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Abstract. Tropical cyclones (TC) exert a profound influence on the dynamics of ground-level ozone (O3) pollution
in the Greater Bay Area (GBA) of China's Guangdong-Hong Kong-Macao. Although TC-related O3 transport
processes are well recognized, their three-dimensional characteristics are still inadequately characterized. This study
provides the first comprehensive observational analysis of O3 pollution transport mechanisms in the GBA under the
influence of TC, integrating high-temporal-resolution wind profile measurements with hourly meteorological and air
quality data and model simulations. The findings indicate that TC activity accounts for 39.9% of O3 pollution
episodes in the region, with pollutants advection from northern mainland areas to coastal cities. When TCs are
located at a distance of approximately 1800-2000 km, horizontal transport mechanisms dominate (about 54.26%),
facilitating the conveyance of inland ozone to coastal regions. As the proximity of the TC decreases to within 1000-
1700 km, the descending air currents intensify, driving ozone from coastal areas into the boundary layer and
resulting in reduced O3 concentrations inland while they increase along the coast. In particular, when TCs approach
Taiwan (less than 800 km, NE), increased vertical wind shear occurs about 34.25% than before, with the
contribution of vertical mixing also sharply rising by over 34.15%. This is especially evident over coastal zones,
where it facilitates the injection of free-atmosphere ozone into the boundary layer. This mechanism prolongs surface
O3 pollution episodes. Our findings offer critical insights for O3 pollution mitigation strategies in the GBA and are
of relevance for other globally significant bay regions susceptible to TC impacts, including Hangzhou Bay (China),

Tokyo Bay (Japan), and the Bay of Bengal (India).

1 Introduction

Tropical cyclones (TC) are among the most destructive weather systems. However, as they approach, the weather is
generally characterized by strong solar radiation, high temperature, and light wind, which is favorable for
photochemical production and accumulation of ozone (O3) (Parker et al., 2013), which easily causes tropical
cyclone-related ozone pollution (TC-O3) events (Luo et al., 2018; Yim et al., 2019; Huang et al., 2021). The
compound TC-O3 events have significant climate and environmental impacts, such as worsening air quality and
contributing to crop yield reduction (Mills et al., 2018), increasing environmental and health risks, particularly
respiratory diseases associated with exposure to ozone (Wang et al., 2020) and affecting socioeconomic activities
(Feng et al., 2019).). Therefore, it is urgent to clarify the causes of TC-Os events to respond appropriately. The
Guangdong-Hong Kong-Macao Greater Bay Area (GBA), a region in southern China that covers a total area of
56,000 km2 with a population of more than 70 million, is one of the most economically active zones in the world. In
summer and fall, the GBA is susceptible to TCs and has a high Oz concentration (Li et al., 2019; Liu & Wang, 2020),
making it an ideal place to study the TC-O3 events.

The peripheral circulation of TCs facilitates the generation, accumulation, and transport of Os in both vertical and
horizontal directions. Due to the distinctive characteristics of the wind field, the three-dimensional transport of
pollutants becomes increasingly complex and dynamic with varying times. Vertically, the downward flows
associated with the peripheral circulation of TC create a warm and dry environment that promotes the formation of
03 in the presence of sufficient precursors (Deng et al., 2019). Furthermore, adiabatic warming due to downdrafts

can form widespread air stagnation, inhibit convection (Lolli et al., 2019) and further exacerbating the accumulation
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of O3 near the surface (Wei et al., 2016; Zhan et al., 2020; Lin et al., 2024; Shi et al., 2021). Horizontally, strong
winds can extend hundreds of kilometers and facilitate long-range transport of Os and its precursors, such as
nitrogen oxides (NOx) and volatile organic compounds (VOC) (Wang et al., 2022; Itahashi, 2023; Xu et al., 2023).
Therefore, O3 pollution occurs. TC dynamic changes in wind fields across different regions not only accelerate the
air mass exchange between source and downwind areas, but also influence cross-regional air quality, thus expanding
and exacerbating the spread of O3 pollution. This interregional transport significantly alters the distribution of O3
concentration in inland areas, escalating local pollution events into regional problems. Furthermore, the influence of
peripheral circulation of TCs on the structure of O3 is not a static event. Under such meteorological conditions, the
processes of O3 generation, transport, and decomposition are interconnected, promoting persistent and spatially
extensive pollution. Previous studies on the impact of TC on increasing O3 concentration were mainly based on
numerical simulations. Although three-dimensional observational data from soundings, satellites, and lidars are
available, there remains a relative scarcity of integrated high-resolution vertical observations specifically addressing
TC-influenced Os distribution. It is important to note that ozone concentrations in both the troposphere and
stratosphere can be influenced during TC-Os events. Previous studies have shown that tropical cyclone (TC)
activity can cause alterations in ozone concentrations within the troposphere (Das et al., 2016; Chen et al., 2021; Li
et al.,, 2021). Additionally, TCs have the potential to transport significant amounts of stratospheric ozone to the
surface (Chen et al., 2022), which may exacerbate local Os pollution. Furthermore, Li et al. (2020) analyzed 18 years
of ozone-sounding data and found that TC reduces ozone levels in the stratospheric region over the western Pacific,
suggesting that TC can induce variations in ozone concentrations between the troposphere and the tropopause.
Hence, enhancing field observations to complement and verify numerical model results is crucial to improving our
understanding of the complex mechanisms underlying O3 transport and formation under the influence of TCs.

