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Abstract: Surface ozone (O3) is influenced not only by anthropogenic emissions but also by meteo-
rological factors, with wind direction being one of the most overlooked factors. Here, we combine
the observational data of both O3 and wind flow to compare the variation in surface O3 with wind
direction between coastal and inland regions of Fujian, a province in the southeast coast of China
with complicated topography. We further conduct a numerical simulation using a global chemical
transport model, GEOS-Chem, to interpret the observational results, explore the linkages between
these O3 variations and wind flows, and identify the dominant processes for the occurrence of high
O3 that varies with wind flows. The results from the observations over 2015–2021 suggest that, over
coastal regions, surface O3 concentrations show a strong dependence on wind flow changes. On
average, during the daytime, when southeasterly winds prevail, the mean of O3 concentrations
reaches 83.5 µg/m3, which is 5.0 µg/m3 higher than its baseline values (the mean O3 concentrations),
while the northwesterly winds tend to reduce surface O3 by 6.4 µg/m3. The positive O3 anomalies
with southeasterly wind are higher in the autumn and summer than in the spring and winter. During
the nighttime, the onshore northeasterly winds are associated with enhanced O3 levels, likely due
to the airmass containing less NO2, alleviating the titration effects. Over inland regions, however,
surface O3 variations are less sensitive to wind flow changes. The GEOS-Chem simulations show
that the prevailing southeasterly and southwesterly winds lead to the positive anomaly of chemical
reactions of O3 over coastal regions, suggesting enhanced photochemical production rates. Further-
more, southeasterly winds also aid in transporting more O3 from the outer regions into the coastal
regions of Fujian, which jointly results in elevated surface O3 when southeasterly winds dominates.
When affected by wind flows in different directions, the chemical reaction and transport in the inland
regions do not exhibit significant differences regarding their impact on O3. This could be one of the
reasons for the difference in O3 distribution between coastal and inland regions. This study could
help to deepen our understanding of O3 pollution and aid in providing an effective warning of
high-O3 episodes.

Keywords: O3 concentration; southeast China; wind flow

1. Introduction

Tropospheric ozone (O3) is photochemically produced from its precursors such as
VOC and NOx in the presence of solar radiation, and has great impacts on human health,
the ecosystem, and the climate [1–3]. Due to the high level of anthropogenic emissions,
surface O3 concentrations over China have continuously increased in recent years. The
summertime mean maximum 8 h average (MDA8) O3 was observed to have increased at a
rate of 1.9 ppbv per year since 2013 [4]. More than 90% of Chinese urban monitoring sites
showed an increasing O3 trend, and 30% of them even increased at a rate of 3.0 ppbv per
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year [5]. As a result, the worsening O3 conditions have become an emerging problem for
air quality in China.

In addition to the anthropogenic emissions of O3 precursors, the variation in surface
O3 concentrations is also controlled by meteorological processes, which are often the di-
rect causes of severe pollution episodes [6,7]. Meteorology can not only determine the
environmental conditions for O3 chemical reactions, but also influence the emissions of
natural biogenic VOCs serving as O3 precursors [8]. Moreover, meteorology also controls
the transport of O3 and its precursors from region to region [9–12]. Many studies have
found that synoptic conditions with strong solar radiation, high temperature, low moisture,
and weak winds are conducive to the formation and accumulation of O3 [13–15]. Among
the meteorological factors, winds are crucial for the synoptic evolution influencing both
chemical reactions and the transport processes of O3. For example, the meso-scale systems,
such as mountain–valley wind and sea breeze, are important triggers for convictive cloud
development, which can significantly alter the availability of solar radiation and the varia-
tions in temperature and humidity, and hence change the production rate of O3 [16–18].
The local winds also influence the supply of precursors and the transport processes of O3.
While weak winds help with O3 accumulation, strong winds can effectively transport high
levels of O3 and its precursors to downstream regions [19]. At a larger scale, the wind
circulation, temperature, humidity, and cloud conditions basically follow the evolution of
synoptic-scale weather systems, which determines the seasonal O3 variation. It has been
found that surface O3 is positively correlated with the intensity of the East Asian summer
monsoon (EASM). The horizontal wind flow and vertical wind structure associated with
strong and weak EASM in different years directly changes the formation of O3 [20–22].
Therefore, investigations of the role of meteorology, such as wind flows in high O3 episodes,
are warranted in order to gain a complete understanding of O3 pollution.

