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Abstract. Severe ozone pollutions may occur in the Great Bay Area (GBA) when typhoons approach South China. However,
numerical models often fail to capture the high ozone concentrations during the episodes, leading to uncertainties in
understanding their formation mechanisms. This study conducted an ensemble simulation with 30 members (EMs) using the
WRF-Chem model, coupled with a self-developed ozone source apportionment method, to analyze an extremely high ozone
episode associated with Typhoon NIDA in the summer of 2016. The newly proposed index effectively distinguished
between well-performing (good) and poorly performing (bad) EMs. Compared to the bad EMs, the good EMs accurately
reproduced surface ozone variations, particularly capturing the extremely high concentrations observed in the afternoon of
July 31. The formation of such high ozone levels was attributed to the retention of ozone in the residual layer at night and the
enhanced photochemistry during daytime. As Typhoon NIDA approached, weak winds confined large amounts of ozone in
the residual layer at night. The development of planetary boundary layer (PBL) facilitated the downward transport of ozone
aloft, contributing to the rapid increase in surface ozone in the following morning. The enhanced photochemistry was
primarily driven by increased ozone precursors resulting from favorable accumulation conditions and enhanced biogenic
emissions. During the period of high ozone concentrations, contributions from local and surrounding regions increased.
Additionally, ozone from southeastern Asia could transport to the GBA at high altitudes and then contribute to surface ozone

when the PBL developed.

1 Introduction

Tropospheric ozone, especially within the planetary boundary layer (PBL), has attracted much public attention because of its

detrimental effects on human health and vegetation (Monks et al., 2015; Feng et al., 2019; Lu et al., 2020). As a typical
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secondary air pollutant, tropospheric ozone is primarily formed via photochemical reactions with the participation of
nitrogen oxides (NOx) and volatile organic compounds (VOCs) (Sillman, 1995; Xie et al., 2014; Li et al., 2019; Wang et al.,
2019). Furthermore, the meteorological conditions play important roles in the chemical production and accumulation of
ozone in the atmosphere, leading to severe air pollution (Ding et al., 2013a; Wang et al., 2017; Wang et al., 2022).

In the Great Bay Area (GBA; including the Pearl River Delta, Hong Kong, and Macao), China, ozone pollution is closely
linked to the western Pacific subtropical high (WPSH) and northwest Pacific typhoon in summer and autumn (Gong and
Liao, 2019; Shao et al., 2022; Liu et al., 2023). In particular, when a typhoon approaches this region, severe ozone pollution
easily occurs (Deng et al., 2019; Qu et al., 2021). Many previous studies have suggested that when the GBA is at the
periphery of a typhoon (Hu et al., 2010; Jiang et al., 2015), high solar irradiance and high temperature promote the ozone
photochemical production (So and Wang, 2003; Ding et al., 2004), while unfavorable diffusion conditions increase the
accumulation of ozone (Jiang et al., 2008; Li et al., 2022). Thus, high-ozone episodes may occur and persist in the period
leading up to a typhoon landfall. Numerical simulations can help us quantitatively study the evolution of this type of ozone
pollution (Li et al., 2022; Ouyang et al., 2022; Wang et al., 2022). Furthermore, numerical simulations can also help us
separate the impacts of typhoons by comparing base simulation with sensitive simulation that remove the typhoon system
(Hu et al., 2019). However, two key issues must be considered, as they may directly affect the accuracy and credibility of the
simulation results. The first problem (Prob. 1) is related to whether the model can capture the variations in this type of ozone
pollution, especially the extremely high ozone concentration. The second problem (Prob. 2) occurs because this type of
ozone pollution is controlled by the competitive effects of the WPSH and typhoon; hence, erasing the typhoon system may
increase the impact of the WPSH, which may lead to a high bias in the simulation results or even affect the final conclusions
(Gilliam et al., 2015; Chatani and Sharma, 2018).

Ensemble simulation by perturbing meteorological factors in the initial and boundary conditions can offer a solution to the
above problems. This method has a greater probability to capture the spatial and temporal variations of air pollutants in
extreme synoptic systems (Delle Monache et al., 2006; Zhang et al., 2007; Bei et al., 2014; Zhu et al., 2016), thereby
providing more accurate data for relevant studies and yielding more reliable conclusions. More importantly, by comparing
well-performing ensemble members (good EMs) with poorly performing EMs (bad EMs), we can better understand the
impact of meteorology on ozone, which may help mitigate the uncertainties associated with Prob.2.

In this study, we applied the Weather Research and Forecasting model (WRF; Skamarock et al., 2008) with Chemistry
(WRF-Chem; Grell et al., 2005) coupled with an ozone source apportionment method (WRF-Chem-O3tag; Gao et al., 2016;
2017). By perturbing meteorological factors in the initial and boundary condition files, we constructed an ensemble
simulation (including 30 EMs) to simulate the extremely high-ozone episode that occurred in the GBA associated with the
approach of Typhoon NIDA. By comparing the results of the EMs, we aimed to address the following issues: (1) more
accurately capture the variation pattern and the extremely high concentration of surface ozone in the GBA; (2) elucidate the
physical and chemical formation mechanisms of this ozone episode; and (3) quantify the changes in the ozone contributions

from various geographical source regions during this pollution episode. The structure of this paper is as follows: Section 2
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provides a description of the ozone episode, model system and ensemble simulation. The results and discussion are presented

in section 3. The conclusions are summarized in section 4.