Due to the limitations of observational instrumentation, obtaining detailed vertical profiles of atmospheric structure
is often problematic. Differences in observational methods and algorithms can also lead to discrepancies in acquired
vertical atmospheric information (Guo et al., 2016, 2019; Shi et al., 2020). However, within the boundary layer,
where O; pollution occurs predominantly, wind profile measurements offer an advantage in terms of high precision
and continuity, which are fundamental to accurately characterizing the three-dimensional transport of O3 (Zhang et
al., 2020). Furthermore, the GBA has a relatively dense network of wind profile radars that have been widely
applied in air pollution research studies (Jiang et al., 2013; Wu et al., 2015; Liu et al., 2020). By monitoring changes
in wind speed, wind direction, and boundary layer height, wind profile radar data provide important empirical
support for studying O3 pollution processes under various weather conditions (e.g., TCs, sea-land wind circulation,
and wildfires).). These data help to improve our understanding of the spatial and temporal distribution characteristics
of O3, as well as the transport and accumulation processes under complex wind field conditions.

It should be noted that the location peripheral circulation of TC will constantly change with the movement of TC,
producing different effects on the atmospheric environment. For example, Huang et al. (2006) found that when a TC
is approximately 700 to 1000 km distant from the GBA, the area is susceptible to the influence of the peripheral
circulation of the TC, resulting in serious O3 pollution. Chow et al. (2018) reported that 38.7% of O3 pollution in

Hong Kong occurred when TCs were located close to Taiwan and 58.2% occurred when TCs were located between



95

100

105

110

115

120

Taiwan and Hong Kong. Recently, Zhang et al. (2024) found that heatwave events in the GBA are triggered by three
TC-related synoptic patterns, and the transformation of these synoptic patterns as TCs move impacts the formation
of heatwave and O; pollution in the GBA. Therefore, it is crucial to consider the TC dynamic movement when
estimating the influence of its peripheral circulation on O3 pollution.

TCs generated over the western Pacific Ocean generally follow three main tracks: westward moving, northwestward
moving and northeastward recurving. The TC near Taiwan and close to the GBA is promoting TC-O;3 events (Lam
et al., 2018; Zhang et al., 2024). This study analyzed O3 pollution in the GBA and TCs from June to October 2015
to 2023 to evaluate the relationship between TCs and O3 pollution. TC Bailu was then selected for an in-depth case
study. Based on radar data of the wind profile, air pollutants and meteorological data, this study investigates changes
in the structure of the boundary layer under the influence of TC and its impact on O3 pollution. Two key scientific
questions are addressed: (1) What are the characteristics of the winds in the boundary layer affected by the
peripheral circulation of the TC as the TC moves? (2) How do changes in winds affect the spatial distribution of O3
pollution in the GBA? The following sections are organized as follows: Section 2 describes the data and methods.

Section 3 presents the main results and discussion, and the conclusions are summarized in Section 4.

2 Materials and Methods
2.1 The wind profile radar network

Depending on the TC movement track, three wind profile radar stations along the TC’s track within the GBA were
selected, namely Huadu (HD; 23.4°N, 113.2°E), Guangzhou (GZ; 22.7°N, 113.5°E) and Hong Kong (HK; 22.3°N,
114.2°E). The locations of these three radars are shown in Figure 1c. Wind profile radars mainly detect the wind
field by using the atmospheric turbulence scattering of electromagnetic waves, providing data on horizontal wind
direction, horizontal wind speed, vertical wind speed, and atmospheric refractive index structure constant (Cn2) at
different heights. These radars have 1-hour averaged data (OOBS) and real-time detection data (ROBS), and the
vertical resolution is 60 meters. The blind zones of the wind profiler radar are 100 meters in HD and GZ, while it is
300 meters in HK. Furthermore, Cn2 is an important indicator reflecting changes in turbulence intensity, which
decreases exponentially with height overall and may have a maximum value or deviate from the normal value at the
top of the boundary layer (Angevine et al., 1994; Rb, 2012). This study uses this feature to determine the height of
the boundary layer (BLH).

2.2 The TC best track dataset

The TC track information in Figure 1b was obtained from the best TC track dataset from the China Meteorological
Administration (https://tcdata.typhoon.org.cn/). This dataset includes comprehensive TC tracks in the Northwest
Pacific and the South China Sea since 1949, with detailed records of the latitude and longitude of the TC, minimum
central pressure, and maximum wind speed near the center at a resolution of 6 hours. This dataset provides high
precision in coastal and inland areas of the Northwest Pacific region (Ying et al., 2014; Lu et al., 2021). In this study,
the TC days were defined as when the TC track enters the region defined by 10°N-30°N latitude and 100°E-130°E
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longitude (Zhang et al., 2024). There are three main types of TC tracks in China: the westward tracks (moving from
the east of the Philippines westward, often making landfall in Guangdong and Hainan), the northwest tracks
(extending northwest, frequently making landfall in Taiwan, Fujian, and Zhejiang), and the recurving tracks

(heading northwest but veering northeast when approaching the eastern coast of China) (Luo et al., 2023).

2.3 Surface observations

The air quality data in the GBA were obtained from the National Urban Air Quality Platform of the National Enviro
nmental Monitoring Center (https://air.cnemc.cn:18007/), while the data for the HK station were obtained from the I
nteractive Center of Environmental Protection of the Hong Kong Environmental Protection Department (https://cd.e
pic.epd.gov.hk/EPICDI/air/station/). According to the national standard in China, the maximum daily 8-hour averag
e O3 concentration (MDAS) should not exceed 160 pg/m? (https://www.mee.gov.cn/ywgz/fgbz/bz/bzwb/dghjbh/dgh
jz1bz/201203/t20120302_224165.shtml). The criterion for Os pollution in the GBA is defined as occurring when mor
e than one-third of the selected stations record concentrations exceeding the threshold, drawing on an analogous app
roach used in previous studies to define regional heatwave events in this area (Zhang et al., 2024).

Furthermore, to investigate the spatiotemporal characteristics of pollutants influenced by the TC Bailu, hourly NO2,
03, and CO concentration data from the HD, GZ, and HK stations were analyzed due to their proximity to wind
profile radar and alignment with the TC Bailu. Meteorological conditions, including 2-meter temperature, 2-meter
pressure, 10-meter wind direction and speed, relative humidity, and precipitation, were also assessed for their impact
on O3 concentrations during the TC Bailu event. Meteorological data for the HD and GZ stations were obtained
from the China Meteorological Information Center (http://data.cma.cn/), while data for the HK station were gathered
from the Hong Kong Observatory (https://www.hko.gov.hk/).