Numerous studies have been performed over the most rapidly developing areas in
China, such as the North China Plain (NCP), Yangtze River Delta (YRD), and the Pearl
River Delta (PRD), confronting severe O3 pollution [23–26]. The lessons learned from these
regions can effectively inspire O3 mitigation policies for other areas and deserve extra
consideration given the increasing O3 found over many parts of China. Taking Fujian
province as an example, it is located in the eastern edge of East Asia, which is directly
impacted by the subtropical high, typhoons, and the subtropical jet stream [27–29]. The
complicated topographical distribution of Fujian is characterized by alternating coasts,
narrow plains, and mountainous regions just within 300 km. As a result, local winds
such as mountain–valley wind and sea breeze often occur [30,31]. In terms of emissions,
large cities distributed over coastal and plain regions contribute to high anthropogenic
emissions, while the inland mountainous regions with a high forest cover fraction are rich
in BVOC emissions. Moreover, Fujian is located between the PRD and YRD. Provided
with winds at small or large scales, Fujian is susceptible to O3 pollution transported from
outer regions such as PRD and YRD, and hence becomes a crossroads for O3-polluted
airmass. It is found that 24–38% of O3 pollution episodes over Fujian are caused by the
regional transport of high levels of O3 from outer regions [32], though there are also strong
variations in its internal emission variations from coastal to inland regions. In brief, O3
in Fujian is modulated by both external (such as EASM and O3 regional transport) and
internal factors (local emissions and meso-scale weather systems), leading to a coast–inland
contrast between O3 distributions. In view of previous studies, wind direction is likely to be
an influential factor on surface O3 variations in Fujian, but also one of the most overlooked
factors. Therefore, this study is focused on investigating how wind direction impacts
surface O3 levels in coastal and inland areas of Fujian, and how an enhanced understanding
of those impacts can aid in developing effective warning systems for high-O3 episodes.
Through the analysis of O3 variations with wind direction, we aim to elucidate the driving
role of wind direction in O3 pollution against the background of different emission levels,
different weather conditions, and different geographical factors. Based on simulations
from a chemical transport model, GEOS-Chem, we identify the dominant processes that
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modulate the occurrence of high O3 concentrations varying with wind flow. The results
from this study not only provide a foundation for a deeper understanding of O3 pollution
but also serve as a crucial reference and basis for future O3 pollution warnings.

2. Data and Methods
2.1. Surface Air Pollutant Measurements and Meteorological Observations

Surface O3 measurements from 43 sites distributed over 9 cities in Fujian during
2015–2021 were analyzed in this study (Figure 1). Surface O3 and NO2 data were obtained
from the National Environmental Monitoring General Station of China (http://www.
cnemc.cn/, last access: 5 September 2023). Surface O3 concentrations were measured
using an ultraviolet spectrophotometric ozone analyzer (Thermo Model 49i), while NO2
concentrations were measured using an analyzer based on chemiluminescence (Thermo
Model 42i). The temporal resolution of measurements is 1 h. According to the geolocations,
we divided all the sites into coastal regions, including Ningde (ND), Fuzhou (FZ), Putian
(PT), Quanzhou (QZ), Xiamen (XM), and Zhangzhou (ZZ), and the inland regions, including
Nanping (NP), Sanming (SM), and Longyan (LY). Figure 1 shows the distribution of these
regions, along with the topography of Fujian. Coastal regions are mainly located in plain
areas, while the inland regions are distributed over mountainous regions. Taking the
coastline as a reference, the distance from the inland stations to the coastline ranges from
108 to 170 km, while the distance from the coastal stations ranges from 0.9 to 30 km.
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Figure 1. Geolocation of Fujian province (a) and topography of Fujian (b). The nine city districts,
enclosed by red outlines, are divided into coastal (Ningde (ND), Fuzhou (FZ), Putian (PT), Quanzhou
(QZ), Xiamen (XM), and Zhangzhou (ZZ)) and inland (Nanping (NP), Sanming (SM), and Longyan
(LY)) regions in this study. The 43 surface air pollutant measurement sites are indicated by the black
(coastal) and red (inland) dots.
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Surface meteorological observations include temperature, wind direction, wind speed,
relative humidity (RH), and precipitation with 1 h temporal resolution. The data were
obtained from the Fujian Meteorological Bureau. Generally, air quality stations and meteo-
rological stations are not in exactly the same location. Therefore, we matched air quality
data with the meteorological data from the closest possible station. According to the wind
directions with a spacing of 10◦, the concurrent air pollutant and meteorological data were
paired for each hour. The seasonal average of O3 concentrations at a given hour over all
wind directions was treated as the baseline (O3). For example, the O3 concentrations at
10:00, averaged from June to August in 2017 at a given station, would be the O3 baseline
at 10:00 in summer 2017 for that station. The departure of O3 concentrations in a given
direction from the baseline in the season was treated as an anomaly (∆O3):