2 The high ozone episode and the methods applied in this study
2.1 The extremely high-ozone episode and the basic simulation
2.1.1 Severe ozone pollution when Typhoon NIDA approached

Between July 28 and August 3, 2016, Super Typhoon NIDA formed in the western Pacific and eventually made landfall
along the coast of the GBA, resulting in severe disasters in South China, particularly in Guangdong and Guangxi Provinces.
When Typhoon NIDA approached the GBA, a high-ozone episode occurred in this region. During the afternoon of July 31,
the mean concentrations of surface ozone exceeded 200 ug m™ (grade Il of the national standard for the hourly ozone
concentration) in most areas of the GBA (black square in Fig. 1b). Notably, the maximum concentration reached 366 pg m-,

recorded in Jiangmen city at 14:00 local time (LT) on July 31.
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2.1.2 Basic simulation by using WRF-Chem model

90 In this study, we conducted a basic simulation using the WRF-Chem model. This model is a fully coupled 3D Eulerian
model system that incorporates two-way online feedback between the meteorological model and the chemical transport
model. It has been widely employed in air quality research and forecasting studies (Li et al., 2018; Gao et al., 2021; Yang et
al., 2022; Huang et al., 2020; 2023). Regarding the model configuration, we established nested model domains (Fig. 2ala).
To simulate the lifetimes of both the ozone episode and Typhoon NIDA, the parent domain (D01) covered most parts of East
Asia and Southeast Asia. The simulation period spanned from 00:00 on July 25 to 00:00 on August 4, 2016 (UTC). The first

95
two days were designed as the spin-up period. The complete introduction of Other-detatledthe model configurations and

deseriptions-ofthe used relevant-datasets can be found in the sSupplementary fnfermationinformation.
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As shown in Fig. 1b2a, the comparison of the hourly ozone concentrations revealed that the basic simulation results (Bas)
did not show good agreement with the observations (Obs) in the GBA. Although Bas could capture the diurnal variation well,
it failed to simulate the ozone peaks during this episode. In particular, Bas significantly underestimated the maximum
concentration that occurred in the afternoon of July 31. Regarding the mean maximum daily 8-hour average ozone (MDAS
03), the maximum value was reached on July 31 in Obs (Fig. +e2b), whereas in Bas, the maximum value was reached on 30
July (Fig. +d2c). The results suggested that Bas could not reproduce this ozone episode well, although the model settings
have been widely employed and shown to be effective in many other air quality modeling studies. Hence, by using the same
model settings, we conducted an ensemble simulation in this study. We believe that this approach can enhance simulation

accuracy and facilitate a better understanding of this high ozone episode.

2.2 Ensemble simulation and ozone source apportionment

For the ensemble simulation, all EMs were generated with the “cv3” background error covariance option in the WRF-
3DVAR package via perturbation of the meteorological factors in the initial and boundary condition files. The horizontal
wind components, potential temperature, and water vapor mixing ratio were perturbed with standard deviations of 2 m s7!, 1
K, and 0.5 g kg'!, respectively (Zhu et al., 2016; Xiao et al., 2023). This ensemble initialization method has been widely
utilized in data assimilation and weather analysis (Meng and Zhang, 2008a, b; He et al., 2019; Chan et al., 2022). In this
study, we used this method to create 30 EMs and run them separately. By comparing the simulated ozone concentrations
with the observations, “good” and “bad”” EMs could be distinguished on the basis of their performance. The formation of the
ozone episode and its source contributions could then be quantitatively examined by contrasting the results of the good and

bad EMs. In addition, the ensemble initialization method suggested that the purpose of this work is to study the impacts of

meteorological fields on the formation of the high ozone episode. Since we did not change anthropogenic emissions in the

ensemble simulation, the impacts of anthropogenic emissions on ozone concentrations were not discussed.
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2.3 Online ozone source apportionment method coupled with the WRF-Chem model

In this study, we also employed our ozone source apportionment method in the ensemble simulation to quantify the ozone
contributions during this episode. Similar to the Ozone Source Apportionment Technology (OSAT; Yarwood et al., 1996),
our method is a mass balance technique that aims to identify the ozone contributions from each geographical source region
preset in the model domain. Due to its secondary pollutant properties, the photochemical production of ozone is attributed to
the contributions of ozone precursors (NOx and VOCs) emitted from the geographical source regions. In this method, the
model domain is divided into several source regions, where ozone and its precursors are treated as independent variables.
Because of the nonlinear relationship of ozone photochemistry, the ozone formation sensitivity (NOx-limited or VOCs-
limited) will be determined for each grid at each time step. Then, the chemical production of ozone will be allocated based
on the concentration ratio of the key ozone precursor (NOx for NOx-limited and VOCs for VOCs-limited) from each source
region. These variables will also undergo all the physical processes as the original variables experience during the simulation,
but they will not interfere with the original simulation. In addition, the initial and boundary chemical conditions of the
relevant species also need to be defined as sources to maintain the mass balance. More information on this method can be
found in Gao et al. (2016, 2017).

Before initiating the simulation, we need to establish geographical source regions for the ozone apportionment method.
There were 17 geographical source regions in the model domain (Fig. 21a). The GBA, where we studied in this paper, was
designated as one region. The other cities in Guangdong Province were categorized into three regions based on their relative
locations to the GBA_(Fig. 1b): east Guangdong (EGD), north Guangdong (NGD) and west Guangdong (WGD). For other
areas in China, the regional settings were defined according to administrative divisions. Source regions outside of China
were defined based on national divisions. The marine areas in the model domain were established as one region. The detailed
compositions of the various geographical source regions are listed in Table 1. In addition, the boundary conditions were
defined as one region. which we referred to as O3z inflow, as it can flow into the model domain and have a significant impact
on ozone concentrations, which is typically treated as background ozone (Gao et al., 2017; 2020). The initial conditions of

D01 and D02 were also defined as independent ozone contributions (INIT1 and INIT2, respectively).

Table 1: List of the geographical source regions in the model domain.