2.4 Recirculation index

The recirculation index (RI) is calculated to assess the ventilation capacity of the atmosphere and is applicable in
situations where pollutants are transported out and then back due to changes in the direction of the wind. It is the
cumulative ratio of the vector distance to the cumulative scalar distance of the wind. The formula for determining RI

at various heights is expressed as follows Eq. (1) (Zeng et al., 2022; Wu et al., 2015):
. 2 . 2
(aTziw)” + (aTziew, )

= ke )
AT E [uf +vi
ks

Where, ks is the starting time, ke is the ending time, AT is the average time interval, generally 24 hours, uk is the

RI ®

radial wind, vk is the zonal wind. RI ranges from O to 1. The lower the RI, the worse the horizontal transport
capacity of the wind. When RI is close to 1, it indicates significant horizontal transport. In this study, the RI was
calculated using wind profile data and RI=0.6 was selected as a threshold to assess the contribution of pollutants to

the return flow of GBA. (Chen et al., 2016).
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2.5 HYSPLIT model

The Hybrid Single-Particle Lagrangian Integrated Trajectory (HYSPLIT) model is a widely used atmospheric
transport model that can calculate the movement trajectories of individual particles or gases in the atmosphere
(Lichiheb et al., 2024). It is often used to analyze the transport and diffusion of materials in the past atmospheric
environment (Su et al., 2015). The online version is available at https://www.ready.noaa.gov/HYSPLIT _traj.php.
This study used the HYSPLIT online backward trajectory module to analyze air mass trajectories at different
vertical heights to determine the source of air masses during O3z pollution events. Heights of 0, 500, 1500, and 2000
m represent the ground, the middle of the boundary layer, the top of the boundary layer, and above the boundary

layer, respectively.

2.6 Vertical wind shear

Vertical wind shear (VWS) plays an important role in the dispersion of air pollutants, and therefore was calculated
here to check its effects on O3 pollution. The formula is calculated as follows Eq. (2) (Zhang et al., 2020):

\/(uzl - uzZ)2 + (Uzl - UZZ)
(z1 - 22)

2
VWS = x 1000, (2)

Where, VWS is the vertical wind shear (units: m-s™'), uz1 and uz2 represent the zonal wind at the height of z1 and z2,
respectively; and vz1 and vz2 represent the meridional wind at the height of zI and z2. z1 is the height above the

ceiling and z2 is the height below the ceiling.

2.7 NMF

Non-negative Matrix Factorization (NMF) is a matrix decomposition technique that factorizes all elements into non-
negative values. It achieves nonlinear dimensionality reduction, yielding results that are more interpretable and
physically plausible(Brunet et al., 2004; Lee & Seung, 1999). Furthermore, NMF can identify the contributions of
different emission sources to air pollutants without requiring extensive chemical composition data. As NMF is a
purely mathematical (statistical) decomposition method, it should be applied in conjunction with approaches that
provide a scientifically robust interpretation(Luo et al., 2018). Given a non-negative matrix A of Os concentrations
with dimensions nxm (where n represents the number of observations and m the number of monitoring stations), the
NMF factors A into two non-negative matrices as follows:
Amxn = Wi X Hysmy (3)

Matrix W (n x r, where r is the number of NMF factors) is the composition of each factor, and matrix H (r x m) is
the contribution of each factor (Malley et al., 2014). The NMF solution is obtained through an iterative process,
beginning with randomly initialized values and converging when the Euclidean distance between A and W-H is
minimized. In this study, the rank r was set to 2, allowing the concentration of O3 to be decomposed into two
sources: local formation and regional transport. To improve the stability of the factorization, the NMF algorithm was

executed 200 times with different random initializations (Zong et al., 2023).
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2.8 WRF-Chem

This study used the WRF-Chem (Weather Research and Forecasting model coupled with Chemistry) model with a
three-tiered nested grid configuration. The first nested grid (d01) encompassed the majority of Bai Lu's trajectory
from formation to landfall, centered at 113.6°E/22.8°N with a horizontal resolution of 27 km. The second and third
grids focused on southern coastal China and the Pearl River Delta region, respectively, with resolutions of 9 km and
3 km. Each grid consisted of horizontal dimensions of 103x103, 100x100, and 133x124 cells. The model utilized a

Mercator projection with 30 vertical levels that spanned from the surface to 50 hPa.
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Figure 1. (a) the simulation domain is illustrated, with three monitoring sites annotated: Huadu (23.4°N, 113.2°E),
Guangzhou (22.7°N, 113.5°E) and Hong Kong (22.3°N, 114.2°E). These locations are strategically positioned to capture
spatial variations within the study area. (b) Tropical Cyclone Nesat, Lekima, Danas, Bailu. The gray dashed circles are
centered on the wind profiler radar in the middle of the GBA at GZ (black dot; 22.7°N,113.55°E), representing distances
0f 300-2000 km from the GBA, with intervals of 100 km between concentric circles. (¢) Locations of the HD, GZ, and HK
stations in the GBA. The black box indicates the location of the GBA. The black dots indicate the locations of the 10 cities
shown in Figure 3.
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The initial and boundary meteorological conditions for the simulation are derived from the NCEP FNL data, which
provide a resolution of 1°x1°. Anthropogenic emissions for 2016 at a 0.25°x0.25° spatial resolution were generated
by the Tsinghua University's Multi-resolution Emission Inventory for China (MEIC)(Li et al., 2017; Geng et al.,
2024). Biogenic VOCs emissions at a 0.5°x0.5° spatial resolution are sourced from the Megan emission inventory.

The settings of the key parameters are detailed in Table 1(Li et al., 2020).

Table 1. The main configuration options of the models used in the simulations.