∆O3 = O3,i − O3 (i = 0, 10◦ . . . 360◦ f or wind direction) (1)

Therefore, we isolated the impact of wind direct on surface O3, by removing seasonal
and diurnal O3 variations in the background.

In addition to surface observations, we also acquired gridded wind data from the Na-
tional Aeronautics and Space Administration (NASA) Modern-Era Retrospective analysis
for Research and Applications, version 2 (MERRA-2) [33].MERRA-2 data were used to
explore the linkage between wind flow and O3 concentrations simulated by GEOS-Chem.
The horizontal resolution of MERRA-2 is 0.5◦ × 0.625◦, the number of vertical layers is 72,
and the temporal resolution is 3 h. MERRA-2 is a long-term global reanalysis produced
by the NASA Global Modeling and Assimilation Office (GMAO). The data reflect recent
advances in atmospheric modeling and data assimilation. Equation (1) was applied for
both observational and MERRA-2 wind data.

2.2. GEOS-Chem Model

To explore the dominant processes responsible for O3 variations over Fujian, associated
with different wind flows, we conducted numerical simulations using the GEOS-Chem
model (v12.9.3; http://geos-chem.org, last access: 15 January 2023)

GEOS-Chem [34] is a global chemical transport model driven by gridded meteorologi-
cal data. It currently uses MERRA-2 reanalysis data as a default, which was also the case in
this study. GEOS-Chem has been widely applied in atmospheric chemistry, air quality, and
climate change studies [9,12,13,21,29,35–37]. The GEOS-Chem’s full chemistry simulation
includes fully coupled O3–NOx–VOC–halogen–aerosol chemistry. We conducted the full
chemistry simulation using the non-local planetary boundary layer mixing scheme [38].
The horizontal resolution was 0.5◦ × 0.625◦ over eastern China, with chemical boundary
conditions archived every 3 h from global simulations with 2◦ × 2.5◦ resolution. Emissions
were configured using the Harvard–NASA Emission Component (HEMCO) [39]. Biogenic
VOC emissions, including isoprene, monoterpenes, and sesquiterpenes, were calculated on-
line using the Model of Emissions of Gases and Aerosols from Nature (MEGAN v2.1; [40]).
Soil NOx emissions were calculated based on the available nitrogen (N) in soils and edaphic
conditions such as soil temperature and moisture [41]. Global default anthropogenic emis-
sions were from the Community Emissions Data System (CEDS [42]). Open fire emissions
were from the Global Fire Emissions Database (GFED4 [43]).

The budget diagnosis was defined as the O3 mass change in grid cells in the planetary
boundary layer (PBL) column due to different processes, including chemistry, horizontal
transport, vertical transport, mixing, and deposition [44]. In this study, we define the net
chemical production as the C-term, the horizontal transport as the T-term, and the sum
of the three terms in the vertical direction as the CMD term, which includes convection
(vertical transport), mixing, and deposition. These terms can be output directly from
GEOS-Chem’s full chemistry simulation.

http://geos-chem.org
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3. Results
3.1. Overview of O3 Distribution in Fujian