Source regions Details

GBA Pearl River Delta, Hong Kong and Macao, China
EGD Cities in the east of Guangdong Province, China
NGD Cities in the north of Guangdong Province, China
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WGD

FI & TW
X

HuN

GX
HaiN
ECHN

MCHN
SWCHN

NCHN

NWCHN

KOR & JPN
SEASIA

OCEAN

Cities in the west of Guangdong Province, China

Fujian and Taiwan provinces, China

Jiangxi Province, China

Hunan Province, China

Guangxi Province, China

Hainan Province, China

East China, including Jiangsu, Zhejiang, Anhui Province and Shanghai
city, China

Middle China, including Henan and Hubei Province, China

Southwest China, including Yunnan, Sichuan, Guizhou, Xizang Province
and Chongqing, China

North China, including Hebei, Shanxi, Shandong, Liaoning, Jilin Province
and Beijing, Tianjin cities

Northwest China, including Shaanxi, Inner Mongolia, Ningxia, Gansu, and
Qinghai provinces

North Korea, South Korea, and Japan

Southeast Asia, including Brunei, Cambodia, India, Indonesia, Laos,
Malaysia, Myanmar, Philippines, Thailand, and Vietnam

Ocean area, including the Bohai sea, Huanghai sea, Donghai sea, Nanhai,

and parts of the western Pacific

3. Results and Discussion

3.1 EM selection and model validation

By comparing the observed ozone concentration with those simulated by each EM, we identified the EMs that could well
reproduce the high ozone episode in the GBA by considering the following two rules: (1) whether the EM could reproduce
the variation pattern of the mean surface ozone in the GBA and (2) whether the EM could capture the maximum
concentration that occurred in the afternoon of July 31. Thus, two statistical metrics were determined to select good and bad
EMs: the correlation coefficient (R) of the mean surface ozone in the GBA between the simulation and observation and the
mean normalized bias (MNB) calculated from the simulated and observed ozone concentrations during the afternoon of July
31 (12:00~16:00_LT), when the maximum concentration occurred. The R and MNB of each EM were listed in Table 2.

Among all the EMs, the values of R ranged from 0.79 to 0.92, indicating acceptable agreement with the variation pattern of

observed ozone. The MNBs of all the EMs ranged from -46.99% to -10.92%. According to EPA (2005, 2007), the

8



recommended threshold values of MNB on ozone are +£15%. Only EM 17 could meet the criterion, while the other-fulfill the
reguirement—other EMs dida’tmeetthe benchmark not.

170 Table 2. The R and MNB of surface ozone in the GBA between each EM and the observation

EMs R (x100) MNB (%)
EMO02 88.44 -27.40
EMO7 86.60 -34.00
EMIO0 85.64 -29.89
EMII 88.48 -32.46
EMI4 90.01 -35.37
EMIS 85.06 -28.46
EMI16 91.03 -18.35
EM17 92.08 -10.92
EMIS 87.63 -30.95
EMI9 83.59 -31.34
EM20 81.18 -37.64
EM21 84.54 -30.11
EM22 89.51 -29.16
EM23 85.15 -46.99
EM24 86.04 -26.11
EM25 88.55 -32.95
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EM26 87.68 -29.10

EM28 81.99 -40.32
EM29 79.68 -31.42

It should be noted that both R and MNB were important to evaluate the model performance on ozone in this high ozone

episode, however, their validation results didn’t address a consistent conclusion. In order to drawing a common conclusion,

by considering the effects of both R and MNB, In—addition,—usingR—and MNB—intervals—of {1 -and {106,100}
respeetivelyr-we introduced an index (I4;5) to quantitatively assess the performance of each EM. For each EM k, the index

k .
I;;s can be expressed as:

I¥. = sqrt[(R*¥ x 100 — Rpese X 100)? + (|[MNB¥|MNB% — MNBp.s)?],
€Y

where R* and MNB¥ are the correlation coefficient and MNB between the observed ozone concentration and the simulated
ozone concentration obtained from EM &, respectively. The values of Ry.s; and MN By, are 1 and 0, respectively. Thus, as
shown in Fig. 3a, I¥, calculated using equation (1), represents the “distance” of the model performance of EM k from the
best performance (red star). A smaller I;; value indicates better performance of the EM. For clarity, ¥ is also represented
by colors in Fig. 3a, where red indicates that the index is close to the “best”, while blue indicates that the index is far from

the “best”.

10
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Figure 3: (a) Model performance of each EM on surface ozone in the GBA; comparisons between the observed and simulated

surface ozone concentrations in the GBA for (b) good EMs and (c) bad EMs.

In Fig. 3a, I4;; (square) indicated that EM05, EM16, and EM17 were the top three members with performances closest to the
best, suggesting that these three EMs more effectively reproduce the variations in ozone in the GBA. In contrast, the I;;¢
values of EM20, EM23, and EM28 were higher than those of the other EMs, indicating that they performed worse.
Consequently, we classified EM05, EM16, and EM17 as good members, while EM20, EM23, and EM28 were classified as

bad members. As shown in Fig. 3b, the comparison between the mean results of good EMs and the observations clearly

11
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revealed that the ozone time series of the good EMs agreed well with the observations and basically reproduced the variation
pattern of ozone in the GBA during this episode, particularly the maximum concentration that occurred on July 31. For the
bad EMs (Fig. 3c), timethe time series of surface ozone exhibited an acceptable diurnal variation. However, they failed to
capture the maximum ozone concentration on July 31. In addition, for both the good and bad EMs, we also did the model
validations on meteorological factors (temperature at 2 m, T2; wind speed, WS; and wind direction, WD) and NO; from
hundreds of stations located in middle and southern China (Table S3). FhestatistiealStatistical metrics revealed that, both
inside and outside the GBA, the good EMs demonstrated better model performance than the bad EMs. For example, all the
meteorological factors of the good EMs exhibited higher indices of agreement (IOAs) than did those of the bad EMs. Most
variables of the good EMs exhibited lower biases than those of the bad EMs in all regions, except T2 outside the GBA and
WD in all regions. The good EMs exhibited a satisfactory model performance and could effectively reproduce the high-

ozone episode in the GBA.