Scheme Option

Microphysics Lin scheme

Longwave radiation RRTMG

Shortwave radiation Goddard

Cloud Microphysics Grell 3D ensemble scheme

Boundary layer Bougeault and Lacarrere (BouLac) PBL
Gas-phase chemistry CBM-Z

Aerosol chemistry MOSAIC-8bins

Photolysis Fast-J photolysis

The validation statistics presented in Table 2 highlight the robustness of the model's performance across key
variables. This was achieved by comparing the simulated meteorological fields with observational data from
domestic surface weather stations, and by evaluating the ozone simulation results against monitoring data from the
National Environmental Monitoring Center's National Urban Air Quality Platform and the Hong Kong
Environmental Protection Department's Environmental Protection Interactive Center. The temperature is simulated
with high precision, showing only a minor underestimation of about 1°C. Although wind speed demonstrates a slight
overestimation and ozone shows an underestimation, overall agreement between simulated and observed values
remains strong. The RMSE values for temperature (1.39), wind speed (1.61), and ozone (36.23) indicate good
precision, and the MB values (-1.07 for temperature, +1.48 for wind speed, -3.25 for ozone) reveal consistent biases
that are within acceptable ranges for modeling purposes. The FE and FB metrics further validate the model's ability
to capture the essential features of these variables. With IOA and R values ranging from 0.24 to 0.64, the simulation

demonstrates a solid foundation for reliable predictions, confirming its applicability for subsequent analyses.
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Table 2: Statistical Validation of Meteorological Variables and Ozone in the WRF-Chem Model

Temperature Wind speed Wind direction 0;
RMSE 1.39°C 1.61 ms! 80.70° 36.23 uyg m
MB -1.07 °C 1.48 ms! 63.56° -3.25 uyg m
FE -0.04 0.75 0.29 0.48
FB -0.04 0.74 0.33 -0.06
I0A 0.64 0.41 0.24
R 0.64 0.45

The calculation formula for the parameters is as follows:

N
1
RMSE = NZ(F"_OL')Z’ (4)
i=1

N
1
MB = N;(ﬂ—ooz,@)

FB = __F-0 6
h o.5x(F+U)'()
YN, (F;—F)?
FE =—F——=—=-1,(7)
YN, (0;— D)
1 N 2
=N (F,-0,
I0A = 1— N2 ) ®)

1 _ _ J
N2, (F: = 0] +10; - 0)*
Note: F: Simulated value; F: Mean of simulated values; O: Observed value; O: Mean of observed values; N: Sample

size.

3 Results and Discussion
3.1 Tropical Cyclones and ozone pollution in the GBA

An O3 pollution day is defined when the maximum daily 8-hour average O3 concentration (MDAR) exceeds 160
pug- m—3. As shown in Figure 2a, when the TCs move from the northwest Pacific to Taiwan, there were at least two
days of O3 pollution at each point in the grid. The three TC tracks that affect the China traverse regions (10°N-30°N,
100°E-130°E) contributed to O3 pollution in the GBA. These include the westward tracks, the northwest tracks, and
the recurving tracks. Of all TC track periods in Figure 2a, 408 days were TC days, including 205 days on the
westward tracks, 76 days on the northwest tracks and 127 days on the recurving tracks (Figure 2b). In general,
39.9% of Os pollution days in the GBA was associated with TC activity presence, with these tracks contributing

6.5%, 10.6%, and 22.8%, respectively (Figure 2b). These results were consistent with previous studies that indicated
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that TCs were among the most favorable weather systems for O3 pollution episodes in the GBA (Jiang et al., 2015;
Yang et al., 2019; Lin et al., 2024; Xu et al., 2024).
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Figure 2. (a) Spatial distribution (in days) of tropical cyclone (TC) activity and days of ozone (O3) pollution from June to
October during the period 2015 to 2023, at a resolution of 1° x 1° (unit: day). (b) The number of westward tracks,

northwest tracks and westward tracks (blue bar chart, unit: day); probability of O3 pollution on each track (red bar
chart, unit: %).

By examining the MDAS8 O3 concentrations in 10 cities in the GBA, we observed notable seasonal variations and
differences in O3 levels between cities during June to October (Figure 3). In particular during fall (September to
October), there was a tendency to higher levels of O3, increasing the probability of O3 pollution events. Cities
located at higher latitudes, often with mountainous landscapes, generally exhibited higher Os concentrations, a
pattern that may be attributed to photochemical environments more conducive to ozone formation as well as terrain
features favoring ozone accumulation. In contrast, lower-latitude cities tended to have lower ozone levels. This
pattern was especially evident when the TCs affected the GBA. In addition, there was a significant movement of O3
pollution from inland cities to coastal cities on days influenced by TC activity. During this period, four TCs were
selected following three typical tracks for further study to examine the spatial distribution of Os. These include
Nesat, Bailu (westward track), Danas (northwest track), and Lekima (recurving track) (Figure 3¢). The phenomenon
also demonstrated the transportation of high-concentration O3 pollution from inland areas to coastal regions (Figure

4).

10
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Figure 3. The maximum daily 8-hour average (MDAS8) O3 in 10 cities in the GBA in (a) 2015, (b) 2016, (c) 2017, (d) 2018,
(e) 2019, (f) 2020, (g) 2021, (h) 2022, and (i) 2023 from June to October. The national standard for ambient air quality for

265 MDAS O3 is 160 pg m—3 in China. These cities are sorted by latitude. The black dots represent the days of TC, where the
TC track enters (10°N-30°N, 100°E-130°E).
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Figure 4. Spatial distribution of MDAS8 O3 surface concentrations in the GBA during (ac) TC Nasat, (d-f) TC Danas, (g-i)
TC Lekima and (j-1) TC Bailu.
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3.2 Spatial characteristics of ozone pollution caused by TC Bailu

During the influence of TC Bailu, the GBA had comprehensive meteorological observations, wind profile radar
detections (Figure 2b), and environmental monitoring data, providing a robust data foundation for research.
Furthermore, compared to TC Nasat, Danas, and Lekima, the TC Bailu track was almost parallel to the wind profile
radars, allowing better observation of the O3 transport path. Therefore, we used TC Bailu as a case study to further
investigate the mechanisms behind this phenomenon.