Based on the observational data, the seasonal variation and diurnal cycle of surface O3
in coastal and inland regions of Fujian during 2015–2021 were compared (Figures 2 and 3).
Generally, O3 concentrations in coastal cities are higher than those in inland cities. The
mean of O3 concentrations in coastal cities is 62.7 µg/m3, which is 37.5% higher than that
in inland cities (45.6 µg/m3). This difference between the two regions is because coastal
regions have stronger anthropogenic emissions favoring O3 generation, less vegetated areas
for O3 removal, and more inflowing O3 transported from the outside [32]. These factors
collectively contribute to the difference in O3 variations between coastal and inland areas.
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Figure 2. Monthly variations in surface O3 concentrations (unit: µg/m3) in Fujian, averaged over
coastal cities (thick solid black line), including Ningde (ND), Fuzhou (FZ), Putian (PT), Quanzhou
(QZ), Xiamen (XM), and Zhangzhou (ZZ), and inland cities (thick dashed black line), including
Nanping (NP), Sanming (SM), and Longyan (LY). Solid and dashed thin lines indicate coastal
and inland cities, respectively. The O3 concentrations are the mean over 2015–2021, based on
observational data.
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Figure 3. (a) Diurnal cycle of surface O3 concentrations (unit: µg/m3) in coastal cities (thick solid 
black line) and inland cities (thick dashed black line) during 2015–2021 in Fujian. (b–e) show the 
diurnal cycle in spring (b), summer (c), autumn (d), and winter (e). Coastal cities include Ningde 

Figure 3. (a) Diurnal cycle of surface O3 concentrations (unit: µg/m3) in coastal cities (thick solid
black line) and inland cities (thick dashed black line) during 2015–2021 in Fujian. (b–e) show the
diurnal cycle in spring (b), summer (c), autumn (d), and winter (e). Coastal cities include Ningde
(ND), Fuzhou (FZ), Putian (PT), Quanzhou (QZ), Xiamen (XM), and Zhangzhou (ZZ), while inland
cities include Nanping (NP), Sanming (SM), and Longyan (LY). The O3 concentrations are the mean
over 2015–2021 based on observational data.
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The seasonality of O3 in coastal and inland cities is the same, with two peaks in
the spring and autumn and two valleys in the summer and winter. The difference in O3
concentrations between coastal and inland cities also varies with season. The maximum
difference occurs in October, reaching 24.9 µg/m3, and this is greatly reduced in summer,
with a minimum in July (7.6 µg/m3). Meteorology, especially radiation, is one of the
primary modulators of seasonal O3 variations. High radiation levels, high air temperature,
and low air humidity tend to enhance the surface O3 levels. In Fujian, the summer is
characterized by frequent rainfall, and rainy weather is often associated with cloudy
conditions and reduced solar radiation, leading to lower O3 concentrations. In the winter,
lower temperatures result in a slowdown of photochemical reaction rates, leading to
decreased O3 concentrations.

The diurnal cycle of O3 in Fujian shows a peak at 14:00 local standard time (LST)
and a valley at 07:00 LST. The maximum O3 concentrations in coastal and inland cities
are 94.3 µg/m3 and 82.2 µg/m3, respectively, while the minimum concentrations are
40.5 µg/m3 and 22.6 µg/m3, respectively. Over the course of a day, the O3 level in coastal
cities is consistently higher than that in inland cities. The difference in the diurnal cycle of
O3 in coastal and inland cities is more significant during the nighttime (20:00–08:00 LST).
The difference also varies over different seasons; the difference is largest in autumn, but
smallest in summer.

