; Cluster 1 ranged from the Yellow Sea
to the northeast of the study area and more distant areas including the Korean Peninsula;
and Cluster 5 originated from the Bohai Sea, passing through Shandong and northern
Jiangsu before arrival. Clusters 2, 4, and 6 were influenced by air masses from the east and
southeast directions, which are inferred to be long-distance transport from the East China
Sea region. Overall, air mass transport from the Yellow Sea and regions to the northeast
and due north exerted a prominent influence on Taizhou and Jiangsu, with short-distance
pollutant transport from the Yellow Sea being the most significant contributor.

4. Conclusions

Based on observations in Taizhou, this study delineated the diurnal dynamics and key
drivers of O3 pollution episodes. (1) O3 concentrations (93.60 + 61.98 ug-m_3 ) remained
elevated, with severe pollution (47.05%) occurring under high-temperature, low-humidity
conditions. (2) GAM analysis further identified RH (F = 36.95) and VOCs (F = 8.03) as
the primary drivers, exhibiting nonlinear influences; RH promoted O3z below 40% but
suppressed it above 40%, while T showed a positive correlation. The interaction of a high
T (>25 °C) and low RH (<70%) significantly exacerbated O3 pollution. (3) Our results
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show that O3 formation occurred under VOC-limited regimes, and thus rigorous reduction
measures for VOC concentrations are suggested to effectively mitigate O3 yield in Taizhou
in the future. (4) The OFP analysis revealed that alkenes (41.20—45.38%), particularly
ethylene and acetaldehyde (>10 pg-m~2), served as the dominant contributors in O3
formation. (5) Air mass transport from the Yellow Sea and regions to the northeast and due
north exerted a prominent influence on Taizhou and Jiangsu, with short-distance pollutant
transport from the Yellow Sea being the most significant contributor. These findings
address a research gap for medium-sized urban hubs and provide targeted mitigation
strategies, emphasizing prioritized control of key VOC species and enhanced regional
coordination. Future research should consider long-term seasonal observations and add
multi-site observations in Taizhou to clarify annual O3 variations, optimize the GAM
with additional meteorological factors, and couple them with photochemical models for
quantitative simulation, as well as perform refined source analysis of key high-OFP VOCs
(ethylene and acetaldehyde) and strengthen regional joint control of O3 pollution in the
central Yangtze River Delta to explore synergistic emission reduction in Os precursors
among adjacent cities.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/su18042134/s1. Figure S1: The correlations between O3 and
various meteorological factors, conventional pollutants, and oxidants during non-pollution periods;
Figure S2: Example of autocorrelation of observed residuals during daytime of pollution episodes:
(a) Single-factor GAM; (b) Multi-factor GAM; Figure S3: Residual test results of the Single-factor
GAM approach during daytime of pollution episodes; Figure S4: Residual test results of the Multi-
factor GAM approach during daytime of pollution episodes; Figure S5: Six clusters of 48 h air mass
backward trajectories and their relative contributions. Trajectories were obtained from MeteoInfo
from 16 May to 18 June 2018. The colored lines indicate clusters of air mass trajectories; Table S1: Daily
average concentrations of various air pollutants (including VOCs) and meteorological parameters
in Taizhou from 16 May to 18 June 2018; Table S2: Distribution of polluted and non-polluted days
in Taizhou from 16 May to 18 June 2018; Table S3: Daily average concentrations of various air
pollutants and meteorological parameters of the site and urban site from 16 May to 18 June 2018;
Table S4: Mann-WhitneyU test of polluted and non-polluted days in Taizhou from 16 May to 18 June
2018; Table S5: Single-factor GAM outputs for O3 variations during daytime of episodes The model
evaluated explanatory variables (NOx, VOCs, T, RH) and reported parameters including df, degree
of reference (dr), p-value, F-value, deviance explained (%), and adjusted R2. Total deviance explained
was 86.70%, with corresponding adjusted R? values of 0.81; Table S6: Multi-factor GAM outputs for
O3 variations during daytime of episodes The model evaluated explanatory variables (NOx, VOCs, T,
RH) and reported parameters including df, dr, p-value, F-value, deviance explained (%), and adjusted
R2. Total deviance explained was 87.70%, with corresponding adjusted R? values of 0.82; Text S1:
Instrument analysis of O3 , NOx, CO and VOCs; Text S2: Modeling and verification process of GAM;
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Abbreviations

The following abbreviations are used in this manuscript:

O3 Ozone

MDA8  Maximum daily 8-h average

T Temperature

RH Relative humility

JNo2 Nitrogen dioxide photolysis frequency
WS Wind speed

PBL Planetary boundary layer

NO Nitric oxide

NO, Nitrogen dioxide

NOx Nitrogen oxides

SO, Sulfur dioxide

CcO Carbon monoxide

VOCs Volatile organic compounds
OVOCs Oxygenated volatile organic compounds
AOC Atmospheric oxidation capacity
OH Hydroxyl radical

OFP Ozone formation potential
GAM Generalized additive model
YRD Yangtze River Delta

LPG Liquefied petroleum gas
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