TC Bailu formed in the northwest Pacific Ocean (113.8 °E, 13.5 °N) at 16:00 on 20 August 2019, with the intensity
of a tropical storm. From 21 to 24 August, Bailu moved northwestward and gradually approached the GBA. The
GBA was under the influence of Bailu’s peripheral circulation. On 25 August morning, TC Bailu made landfall on
the coast of Fujian and its intensity gradually weakened after landfall, eventually dissipating in the afternoon of 26
August. To better understand the relationship between the Bailu TC position and the three wind profile radar stations,
Table 1 shows the distances between the TC center and the HD, GZ, and HK stations from the generation phase
until before landfall.

Table 3. Distances between the TC center and the HD, GZ, and HK stations, from the generation phase to before landfall.

Time (LST) HD GZ HK

2019082008 2429 2368 2289

2019082014 2393 2333 2255

2019082020 2330 2270 2191

2019082102 2263 2202 2124

2019082108 2214 2154 2075

2019082114 2103 2042 1964

2019082120 2021 1960 1882

2019082202 1939 1878 1800

2019082208 1876 1815 1737

2019082214 1828 1767 1689

2019082220 1737 1676 1597

2019082302 1601 1541 1463

2019082308 1490 1434 1357

2019082314 1348 1293 1217

2019082317 1292 1239 1163

2019082320 1241 1189 1114

2019082323 1167 1116 1041

2019082402 1070 1021 947

2019082405 997 950 877
2019082408 908 862 790
2019082411 837 793 723
2019082414 767 726 658
2019082417 708 672 607
2019082420 610 580 520
2019082423 529 498 439
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2019082502 499 467 407

Note: Time is displayed as YYYYMMDDHH: Year YYYY, Month MM, Day DD, Hour HH (LST: UTC+8). Distance is
measured in kilometers. The TC best track dataset provided position data every 6 hours, and the frequency of the best
track updates was increased to every 3 hours for the 24 hours before landfall and during its activity over land in China.
Therefore, the distances between the Bailu TCand the wind profile radar at specific times in Figures 5 to 9 are derived
from the linear interpolation of the data in the table.

As shown in Figure 5, the concentration of O3 at the HD station was as high as 281 pgm—3 at 15:00 on 22 August,
which was related to a higher temperature (35.1 °C), low humidity (47%) and weak winds (2.1 m/s) that promoted
the formation and accumulation of Os. On 23 August, the O3 concentration decreased as the temperature decreased.
On 24 August, the O3 concentration decreased significantly. However, the temperature increased and the precursors
of O3 (NO2 and CO) remained almost unchanged. This suggested that Oz may be transported downwind under the
influence of TC Bailu (Figure 5a). The changes in NO: and CO concentrations were evaluated based on general
trends rather than fluctuations observed at a single time point. Although a noticeable minimum in NO: concentration
was recorded on August 24, this does not impact our conclusion regarding the transport of Os downstream from TC
Bailu to the HD station. At the downstream stations, GZ, and HK, O3 concentrations increased from 23 to 24 August.
At GZ station, the O3 concentration even reached 304 pg m—3 on 24 August. Given that NO2 and CO concentrations
also increased, the increase in O3 concentration at the GZ station was the result of both local O; formation and
regional O3 transport (Figure 5b). The increase in Os concentrations resulted from both local Os formation and
regional Os transport. However, given that TC Bailu had a relatively short time frame from formation to landfall
(August 21 - 25), we posit that the concentrations of local Os and its precursors fluctuated during this period. The
significant changes observed in Os concentrations were primarily driven by external factors, particularly regional
transport of Os. Research has shown that the interaction between the TC's outer circulation and large-scale
meteorological conditions plays a crucial role in the variation of Os concentrations, especially under conditions of
high temperatures and intense solar radiation (Wang et al., 2024). Regarding the HK station, the NO2 and CO
concentrations did not change much. As a developed city, Hong Kong has a high car ownership rate, leading to
numerous sources of NOx emissions and high CO levels. This significantly enhances the titration effect of ozone at
night, resulting in lower Os concentrations on 22 and 23 August. The Os concentration on 23 August was slightly
lower due to the decrease in temperature. However, on 24 August, the O3 concentration at the HK station suddenly
increased to 361 pg m—3, which was four times higher than on 23 August. Therefore, the high ozone levels recorded
at the HK station on August 24 were significantly affected by TC transport. This phenomenon was also confirmed
by changes in wind. On 24 August, the dominant wind at the HK station was southwest, which was different from
the northwest at the upstream HD and GZ stations. The two air flows converged at the HK station, resulting in

severe O; pollution at the HK station (Figure 5c).
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Figure 5. Time series of wind, air pressure, relative humidity (RH), 24-hour precipitation, CO, NO2, temperature of 2 m
(T), and O3 at (a) HD, (b) GZ, and (c) HK stations from 21 to 25 August 2019. The black boxes indicate the study period.
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The results of the model corroborate the aforementioned analysis. In Figure 6, wind speeds around the HD station
are relatively weak, supporting limited regional transport. Additionally, the non-negative matrix factorization (NMF)
results indicate that local emission contributions account for 78.9% of the ozone at the HD station, which is
consistent with the backward trajectory analysis shown in Figure 7 (For a detailed analysis, please refer to Appendix
A). This further confirms that the observed ozone during this period was primarily generated locally over inland
areas. Moreover, there is distinct ozone transport from the northeast to the southern regions during 22-23 July. This
transport pattern occurred under generally low surface-level ozone concentrations across the Greater Bay Area, with
minimal regional accumulation differences—a regime dominated by local photochemistry and boundary-layer
processes during the pre-TC period. Additionally, on 24 July, the wind direction near the Hong Kong station
changed from northeast to southwest. However, the convergence zone of the south and north winds in the model is
located north of the Hong Kong station. This discrepancy arises because, following typhoon landfall, the model
slightly overestimates the typhoon's northern position. Notably, in coastal areas close to the TC track, the typical
photochemically driven diurnal signal weakened systematically, reflecting the increasing influence of synoptic-scale

dynamics on ozone redistribution.
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Figure 6. This figure illustrates the spatiotemporal distribution of ozone concentrations and wind fields simulated by
WRF-Chem at different times within the Pearl River Delta region. The stars in the figure denote the locations of three

radar stations.