3.2. Influence of Wind Flows on Surface O3

The wind flows are affected by various factors, including topography, land and ocean
proximity, and atmospheric circulations. Consequently, wind flows differ strongly in
coastal and inland cities in Fujian, as shown in the observational data (Figure 4). In the
spring (Figure 4a,e), northeasterly and southeasterly winds prevail in coastal cities, while
southwesterly winds dominate in inland cities. In the summer (Figure 4b,f), the dominant
winds are southerly in coastal cities and southwesterly in inland cities. During the autumn
(Figure 4c,g) and winter (Figure 4d,h), northeasterly winds prevail in both coastal and
inland cities.
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Provided with concurrent wind flow and O3 observations, we calculated the mean O3 
concentrations for different wind directions each hour for coastal (Figure 5a–d) and inland 
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wind direction over inland cities. Over coastal cities, surface O3 under northeasterly and 
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Figure 4. Variations in hourly surface wind direction in coastal (a–d) and inland (e–h) cities of Fujian
by season. The color indicates the occurrences of wind direction per season at an interval of 10◦ over
each hour, ranging from low (in blue) to high (in red). The inner rings represent the nighttime, from
20:00 to 08:00 (LST), and the outer rings represent the daytime, from 08:00 to 20:00 (LST). The value of
the count is the mean over 2015–2021 based on the observational data.
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Provided with concurrent wind flow and O3 observations, we calculated the mean O3
concentrations for different wind directions each hour for coastal (Figure 5a–d) and inland
(Figure 5e–h) cities, respectively. Compared with inland cities, surface O3 concentrations in
coastal cities are higher, especially in the daytime, during the spring and autumn. In the
same season, O3 varies more significantly with wind direction over coastal cities than over
inland cities. Over coastal cities, surface O3 under northeasterly and southeasterly winds is
obviously higher than under northwesterly and southwesterly winds. Over inland cities,
O3 concentrations are more uniform under different wind directions, showing a weaker
influence of wind flow on O3 variations.
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To further reveal the extent to which wind flows influence surface O3 variations, we
compared the hourly O3 anomaly (∆O3) under each wind direction with to the correspond-
ing seasonal O3 mean in all directions in the same hour (the baseline; see Equation (1))
(Figure 6). In coastal cities (Figure 6a–d), it is obvious that the easterly winds usually
enhance O3 concentrations, while the westerly winds generally reduce O3. This strong
contrast in O3 concentrations between the easterly and westerly wind flows appears in
all seasons. In the daytime, the onshore winds, especially southeasterly winds, can, on
average, increase surface O3 in coastal cities by up to 15 µg/m3 above the corresponding
seasonal mean in the same hour. During the nighttime, when O3 photochemical reactions
are absent, it is clear that O3 is enhanced by the onshore northeasterly winds.

We quantitatively compared O3 concentrations and key environmental parameters
such as temperature, RH, and precipitation under different wind directions in coastal and
inland cities (Table 1). In coastal cities, during the daytime, temperature is generally higher
and RH is lower under southeasterly winds than under the other wind directions; these
two conditions are conducive to O3 photochemical production, while southwesterly and
northwesterly winds tend to trigger convective clouds, hindering the availability of solar
radiation for O3 production. As a result, O3 concentrations under southeasterly winds reach
83.5 µg/m3, which is 5.0 µg/m3 higher than the baseline value. During the nighttime, the
onshore northeasterly winds contain less NO2, which is 3.0 µg/m3 lower than its baseline
value (Table 2). The reduced NO2 concentrations effectively alleviate the titration of O3,
and hence lead to enhanced nighttime O3 concentrations when northeasterly winds prevail.
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Table 1. Mean O3, O3 anomalies (∆O3), temperature, RH, and precipitation under different wind
directions during the daytime (08:00–20:00 LST) in coastal and inland cities in Fujian. The values are
the means over 2015–2021 based on observational data.

Wind Direction O3 (µg/m3) ∆O3 (µg/m3) T (◦C) RH (%) Precipitation
(mm/h)

Coastal Inland Coastal Inland Coastal Inland Coastal Inland Coastal Inland

Northeasterly (0◦–90◦) 78.1 64.9 0.4 0.7 21.8 21.5 66.0 67.2 0.2 0.2
Southeasterly (90◦–180◦) 83.5 65.7 5.0 2.2 24.7 24.3 69.5 66.2 0.1 0.2

Southwesterly (180◦–270◦) 67.4 64.8 −4.8 −0.1 26.1 25.1 71.0 65.3 0.2 0.2
Northwesterly (270◦–360◦) 57.9 62.2 −6.4 −1.8 21.7 22.2 71.6 67.2 0.3 0.3

Table 2. Mean O3, O3 anomalies (∆O3), NO2, and NO2 anomalies (∆NO2) under different wind
directions during the nighttime (20:00–08:00 LST) in coastal and inland cities in Fujian. The values
are the means over 2015–2021 based on observational data.