3.2 Physical and chemical causes of the extremely high ozone concentration on July 31
3.2.1 Process analysis of the average time series of surface ozone in the GBA

For surface ozone in the GBA, the average time series of the good and bad EMs (abbreviated as ozone good and ozone bad,
respectively) are shown in Fig. 4a. The time series exhibited similar diurnal variations and concentrations from July 28 to the
afternoon of July 30. The two ozone time series then began to vary differently, and the differences increased until the
afternoon of July 31. Specifically, compared with that of ozone bad, the time series of ozone good declined more sharply in
the afternoon of July 30, and the concentration remained relatively low until the early morning of July 31 (Stage I; light
orange shaded area). From 08:00 LT on July 31, the time series of both ozone good and ozone bad began to increase, and
the trends persisted until the afternoon, when high ozone concentrations occurred (Stage II; dark orange shaded area).
Notably, ozone good increased much more than did that of ozone bad, resulting in the maximum concentration during this
high-ozone episode in the GBA. The variation pattern was also consistent with that in the observations. As mentioned above,
the relatively high maximum concentration of ozone good may be attributed to the significant differences between

ozone_good and ozone_bad from the afternoon of July 30 to the afternoon of July 31.

12
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Figure 4: (a) Averaged time series of ozone_good and ozone_bad in the GBA_-and (b) the differences in each ozone cempeonent
contribution between the good and bad EMs_(good-bad) from July 30 to 31. CHEM = chemistry, VMIX = vertical mixing, CONV
= convection, ADV = advection, NET = net contribution.

The changes in ozone eemponents-contributions between good and bad EMs (Good-Bad) {geed-bad—Fis—4bj-could help us
clarify the chemical and physical causes of the extremely high ozone concentration on July 31 (Fig. 4b)(Fig—4b). ANET is

calculated as the sum of all differences from each process between the good and bad EMs, which can represent the relative
changes in ozone_good relative to ozone bad. For example, when both ozone good and ozone bad increased at Stage 11, the
positive ANET value indicated a more significant increase in ozone good. At these two stages, ACHEM, AADV and
AVMIX significantly contributed to ANET. At Stage I, although both ozone good and ozone bad decreased, the negative
values of ANET during 18:00~21:00 on July 30 suggested that ozone good decreased more significantly, which was
attributed primarily to AADV. At Stage II, ozone good increased more than ozone bad did since ANET became positive.
The budget of ANET suggested that the significant increase in ozone good resulted from the combined effects of ACHEM
and AVMIX. Hence, it could be concluded that the extremely high concentration of ozone good that occurred in the
afternoon of July 31 could be directly attributed to the ozone contributions from chemical and vertical mixing processes. In

addition, AADV during the evening of the previous day also contributed to the extremely high concentration. In the
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following section, we will discuss the causes of the extremely high ozone concentration from physical and chemical
perspectives.
3.2.2 Physical cause of the extremely high ozone concentration

Among the physical processes, VMIX was the direct contributor to the high concentration of ozone good_from 10:00 to

15:00 €L.T3 on July 31. Here we Ftookakine the situation at 11:00 as an example (Fig. 5). By comparing the VMIX of

ozone_good with that of ozone bad (AVMIX in Fig. 5at), the negative values aloft and positive values near the surface
suggested that more ozone from ozone good was entrained downward to the surface, leading to a greater increase in ozone
at ground level. As the two key factors of VMIX (Gao et al., 2018), the differences in the vertical exchange coefficient and
the vertical ozone profile between the good and bad EMs could explain the significant contribution of VMIX in good EMs.
In the morning of July 31, there were no obvious differences between the good and bad EMs (Fig. 5ba2). However, the
vertical ozone profiles (Fig. 5a35c) revealed that ozone good exhibited higher vertical gradients from the surface to the top
of the PBL. Under these conditions, compared with the bad EMs, the good EMs showed more transport of ozone from the

top of PBL to surface, despite similar vertical exchange intensities.
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Figure 5: tThe vertical profiles of the changes in VMIX between good and bad EMs (good-bad) (a), exchange coefficients (b) and

ozone concentrations of good and bad EMs at 11:00 ¢(L.T) on July 31.

al52018;-Gao-et-al52020)-The greater vertical gradients of ozone from good EMs occurred not only in the morning of July

31 but also in the previous evening. As shown in Fig. 6a. the vertical distribution of the difference in ozone between good

and bad EMs (AOzone) showed positive values aloft and negative values in the lower layers from the evening of July 30 to

the morning of July 31. this indicated that good EMs exhibited greater vertical gradients of ozone during this period.The

period: Notably, the positive AOzone values aloft were even greater during the morning of July 31, which could_further

increase the vertical gradient of ozone. ANET (Fig. 5636b) revealed a negative zone (blue square) at altitudes of 0—750 m
from 18:00 to 23:00_ LT on July 30 and a positive zone (red square) at altitudes of 1000-1500 m from 05:00 to 11:00 LT on
July 31. These two changes were the direct causes of the vertical structure. By separating ANET into changes in physical and
chemical each-ozone—component—contributions (Fig. Sel—46c-6f), it could be observed that AADV exhibited the same
features (the negative and positive zones in Fig. 5e¢16b) as did ANET at the same altitude during the same period, suggesting
that the significant vertical gradients of ozone good were primarily caused by distinct AADV values at different levels

during various periods.
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Figure 6: The vertical distributions of the changes in ozone (a) and its contributions (b-f) between good and bad EMs (good-bad).

290 The contribution of ADV is influenced_by wind fields and ozone spatial distributions (Gao et al., 2017). The mean

distributions of the ozone concentration and wind fields are shown in Fig. 67. During the evening of July 30, the good EMs

indicated southwest winds in the GBA in the lower layers (Fig. 6a7a). With the transport of southwesterly winds, the low
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concentrations of ozone over sea areas (upwind regions) could be transported to the GBA, leading to a decrease in ozone.
However, the bad EMs showed that the GBA was controlled by easterly winds (Fig. 6b7b). The ozone in the upwind region
was approximately equal to or even higher than that in the GBA, which did not cause a significant decrease in ozone levels.
Thus, the concentrations of ozone good were lower than those of ozone bad in the lower layers of the GBA in the evening
of July 30 (Fig. 647d). The significant vertical ozone gradient was more closely associated with the increase in ozone aloft in
the morning of July 31 (Fig. 6e7e-6h7h). In the higher layers, the good EMs exhibited high ozone concentrations and
approximate static winds across the GBA, which was favorable for ozone retention (Fig. 6e7¢). However, the bad EMs
exhibited stronger east winds but lower ozone concentrations in upwind regions, which might have led to a decrease in ozone
over the GBA (Fig. 6£7f). Thus, the concentrations of ozone good were higher than those of ozone bad over the GBA
during the morning of July 31 (Fig. 6h7h). In addition, the good EMs showed weaker winds than the bad EMs did at the two
stages (Fig. 6e-7c and 6g7g, respectively). Especially in the higher layers, the weak winds played an important role in the

increased AOzone value.

ozone and wind fields in lower layers (0-750m) in the evening (18:00-23:00) of July 30
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Ozone and wind fields in lower layers (0-750m) in the evening (18:00-23:00 LT) of July 30
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Figure 7: Mean distributions of the ozone concentration and wind fields and their respective differences between the good and bad

EMs (good-bad) in the lower (a-d) and higher layers (e-h).