We applied non-negative matrix factorization (NMF) for source apportionment, which identified two primary
factors (local production and regional transport). The patterns of diurnal variation in Figure 7(a) allow us to identify
Factor 1 as local production and Factor 2 as regional transport, since local emissions typically peak in the afternoon,
while regional transport often shows higher contributions during the early morning (Zong et al., 2023). Figure 7(b)
shows that local production contributes 71.2% of the ozone at the HD station, significantly higher than the
contribution from regional transport. This finding aligns with the spatial distribution shown in Figure 6 and is further

supported by the backward trajectory analysis presented in Figure 8.
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Figure 7. (a) Two factor time series (August 22-24). (b) Proportion of local generation and regional

transmission in HD, GZ and HK

In summary, the high concentrations of O3 observed at the HD station from 22 to 23 July were primarily attributed
to local photochemical production, as weak winds limited regional transport. On 24 July, the O3 levels at the HD
station decreased significantly due to wind changes that improved transport, moving Os to downstream regions. As a
result, elevated Os concentrations were observed at the GZ and HK stations, especially at the HK stations, where the

winds converged.

3.3 Transport of ozone pollution affected by TC Bailu

From Section 3.2 above, the regional transport of O3 induced by the peripheral circulation of TC Bailu was the main
driver of coastal O3 pollution in the GBA. In this section, we used high resolution boundary layer observation data
to describe the three-dimensional transport of O3, both in the horizontal and vertical dimensions.

3.3.1 Horizontal transport and accumulation by recirculation

Based on the 24-hour backward trajectories, the air masses within the boundary layer circulated around the HD

station, while the air masses above the boundary layer originated from the northeast (Figure 8a-c). In terms of GZ
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and HK stations, air masses above the boundary layer on 22 to 23 August also came from the northeast, while air
masses within the boundary layer came from the South China Sea region (Figure 8d-h). Then on 24 August, the
surface and 500-m air mass transport pathways crossed the HD and GZ stations, advecting O3 from HD to GZ and
then to HK (Figure 8f and i). Based on the distance from TC Bailu to the wind profile radars, when this distance was

approximately 1600 to 1800 km, an influx of air masses from other regions occurred in the high-altitude layers of

the GBA, persisting until TC Bailu made landfall.
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Figure 8. 24-hour backward trajectories of (ac) HD station, (d-f) GZ station, and (g-i) HK station at different vertical
heights. (Heights of 0, 500, 1500, and 2000 m represent the surface, the middle of the boundary layer, the top of the
boundary layer, and above the boundary layer, respectively. The distance in the character brackets on the top left of the

subplot indicated the distance from TC Bailu to the wind profile radars at that moment.)

Figure 9 further illustrated the vertical profiles of the horizontal wind at these three stations. On 23 August, as TC
Bailu approached (about 1000-1600 km away from the GBA), the wind speed in and above the boundary layer
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increased, and the wind speed above the boundary layer increased even more. When Bailu was located near Taiwan
on 24 August (15:00, approximately 600-700 km from the GBA), the wind speed continued to increase, but the wind
direction in the upper boundary layer shifted from northeast to north or northwest (Figure 9a). Regarding the GZ and
HK stations, the wind speed in the boundary layer gradually strengthened and deepened from 24 August,
accompanied by an increase in Oz concentrations. Additionally, the height of the boundary layer in the GBA was
lower compared to the previous two days, indicating a more stable atmospheric boundary structure that was

unfavorable for the dispersion of pollutants (Figures 9b-c).
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Figure 9. Horizontal wind (vector arrows) measured by wind profile radar at the (a) HD, (b) GZ, and (c¢) HK stations
from 22 to 25 August. The black dashed and blue lines represent the height of the boundary layer and the concentration
of O3, respectively. The distance in brackets below the date on the x-axis represents the distance from TC Bailu to the
wind profile radars at that moment.

Since the direction of the wind in the GBA changed significantly due to TC Bailu, it was possible that the dispersed
Os was transported back to the local area, prolonging the O3 pollution. In this study, the Recirculation Index (RI)

was used to evaluate the effect of wind on re-accumulation of Os. As illustrated in Figure 10, at the three stations,
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the RI was less than 0.6 within the boundary layer from August 22 to 23 and greater than 0.6 outside the boundary
layer, when TC Bailu was approximately 1800-2000 km from the GBA. This configuration could have trapped O3
into the surrounding areas. On 24 August (about 500-1000 km from the GBA), the RI increased and the O3
concentration decreased at the HD station, while the opposite was observed at the GZ and HK stations. In particular,
at the HK station, the surface wind direction changed from southeast (21 August) to westerly (22 and 23 August)
and then to strong southwest (24 August). The near-surface convergence effect trapped O3 near the surface even
though the diffusion conditions aloft were favorable (Figure 5c). Additionally, it is important to note that the
scanning height of the HK radar is 300 meters. Consequently, when analyzing ground-level Os concentrations in
Hong Kong, we primarily rely on the wind direction reported by the local meteorological station for our assessments
and analyses. Although favorable high-altitude dispersion conditions can facilitate the spread of Os, excessive
convergence effects near the surface can create a 'bottleneck’, trapping Os close to the ground and inhibiting its

upward movement.
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Figure 10. The recirculation index (shaded) was calculated using the wind profile radar at (a) the HD station, (b) the GZ
station, and (c) the HK station from 22 to 25 August. Black dashed and blue lines represent the height of the boundary
layer and the concentration of O3, respectively. The distance in brackets below the date on the x-axis represents the
distance from TC Bailu to the wind profile radars at that moment.