Wind Direction O3 (µg/m3) ∆O3 (µg/m3) NO2 (µg/m3) ∆NO2 (µg/m3)

Coastal Inland Coastal Inland Coastal Inland Coastal Inland

Northeasterly (0◦–90◦) 62.8 37.5 6.6 3.7 18.1 18.3 −3.0 −2.3
Southeasterly (90◦–180◦) 51.5 32.3 0.4 −0.6 21.1 23.0 −0.5 1.7

Southwesterly (180◦–270◦) 38.7 29.8 −8.4 −1.5 24.2 22.6 2.8 0.7
Northwesterly (270◦–360◦) 47.4 32.6 −1.4 −1.1 22.5 21.6 1.4 −0.1

Regarding the prevailing wind, O3 concentrations vary with season, region, and time
of day (Figures 4–6). Taking the daytime as an example, in spring, the prevailing winds in
coastal regions are southeasterly and northeasterly, which are associated with O3 concentra-
tions of 88.0 µg/m3 and 88.6 µg/m3, respectively, leading to the most positive O3 anomalies
among all wind directions; in inland regions, under the prevailing southwest winds, O3
concentrations are 71.5 µg/m3, resulting in the second most positive O3 anomalies among
all wind directions. In summer, the prevailing winds in both coastal and inland areas are
southwesterly, leading to O3 concentrations of 69.0 µg/m3 and 67.6 µg/m3, respectively,
signaling a minor negative (positive) O3 anomaly in coastal (inland) regions. In the autumn
and winter, the prevailing winds in both coastal and inland regions are northeasterly, re-
sulting in O3 concentrations in coastal regions of 82.9 µg/m3 and 66.5 µg/m3, respectively,
while in inland regions, the concentrations are 71.7 µg/m3 and 54.8 µg/m3, respectively.
In coastal regions, O3 concentrations under the prevailing wind rank the second highest
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among all wind directions in both the autumn and winter, while in inland regions, O3
concentrations under the prevailing wind rank first in autumn, and second in winter.

3.3. Source Atribution of O3 Variations Associated with Different Wind Flows

Surface O3 variations are controlled by photochemical reactions, transport, mixing,
and deposition processes. Under the influence of different wind flows, the environmental
conditions and dispersion of O3 differ, and thus lead to O3 variations. To reveal the
dominant processes responsible for the O3 variations associated with different wind flows,
we used GEOS-Chem simulations to interpret the contribution of different processes (C-
term, T-term, and CMD-term) to O3 variations in the surface layer, with reference to the
wind flows.

The simulated O3 from the GEOS-Chem model is shown in Figure 7. Compared with
the observations (Figure 5), the model can reproduce the higher O3 levels in coastal cities
compared to inland cities. The large variation in O3 in coastal cities with different wind
flows is also captured. While O3 concentrations in inland cities are overestimated to some
extent, the model performs reasonably well in simulating O3 in coastal cities.
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Figure 7. The same as Figure 5, but for simulated O3 concentrations from GEOS-Chem simulations
for coastal cities (a–d) and inland cities (e–h). To be consistent with GEOS-Chem simulations, wind
data from MERRA-2 are used. All data are taken from the corresponding grids in GEOS-Chem and
MERRA-2 data for the coastal and inland cities.

Given the pronounced dependence of O3 on wind flows, we calculated the contribu-
tions of C-term (net chemical production), T-term (horizontal transport), and CMD-term
(convection, mixing, and deposition) to the total O3 budget based on GEOS-Chem simula-
tions under different wind flows (Figure 8 and Tables 3 and 4). When southeasterly and
southwesterly winds prevail over coastal cities during the daytime (Table 3), the dominant
process responsible for O3 variations is chemical reaction (C-term) (Figure 8b,c), leading to
an enhanced production rate above the baseline levels, and, hence, higher concentrations
(Figure 7a–d). In contrast, northeasterly and northwesterly winds tend to reduce the C-term,
leading to weakened, photochemically produced O3 (Figure 8a,d). Specifically, under the
influence of southeasterly wind, the total O3 budget anomaly can be maximized, with a
value of 0.39 kg/s, compared with its baseline value. The positive total O3 budget directly
results in a positive O3 anomaly of 5.57 µg/m3, in good agreement with the observed value
(5.0 µg/m3). In terms of horizontal O3 transport (T-term), onshore winds, including north-
easterly and southeasterly winds, tend to transport high-O3 airmass into the coastal regions,
as seen in the positive anomaly of T-term (Figure 8e,f), while the prevailing southwesterly
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and northwesterly winds show a negative T-term anomaly (Figure 8g,h), suggesting that
the winds are conducive to transporting cleaner air. The ∆CMD-term generally ranges
between ±0.15 kg/s, and is smaller than the C-term and T-term under all wind directions,
except under southeasterly winds, when the term has a negative impact on the ozone
anomaly. Based on the above analysis, we found that the prevailing southeasterly winds
can enhance the chemical production and bring in high-O3 air, resulting in higher O3 levels
than under the other wind directions in coastal regions of Fujian.
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Table 3. Mean anomaly of the total O3 budget, O3 concentrations, C term (net chemical production),
T term (horizontal transport), and CMD term (convection, mixing, and deposition), with respect to
wind direction during the daytime (08:00–20:00 LST) in coastal regions in Fujian, based on GEOS-
Chem simulations.