The changes in WS between good and bad EMs (Good-Bad; Fig. 8a) showed that the WS of good EMs was weaker than that

of bad EMs from the surface up to nearly 1700 m. The weak wind could confine ozone in the residual layer from the evening

of July 30 to the early morning of July 31. To evaluate the model performance in WS, We-we collected the vertical sounding

observations of- wind speed vertical-W-S-from four stations in the GBA (the station codes and locations are listed in Table S2

layerfrom-the-evening-of July 30-to-the-early-merning-of July3+-By comparing the observations with the simulations, it can
B : e e e hat-the-vertieal-wind-ef-the WS of the good

EMs agreed better with the observations, sinee-as their differences were relatively small in the lowest range of 2 km (Fig.
7b8Db). In contrast, the bad EMs performed worse. Most of the time, the WS walue-efof the bad EMs was greater than that of
the observations, especially during the evening of July 30 and the morning of July 31 (Fig. 7e8c). By comparing the
differences (Fig. 7b-8b and 7e8&c), especially in areas (solid squares) where ADV significantly differed (mentioned in Fig.
Setoc), the WS wvalue-of the good EMs was closer to the observations, which not only indicates the better model performance
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of the good EMs for the vertical wind-features_of WS but also indicates the important contribution of static winds to the

formation of high ozone levels in the residual layer.

Mean wind speed of observations and their differences to the simulations over GBA
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Figure 78: Vertical distributions of the-three differences of WS. (a) Good-Bad; (b) Good-Obs; (¢) Bad-Obs
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3.2.3 Chemical cause of the extremely high ozone concentration

Enhanced_ ozone contribution of chemistry (CHEM Ozone) -€HEM-was another key contributor to the extremely high ozone
concentration. The changes in CHEM_Ozone-ef-ezene (ACHEM_Ozone) were positive within the PBL from 11:00 to 16:00
LT (Fig. 8a9a), suggesting that the photochemistry in the good EMs was significantly greater than that in the bad EMs.
Notably, enhanced photochemistry was more significant in the middle and upper layers of the PBL. Correspondingly,_the

changes in the NOx contribution of chemistry (ACHEM NOx) showed negative values, which —CHEM—eof NOx

whieh-also indicated that enhanced ozone photochemistry occurred in the good EMs.
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Figure 89: Vertical distributions of the changes in CHEM of ozone and the inducing causes on July 31. -and-the-induced-factors-on
July-31-(a) Changes in CHEM of ozone; (b) changes in CHEM of NOx; (c) changes in the concentrations of VOCs;(d)-changes-in
the-coneentrations 0 NOX; (ed) changes in the concentrations of CO; (f¢) changes in NET of CO; (¢f) changes in ADV of COs-and
Catehameresin e 100,

The photochemical production of ozone primarily depends on ozone precursors and chemical reaction constants (Monks et
al., 2015). Although the meteorological factors differed significantly between the good and bad EMs, the relevant
photochemical reaction constants, such as the photolysis rates (Fig. S2), did not show significant differences in the PBL
during daytime. Thus, the enhanced photochemical production of ozone in the good EMs could be attributed primarily to the
increase in ozone precursors. Taking NOx as an example.As-shown-inFig—8eand-84; the changes in NOx (ANOx) showed
positive values in the morning which-andVOCs(AVOCs} suggested that the good EMs contained more ozone precursors
within the PBL and in-the-meorningofJuly3+-which-could enhance ozone photochemistry. Interestingly, ANOx and-AVOCs

could approach 0 ppb in the afternoon, which did not align with the significant increase in ACHEM Ozone during this
period. This discrepancy arises because photochemical reactions are rapid, leading to the swift consumption of ozone
precursors during their accumulation. Thus, although the meteorological conditions favored the accumulation of ozone
precursors, they were consumed quickly by photochemical reactions.

To better characterize the accumulation of ozone precursors, we applied CO as a substitution. Since CO changes induced by
chemistry are much lower than those induced by physical processes, the distributions of CO better reflect the accumulation

of gaseous pollutants (Ding et al., 2013b). As shown in Fig. 8e9d, the changes in CO showed positive values during the

whole day, which indicated the concentrations of CO in the good EMs were much higher than those in the bad EMs within

the PBL not only in the morning but also in the afternoon. By comparing the changes in NET of CO (Fig. 8f9¢) with those in
ADV of CO (Fig. 8291), it could be concluded that the increased CO was primarily attributed to the advection process within
the PBL during daytime. The enhanced CO contribution of ADV e£E€0-was also due to weak winds. As shown in Fig. 8h8a,
the WS in the good EMs was lower than that in the bad EMs within the lowest 2 km during daytime. Lower WS favored the

accumulation of gaseous pollutants, particularly ozone precursors, which could subsequently enhance the ozone

photochemistry.
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Mean AT2 and ABE_ISOP in the morning of July 31
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In addition, high temperature is a key factor in enhancing biogenic emissions, which can increase the concentrations of
VOCs in the atmosphere. Comparative analysis showed that the temperatures in the good EMs were higher in most parts of
Guangdong (GD) and Jiangxi (JX) Provinces (Fig. 9al0a). Consequently, increased temperature could lead to the
enlargement of leaf stomata, thereby emitting more biogenic VOCs (BVOCs) into the atmosphere (Guenther et al., 2006;
2012). Adopting isoprene as an example (Fig. 9b10b), the changes in the isoprene induced by biogenic emissions
(ABE_ISOP) closely matched the changes in T2 (AT2), indicating that the higher temperature in the good EMs resulted in
increased biogenic VOCs in the atmosphere, especially in the western and northern parts of GD. Northwest winds facilitated
the transport of more VOCs to the GBA, promoting the photochemical production of ozone, which is another important
chemical cause of the extremely high ozone concentration on July 31. Our results support the findings of a previous study

that highlighted the impact of BVOCs on ozone pollution in South China during typhoon approaches (Wang et al., 2022).