20



415

420

425

Figure 11 shows that on 23 August at midnight, when the typhoon was still far from the Pearl River Delta region,
subsiding flow occurred at the height of the boundary layer across all three sites. This facilitated notable transport of
ozone from the upper boundary layer to the lower part of the layer. However, after approximately 12:00 PM on
August 23, the near-surface recirculation index increased at all three locations, with horizontal advection
intensifying. Although ozone concentrations at higher altitudes remained largely unchanged, a significant low-value
zone formed below the boundary layer in all regions, likely caused by ozone dispersion due to horizontal wind

conditions.
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Figure 11. The figure displays time series of the simulated ozone and wind profile between 00:00 on August 22 and 00:00

on August 25 at three sites (Huadu, Guangzhou and Hong Kong). The vertical wind speed has been amplified by a factor
of 10 to enhance clarity. In the figure, the red line indicates the height of the boundary layer.

3.3.2 Entrainment and vertical mixing in the boundary layer

The convergence and divergence of the horizontal wind influences the vertical wind speed. Updrafts (convergence)
can transport heat and O3 from the lower layers to higher layers, while downdrafts (divergence) are the opposite.

Figure 12 shows the vertical wind at the HD station, the GZ station and the HK station during the period under study.
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From 22 to 23 August (about 1000-2000 km away from the GBA), all three stations had strong downdrafts within
the boundary layer, especially during the O3 peak. However, on 24 August (14:00, 767 km from the GBA), updrafts
appeared at the HD station (Figure 12a), which transported O3 upward. At the GZ and HK stations, there were still
strong downslopes within 3 km (Figure 12b-c). On 24-25 August, differences in RI in GZ indicated that the
concentration of O3 within the boundary layer was significantly influenced by local convergence effects, resulting in
the accumulation of Os near the surface. This phenomenon may be attributed to the topography and level of
urbanization in GZ, which led to reduced wind speeds within the boundary layer, thus limiting the vertical mixing of
0s. These combined topographic and urban effects weakened the ventilation capacity of the boundary layer, thus
promoting the retention and accumulation of pollutants near the surface. However, Hong Kong exhibited smaller
wind speeds along with nearly identical vertical wind speeds inside and outside the boundary layer, suggesting a
more uniform dynamic structure that facilitated stronger vertical mixing of Os. In this case, Os transported
horizontally from the upstream could be effectively carried to the surface.
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Figure 12. Vertical wind speed (color filled) was measured by wind profile radar at the (a) HD, (b) GZ, and (c) HK
stations from 22 to 25 August. The black dashed and blue lines represent the height of the boundary layer and the
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concentration of O3, respectively. The distance in brackets below the date on the x-axis represents the distance from TC
Bailu to the wind profile radars at that time

On the other hand, VWS can improve the vertical mixing of Os in the boundary layer by transporting ozone from
altitude to the surface, thus modifying its vertical structure (Zhang et al.,2020). As shown in Figure 13, on 22
August (15:00, about 1600-1800 km away from the GBA), the VWS centers were visible around 1.5 km and 2.5 km,
with a maximum of 70 m's’! at the GZ station. On 23 August (15:00, about 1000-1300 km from the GBA), the HD
station had a more consistent wind direction in the upper part of the boundary layer (Figure 9a) and the VWS was
relatively small (Figure 13a). However, the wind direction was more complex at the GZ and HK stations in the
upper part of the boundary layer (Figure 9b-c), leading to an increase in VWS with values around 7 m-s-1 within the
boundary layer (Figure 13b-c). On 24 August (15:00, about 600-800 km away from the GBA), obvious VWS
appeared within the boundary layer at all three stations. VWS centers were most pronounced around 1 km at the HD
and GZ stations. The higher height of the boundary layer at the Hong Kong station facilitated the entrainment of
ozone transported from the inland above the boundary layer (Li et al.,2025), which was then brought to the near-
surface by vertical wind shear.
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Figure 13. Vertical Wind Shear (VWS) from 22 to 24 August at (a-c) HD station, (d-f) GZ station, and (g-i) HK station.
The black dashed line represents the height of the boundary layer. The distance in character brackets at the top left of the
subplot indicated the distance from TC Bailu to the wind profile radars at that moment.
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Figure 14. This normalized time series shows the contributions of three dynamical processes (horizontal transport,
vertical transport, and turbulent mixing) to ozone pollution in the Pearl River Delta region. The dashed lines divide the
processes into three distinct periods: a period dominated by horizontal and descending transport (Period I), a period with
enhanced descending transport (Period II), and a period characterized by increased turbulent mixing (Period III).

In this study, we extracted the advection term (advh) for ozone, the vertical transport term (advz), and the turbulent
mixing term (vmix) from the WRF-Chem model, and set all negative contributions of ozone formation within the

Pearl River Delta region to zero, considering only positive contributions. According to Eq. (9):

ct
+ i
P = — x 100%, (9)

total

where C represents the sum of positive contributions from a specific process among the three processes within the
Pearl River Delta region, and C},,,; denotes the total positive contributions from all three processes. The ratio is used
to quantify the contribution of each dynamic process to ozone pollution.

Given that horizontal and vertical transport dominate while turbulent mixing plays an auxiliary role, we performed
normalization on the contribution rates of the three processes to analyze their trends. We observed significant
fluctuations in the contribution rates of horizontal and vertical transport between 22 August and 20:00 on 23 August.
From 20:00 on 20 August to 04:00 on 25 August, vertical transport strengthened and stabilized, while horizontal
transport weakened and stabilized. Between 04:00 and 20:00 on 25 August, the contribution rate of turbulent mixing
increased dramatically (by over 34.15%), accompanied by a sharp decline in vertical transport contributions and a
significant increase in horizontal transport contributions. By 20:00 on 25 August, turbulent mixing contributions
stabilized, while vertical transport contributions gradually increased and horizontal transport contributions decreased.
We calculated the average contribution rates of the three processes during three key stages (horizontal and vertical
transport dominance period, enhanced vertical transport period, and enhanced turbulent mixing period), as shown in

the table below.
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Table 4: Contribution rates of three transport processes averaged over three key periods.