Wind Direction ∆Total O3 Budget
(kg/s)

∆O3
(µg/m3)

∆C-Term
(kg/s)

∆T-Term
(kg/s)

∆CMD-Term
(kg/s)

Northeasterly (0◦–90◦) −0.23 −0.79 −0.43 0.17 0.02
Southeasterly (90◦–180◦) 0.39 5.57 0.46 0.08 −0.15

Southwesterly (180◦–270◦) 0.32 −1.3 0.57 −0.29 0.04
Northwesterly (270◦–360◦) −0.23 −0.76 −0.04 −0.24 0.04

Table 4. The same as Table 3, but for the nighttime (20:00–08:00 LST).

Wind Direction ∆Total O3 Budget
(kg/s)

∆O3
(µg/m3)

∆C-Term
(kg/s)

∆T-Term
(kg/s)

∆CMD-Term
(kg/s)

Northeasterly (0◦–90◦) 0.07 1.69 −0.02 0.08 0.01
Southeasterly (90◦–180◦) −0.23 0.50 −0.06 −0.13 −0.04

Southwesterly (180◦–270◦) −0.07 −4.47 0.05 −0.17 0.05
Northwesterly (270◦–360◦) 0.03 −0.66 0.06 0.07 −0.10

In our previous study [32], we also found that the inflow of O3 to Fujian from outer
regions is mainly transported from the north along the east coast of China, mostly from
highly polluted areas in YRD, and then from the sea to the land across the coastline in
Fujian by easterly, northeasterly, or southeasterly winds. The transport pathways also
vary with season. O3 transpor from YRD is strong in the spring and autumn, weak in
the summer, and almost zero in the winter. Some O3 is also transported from the PRD,
which is strongest in spring. This study used a Eulerian approach with GEOS-Chem to
track air movement, while Ge et al. [32] used a backward trajectory analysis, similar to
others [45–47]; both studies achieved consistent results.

The contributions of the three terms to the nighttime O3 variations were also analyzed
(Table 4). The surface measurements suggest that, in the coastal regions, the northeasterly
winds transport airmass containing less NO2, and thus reduces the titration of O3 (Table 2).
Referring to the simulations, despite the small anomalies in the chemical production and the
CMD terms (Table 4), GEOS-Chem suggests that O3 transport facilitated by northeasterly
wind plays an important role in enhancing nighttime O3.

4. Conclusions

Meteorological environments play an important role in determining surface O3 varia-
tions. Among the meteorological factors, wind flows can significantly change the evolution
of synoptic processes, and hence influence the crucial environmental conditions for O3
chemical reactions, horizontal and vertical transport, mixing, and deposition. This study
analyzes the concurrent surface O3 and meteorological observations over 2015–2021 to
untangle the influence of wind flow on surface O3 variations in Fujian, a coastal province
in southeast China, with complicated topography and different levels of O3 precursor
emissions between coastal and inland regions. Furthermore, Fujian is also a crossroad for
O3-polluted airmass due to its geolocation between the YRD and the PRD. Therefore, under
the influence of different wind flows, it is worth examining the responses of surface O3
to wind and investigate the dominant processes responsible for O3 variations. The main
conclusions as follows:

(1) Under different emission conditions and topography distributions, the mean of O3

concentrations over 2015–2021 is 62.7 µg/m3 in coastal regions of Fujian, where
anthropogenic emissions are higher, while it is 45.6 µg/m3 in inland mountainous
regions with higher forest coverage. Seasonally, O3 concentrations show peaks in the
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spring and autumn and valleys in the summer and winter, as seen in both coastal and
inland regions (Figure 1). Throughout the year, the O3 level is also higher in coastal
regions than in inland regions; the difference in O3 concentrations between coastal and
inland regions also shows distinct seasonality, with a maximum in October, reaching
24.9 µg/m3, and a minimum of 7.6 µg/m3 in July.