3.3 Source apportionment of extremely high ozone concentrations

With the implementation of the ozone source apportionment method, the contributions of ozone from various geographical
source regions on July 31 were quantified. As illustrated in Fig. +8alla, the local area made the greatest contribution to
surface in the GBA during the daytime. Especially during the high ozone period (11:00~16:00_LT), the mean local
contribution could reach 65.4 ppb. In addition to the GBA, the surrounding areas (i.e., WGD) and the remote source region
(i.e., SEASIA) showed obvious ozone contributions (with mean contribution of 4.0 ppb and 6.8 ppb, respectively) during
this period. In addition, INIT2 and INFLOW, which derived from the initial and boundary conditions of chemistry, also

contributed to the surface ozone in the GBA.
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Figure 1011: Mean surface ozone contributions of good EMs (a) and mean changes in surface ozone contributions between the

good and bad EMs (b) in the GBA on July 31415

By comparing with the bad EMs (Fig. +0b11b), the changes in ozone contributions were quantified, which could be used to

determine the primary contributors to the increase in ozone during the daytime on July 31. It’ s clear that ozone contributions

from the local region (GBA), surrounding regions (WGD, NGD and GX), and remote regions to the west (SEASIA)

increased on July 31. During the period from 11:00 to 16:00 LT, their respective proportions in the ozone increase accounted

for -

73%, 8%, 3%,

2%, and 14%;—respeetively. In terms of local contribution, the GBA was controlled by stagnant weather, which was not

favorable for the diffusion of atmospheric pollutants. As a result, results;-ozone precursors accumulated locally and produced

more ozone through photochemical reactions. As shown in Fig. 95610b, WGD, NGD and GX were controlled by westerly

winds during the morning of July 31. Considering the greater amount of BVOCs emitted into the atmosphere over these

regions, more ozone and its precursors might be transported and contribute to the increase in surface ozone in the GBA. Our

results are consistent with those of previous studies in this region (Li et al., 2012; 2022, Wang et al., 2022).
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Figure H12: Mean vertical cross sections of the ozone contribution from SEASIA along the west—east direction during the
morning on July 31. (a) 07:00~08:00_LT; (b) 09:00~10:00 LT (c) 11:00~12:00 LT.

As a remote source region, the ozone contribution from SEASIA also significantly increased on July 31. However, unlike the
local and surrounding regions, ozone and its precursors from SEASIA are challenging to transport to the GBA at ground
level or low altitudes due to dry/wet deposition and chemical consumptions, suggesting a reliance on higher transport
pathways. Based on the vertical cross section of the ozone contribution from SEASIA along the west—east direction (Fig. 11),
the high-concentration zone was located to the west of the GBA. Under the control of westerly winds, ozone from SEASIA
could be transported to high altitudes in the area. Notably, due to the low wind speeds over the GBA, high ozone
concentrations from SEASIA were confined to the residual layer in the early morning (Fig. ++al2a). When the PBL
developed, the ozone aloft began to be entrained downward (Fig. +H+b12b). With the continuous rise of the PBL, ozone aloft
was kept on being transported to surface through vertical mixing, ultimately contributing to increase surface ozone (Fig.

+Hel2c). This finding aligns with the physical cause of the high ozone concentration we discussed in section 3.2.2.

4 Conclusion

In the summer of 2016, an extremely high-ozone episode occurred in the GBA when Typhoon NIDA approached. The
observations revealed that the maximum concentration reachreached as high as 366 ug m* in the afternoon of July 31. Such
extremely high concentration poses a challenge for model simulations. To more accurately capture the pollution
characteristics of this ozone episode, we conducted an ensemble simulation using the WRF-Chem-O3tag model. By using R
and MNB, we introduced an index, I;;, to select good and bad EMs based on their model performance on ozone. By
comparing the good and bad EMs, we quantitatively examined the physical and chemical causes of the extremely high

concentrations and the ozone contributions from various geographical source regions in this study.

28



440

445

450

455

460

465

470

The extremely high ozone concentration could be explained from both physical and chemical perspectives. From physical
perspective, the GBA experienced weak winds as Typhoon NIDA approached. Weak winds facilitated a more significant
accumulation of ozone in the residual layer during the evening and early morning. When the PBL developed in the morning,
ozone aloft was continuously entrained downward to the surface and then significantly contributed to surface ozone. From
chemical perspective, the approach of typhoon provided favorable meteorological conditions for ozone photochemistry, such
as increased temperature and more solar irradiance. However, our results revealed that the photochemical reaction constants
(i.e., photolysis rate) changed only slightly during the high ozone period. More importantly, weak winds contributed to the
accumulation of ozone precursors in the GBA. The increased ozone precursors were the primary reason for the dramatic
enhancement of photochemistry. In addition, the increased temperature could increase the concentration of biogenic VOCs
by intensifying biogenic emissions from vegetation. The increase in biogenic VOCs could also significantly contribute to the
increase in 0zone precursors.