Phase 1 Phase 2 Phase 3
Horizontal transport 54.26% 53.81% 54.11%
Descending transport 45.37% 45.79% 45.34%
Turbulent Mixing 0.37% 0.41% 0.55%

We selected the areas of Huadu, Guangzhou, and Hong Kong as representative centers for the Pearl River Delta
region and analyzed the relationship between typhoon distance from the regional center and its contribution rate.
The results show that the influence of the typhoon on the region exhibits a significant distance dependence: there is a

certain correlation between the contribution rate and the inverse of the distance. The specific fitting formulas are as

follows:
) 88.80
Vmix:y = — +0.28 R =0.86,(10)
—159.48
Advz:y = T+ 4584 R =0.61,(11)
70.68

Advh:y = ——+53.88 R=037,(12)

Of particular note is the significant inverse relationship between the turbulent mixing contribution and the typhoon
distance from the regional center. When the typhoon is far from the Pearl River Delta, its contribution to turbulent
mixing is relatively low; as the typhoon approaches the region, the contribution rate increases gradually. However,
when the typhoon is near the region, the growth rate of the contribution rate significantly accelerates, indicating that

turbulent mixing has a more pronounced effect on the Pearl River Delta when the typhoon is at close range.

3.3.3 A schematic diagram of 3-D ozone transport affected by TCs

This study dynamically revealed how the peripheral circulation of TC changed the higher concentration of O3 in the
GBA region. There were three main phases. The first phase was dominated by the downdrafts. When TC was closed
enough (around 1800—2000 km), the GBA was primarily controlled by horizontal and descending airflow(Figure
15a), horizontal airflow transported inland O3 towards coastal areas. The second phase involved the descent of
airflow. As TC approached (approximately 1000—1800 km), subsidence in the PBL facilitated downward transport
of upper-layer O3 into the PBL. This caused reduced surface O3 concentrations in the inland regions due to
horizontal dispersion, weakening positive contributions. Furthermore, the change in the direction of the surface wind

then caused O3 to recirculate and accumulate near the surface, especially for coastal areas (Figure 15b). The third
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510 phase demonstrated vertical mixing. As the TC moved near Taiwan (less than 800 km), the horizontal transport of
O3 began to strengthen. Furthermore, entrainment and strong vertical mixing led to an increase in O3 concentration
at the surface (Figure 15c¢). Li et al. (2022) also found that airflow in the periphery of TC can enhance the vertical
mixing of O3. Our results confirmed this statement and provide the first observational evidence for a complete
picture of the transport of O3 pollution due to TCs within the boundary layer. In addition, studies have demonstrated

515 that chemical processes also play a significant role in variations in ozone concentration. These include biogenic
volatile organic compounds (BVOCs) that serve as precursors for ozone formation, elevated temperatures, enhanced
solar radiation, and increased relative humidity in the peripheral regions of typhoons, creating favorable conditions
for ozone production. Furthermore, the interaction between anthropogenic and biogenic sources can accelerate
ozone formation (Wang et al., 2022). Although these processes have been systematically examined in the existing

520 literature, the present study focuses primarily on the dynamic processes of ozone transport during typhoon events.

We intend to further explore the underlying mechanisms in subsequent research.
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Figure 15. A schematic diagram illustrating the dynamic response of airflow and O3 within the height of the boundary
layer height (BLH) of the GBA to the approaching tropical cyclone (TC). (a) Phase I: Horizontal & Downdraft Control -
525 The pink arrows represent the downdraft airflow from the periphery of the TC, the orange arrows indicate the
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northeasterly winds that transport O3 horizontally across the GBA. (b) Phase II: Descending Airflow (¢) Phase III:
Vertical Mixing - The black arrows depict the vertical mixing of air and Os within the boundary layer.

4 Conclusions

O3 pollution in the GBA is closely related to TC. However, the characteristics of the winds of the boundary layer
influenced by the peripheral circulation of TCs and their impacts on the spatial variations in O3 remain unclear. This
study comprehensively examined this problem using vertical observations from the wind profile radar combined
with surface O3 and meteorological observations. The main findings are summarized below:

TC activity is responsible for 39.9% of O3 pollution days in the GBA. With TCs, the spatial evolution of O3
pollution is marked by its transport from inland cities to coastal cities. The transport process can be roughly divided
into three phases, depending on the dominant factors (downdrafts, horizontal wind, and vertical mixing):

1) When TC was closed enough (about 1800—2000 km), the GBA was primarily controlled by horizontal and
descending airflow, horizontal airflow transported inland O3 towards coastal areas.

2) As TC approached (about 1000—1800 km), the subsidence of the planetary boundary layer (PBL. improved the
downward transport of upper-level Os into the PBL. This process led to a decrease in surface Os concentrations in
inland areas due to horizontal dispersion, weakening positive contributions to surface Os levels.

3) As TC moved near Taiwan (less than 800km), the horizontal transport of O3 increased. simultaneously, vertical
wind shear increased significantly, capturing Os in the boundary layer and improving mixing, causing Os pollution
to move to coastal areas.

Our work provides the first observational evidence of O3 pollution in the GBA affected by the peripheral circulation
of TC, presenting a three-dimensional perspective of O3 transport in the boundary layer. These results can be applied
to other regions susceptible to TC and contribute to local Os; pollution prevention strategies. However, we
acknowledge insufficient research on the other two typical TC paths (northwest track and recurving track). Future
studies should conduct more in-depth analyses of these paths to fully understand the impact of different TC tracks

on Os pollution.
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