(2) Surface O3 over coastal regions shows a strong dependence on wind flow changes
(Figures 5 and 6; Tables 1 and 2). When southeasterly winds prevail over coastal
regions, the mean of surface O3 concentrations in the daytime reaches 83.5 µg/m3,
which is 5.0 µg/m3 higher than its baseline value, while northwesterly winds tend
to reduce surface O3 by 6.4 µg/m3. The positive anomaly in O3 associated with
southeasterly winds is higher in the autumn and summer than in the spring and
winter. During the nighttime, the onshore northeasterly winds are associated with
enhanced O3 levels since the airmass contains less NO2, alleviating the titration effects,
as well as the enhanced transport of O3. Over inland regions, however, surface O3
variations are less sensitive to wind flow changes.

(3) The GEOS-Chem model was applied to diagnose the dominant processes for surface
O3 variations associated with different wind flows (Figure 8; Tables 3 and 4). High-
resolution simulations reasonably capture the observed variations in O3 in terms of
day–night contrast, coast–inland region contrast, and, especially, contrasts under dif-
ferent wind flows. The simulation results show that the prevailing southeasterly and
southwesterly winds lead to a positive anomaly in O3 chemical reactions, suggesting
enhanced photochemical production rates. Furthermore, southeasterly winds also
transport more O3 from the outer regions into the coastal regions of Fujian, which
jointly results in elevated surface O3 when southeasterly winds dominate.

This study shows some similarities and differences compared with previous studies.
For example, surface O3 in an inland city, Hefei, in China, was found to not be sensitive
to variations in wind direction, which is similar to the results obtained in this study,
while in a coastal city, Shanghai, surface O3 is the highest under northwesterly winds in
spring [48], rather than under southeasterly winds observed in this study, suggesting a
regional dependence of the relationship between surface O3 and wind direction.

Based on this study, we can make the following recommendations. First, when south-
east winds are prevalent, it is advisable to enhance the monitoring of O3 concentrations in
the central and southern coastal regions and implement corresponding control measures.
Therefore, establishing a wind direction monitoring network to monitor real-time changes
in wind flow in coastal areas is necessary. Second, when northeast or southeast winds are
prevalent, attention should be paid to O3 levels in upstream and downstream source areas,
with timely warnings issued for potential O3 transport events. We also should regularly
update the wind direction monitoring results to adjust emission standards under different
wind conditions, with a particular emphasis on industrial emission sources during periods
of southeast winds, implement more stringent industrial emission control measures during
these periods, and integrate meteorological forecasts and wind direction monitoring into
the O3 warning system to establish a more accurate predictive model for high-O3 events.

The research results of this study are subject to some uncertainties and limitations. For
example, O3 and wind measurements contain certain instrumental errors. The air-quality
stations and the nearest meteorological stations are generally not in the same location,
but 10–103 m apart. Although the model performs reasonably well, GEOS-Chem tends to
overestimate O3 concentrations in the daytime and in inland regions. This study suggests
that the higher O3 observed in the daytime over coastal regions is generally associated
with southeasterly wind, due to the higher temperature and lower humidity, which are
conductive to O3 production. However, the chemical reactions that are involved are not
specified, and could be a subject for future studies.

Our results emphasis the prominent dependence of surface O3 variations on wind flow
changes over coastal regions of Fujian. Such knowledge could deepen our understanding
of O3 pollution and aid in providing an effective warning for high-O3 episodes. For other
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coastal regions experiencing prominent wind changes due to a combined influence of
synoptic weather, sea–land distribution, and local microclimate, these findings can also
provide extra insights into O3 variations with wind. Still, be mindful that surface O3
responses to wind flow can be regionnally dependent.
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