The ozone source apportionment results in the good EMs revealed that ozone from the local source region (GBA)
contributed most significantly to the high ozone episode. Furthermore, the surrounding regions (i.e., WGD) and remote
regions (i.e., SEASIA) also made significant contributions. During the high-concentration period on July 31, the mean ozone
contributions from the GBA, WGD, and SEASIA were 65.4 ppb, 4.0 ppb, and 6.8 ppb, respectively. Compared to the bad
EMs, the ozone contributions from the GBA, WGD, NGD and GX significantly increased, which was primarily caused by
stagnant weather in the GBA and westerly transport effects from outside the area. In addition, ozone from the western and
remote region (SEASIA) could be transported to the GBA via westerly winds at high altitudes. When the PBL developed in

the morning, ozone aloft was entrained downward, significantly contributing to surfacethe surface ozone in the GBA.

Data availability. We have uploaded the data used in this paper to Zenodo. Please check it via the website

https://doi.org/10.5281/zenodo.13868062

Author contributions. GJ and XH designed the research. XH prepared the input files for the ensemble simulation. GJ ran

the model and analyzed the results. GJ wrote the paper. GJ and XH revised the paper.

Competing interests. The authors declare that they have no conflict of interest.

Acknowledgement. This work was supported by grants from the National Key Research and Development Program of
China (2023YFC3709302); National Natural Science Foundation of China (42475104; 42471393); Guangdong Basic and
Applied Basic Research Foundation (2023A1515011971; 2024B1212070014); the Key Innovation Team of China
Meteorological Administration (CMA2023ZD08); the Technological Innovation Capacity Enhancement Program of CUIT

(KYQN202301); the Open Project Foundation of China Meteorological Administration Aerosol-Cloud and Precipitation Key
Laboratory (KDW2402): the Scientific and Technological Project of Guangdong Meteorological Administration

29



475

480

485

490

495

500

(GRM(C20220Q03). The authors acknowledge the Beijing Super Cloud Center (http://www.blsc.cn/) for providing HPC

resources that have contributed to the numerical simulation in this study.

References

Bei, N, Li, G., Meng, Z., Weng, Y., Zavala, M., and Molina, L.: Impacts of using an ensemble Kalman filter on air quality
simulations along the California-Mexico border region during Cal-Mex 2010 Field Campaign, Sci Total Environ, 499,
141-153, 10.1016/j.scitotenv.2014.07.121, 2014.

Chan, M., Chen, X., and Leung, L.: A High-Resolution Tropical Mesoscale Convective System Reanalysis (TMeCSR), J
Adv Model Earth Sy, 14, €2021MS002948, 10.1029/2021MS002948, 2022.

Chatani, S. and Sharma, S.: Uncertainties Caused by Major Meteorological Analysis Data Sets in Simulating Air Quality
Over India, J Geophys Res-Atmos, 123, 6230-6247, 10.1029/2017jd027502, 2018.

Delle Monache, L., Hacker, J., Zhou, Y., Deng, X., and Stull, R.: Probabilistic aspects of meteorological and ozone regional
ensemble forecasts, J Geophys Res-Atmos, 111, D24307, 10.1029/2005jd006917, 2006.

Deng, T., Wang, T., Wang, S., Zou, Y., Yin, C,, Li, F., Liu, L., Wang, N., Song, L., Wu, C., and Wu, D.: Impact of typhoon
periphery on high ozone and high aerosol pollution in the Pearl River Delta region, Sci Total Environ, 668, 617-630,
10.1016/j.scitotenv.2019.02.450, 2019.

Ding, A., Fu, C, Yang, X., Sun, J., Zheng, L., Xie, Y., Herrmann, E., Nie, W., Petdji, T., Kerminen, V., and Kulmala, M.:
Ozone and fine particle in the western Yangtze River Delta: an overview of 1 yr data at the SORPES station, Atmos
Chem Phys, 13, 5813-5830, 10.5194/acp-13-5813-2013, 2013a.

Ding, A., Wang, T., and Fu, C.: Transport characteristics and origins of carbon monoxide and ozone in Hong Kong, South
China, Journal of Geophysical Research: Atmospheres, 118, 9475-9488, doi.org/10.1002/jgrd.50714, 2013b.

Ding, A., Wang, T., Zhao, M., Wang, T., and Li, Z.: Simulation of sea-land breezes and a discussion of their implications on
the transport of air pollution during a multi-day ozone episode in the Pearl River Delta of China, Atmos Environ, 38,
6737-6750, 2004.

EPA, U.S.: Guidance on the Use of Models and Other Analyses in Attainment Demonstrations for the 8-hour Ozone
NAAQS, EPA-454/R-05-002, 2005.

EPA, U.S.: Guidance on the Use of Models and Other Analyses for Demonstrating Attainment of Air Quality Goals for
Ozone, PM> s, and Regional Haze, EPA-454/B-07-002, 2007.

Feng, Z., De Marco, A., Anav, A., Gualtieri, M., Sicard, P., Tian, H., Fornasier, F., Tao, F., Guo, A., and Paoletti, E.:
Economic losses due to ozone impacts on human health, forest productivity and crop yield across China, Environ Int,
131, 104966, 10.1016/j.envint.2019.104966, 2019.

Gao, J., Li, Y., Zhu, B., Hu, B., Wang, L., and Bao, F.: What have we missed when studying the impact of aerosols on
surface ozone via changing photolysis rates? Atmos Chem Phys, 20, 10831-10844, 10.5194/acp-20-10831-2020, 2020.

30



505

510

515

520

525

530

535

Gao, J., Zhu, B., Xiao, H., Kang, H., Hou, X., and Shao, P.: A case study of surface ozone source apportionment during a
high concentration episode, under frequent shifting wind conditions over the Yangtze River Delta, China, Sci Total
Environ, 544, 853-863, 10.1016/j.scitotenv.2015.12.039, 2016.

Gao, J., Zhu, B., Xiao, H., Kang, H., Hou, X., Yin, Y., Zhang, L., and Miao, Q.: Diurnal variations and source apportionment
of ozone at the summit of Mount Huang, a rural site in Eastern China, Environmental Pollution, 222, 513-522,
10.1016/j.envpol.2016.11.031, 2017.

Gao, J., Zhu, B., Xiao, H., Kang, H., Pan, C., Wang, D., and Wang, H.: Effects of black carbon and boundary layer
interaction on surface ozone in Nanjing, China, Atmos Chem Phys, 18, 7081-7094, doi.org/10.5194/acp-18-7081-2018,
2018.

Gao, M., Yang, Y., Liao, H., Zhu, B., Zhang, Y., Liu, Z., Lu, X., Wang, C., Zhou, Q., Wang, Y., Zhang, Q., Carmichael, G.,
and Hu, J.: Reduced light absorption of black carbon (BC) and its influence on BC-boundary-layer interactions during
"APEC Blue", Atmos Chem Phys, 21, 11405-11421, 10.5194/acp-21-11405-2021, 2021.

Gilliam, R., Hogrefe, C., Godowitch, J., Napelenok, S., Mathur, R., and Rao, S.: Impact of inherent meteorology uncertainty
on air quality model predictions, J Geophys Res-Atmos, 120, 10.1002/2015jd023674, 2015.

Gong, C. and Liao, H.: A typical weather pattern for ozone pollution events in North China, Atmos Chem Phys, 19, 13725-
13740, 10.5194/acp-19-13725-2019, 2019.

Grell, G., Peckham, S., Schmitz, R., McKeen, S., Frost, G., Skamarock, W., and Eder, B.: Fully coupled "online" chemistry
within the WRF model, Atmos Environ, 39, 6957-6975, 10.1016/j.atmosenv.2005.04.027, 2005.

Guenther, A., Karl, T., Harley, P., Wiedinmyer, C., Palmer, P., and Geron, C.: Estimates of global terrestrial isoprene
emissions using MEGAN (Model of Emissions of Gases and Aerosols from Nature), Atmos Chem Phys, 6, 3181-3210,
DOI 10.5194/acp-6-3181-2006, 2006.

Guenther, A., Jiang, X., Heald, C., Sakulyanontvittaya, T., Duhl, T., Emmons, L., and Wang, X.: The model of emissions of
gases and aerosols from nature version 2.1 (MEGAN2.1): an extended and updated framework for modeling biogenic
emissions, Geosci. Model Dev., 5, 1471-1492, doi:10.5194/gmd-5-1471-2012, 2012.

He, J., Zhang, F., Chen, X., Bao, X., Chen, D., Kim, H., Lai, H., Leung, L., Ma, X., Meng, Z., Ou, T., Xiao, Z., Yang, E.,
and Yang, K.: Development and Evaluation of an Ensemble-Based Data Assimilation System for Regional Reanalysis
Over the Tibetan Plateau and Surrounding Regions, J Adv Model Earth Sy, 11, 2503-2522, 10.1029/2019ms001665,
2019.

Hu, X., Fuentes, J., and Zhang, F.: Downward transport and modification of tropospheric ozone through moist convection, J
Atmos Chem, 65, 13-35, 10.1007/s10874-010-9179-5, 2010.

Hu, X., Xue, M., Kong, F., and Zhang, H.: Meteorological conditions during an ozone episode in Dallas-Fort Worth, Texas,
and Impact of their modeling uncertainties on air quality prediction, J Geophys Res-Atmos, 124, 1941-1961,
doi.org/10.1029/2018JD029791, 2019

31



540

545

550

555

560

565

570

Huang, X., Ding, A., Wang, Z., Ding, K., Gao, J., Chai, F., and Fu, C.: Amplified transboundary transport of haze by
aerosol-boundary layer interaction in China, Nat Geosci, 13, 428-+, 10.1038/s41561-020-0583-4, 2020.

Huang, X., Ding, K., Liu, J., Wang, Z., Tang, R., Xue, L., Wang, H., Zhang, Q., Tan, Z., Fu, C., Davis, S., Andreae, M., and
Ding, A.: Smoke-weather interaction affects extreme wildfires in diverse coastal regions, Science, 379, 457-461,
10.1126/science.add9843, 2023.

Jiang, F., Wang, T., Wang, T., Xie, M., and Zhao, H.: Numerical modeling of a continuous photochemical pollution episode
in Hong Kong using WRF-chem, Atmos Environ, 42, 8717-8727, 10.1016/j.atmosenv.2008.08.034, 2008.

Jiang, Y., Zhao, T., Liu, J., Xu, X., Tan, C., Cheng, X., Bi, X., Gan, J., You, J., and Zhao, S.: Why does surface ozone peak
before a typhoon landing in southeast China? Atmos Chem Phys, 15, 13331-13338, 10.5194/acp-15-13331-2015, 2015.

Li, K., Jacob, D. J., Liao, H., Zhu, J., Shah, V., Shen, L., Bates, K. H., Zhang, Q., and Zhai, S. X.: A two-pollutant strategy
for improving ozone and particulate air quality in China, Nat Geosci, 12, 906-910, 10.1038/s41561-019-0464-x, 2019.

Li, M., Wang, T., Xie, M., Li, S., Zhuang, B., Chen, P., Huang, X., and Han, Y.: Agricultural Fire Impacts on Ozone
Photochemistry Over the Yangtze River Delta Region, East China, J. Geophys Res-Atmos, 123, 6605-6623,
10.1029/2018;jd028582, 2018.

Li, Y., Lau, A., Fung, J., Zheng, J., Zhong, L., and Louie, P.: Ozone source apportionment (OSAT) to differentiate local
regional and super-regional source contributions in the Pearl River Delta region, China. J. Geophys. Res. 117, D15305,
doi.org/10.1029/2011JD017340, 2012.

Li, Y., Zhao, X., Deng, X., and Gao, J.: The impact of peripheral circulation characteristics of typhoon on sustained ozone
episodes over the Pearl River Delta region, China, Atmos Chem Phys, 22, 3861-3873, 10.5194/acp-22-3861-2022, 2022.

Liu, C,, He, C,, Wang, Y., He, G., Liu, N., Miao, S., Wang, H., Lua, X., and Fan, S.: Characteristics and mechanism of a
persistent ozone pollution event in Pearl River Delta induced by typhoon and subtropical high, Atmos Environ, 310,
119964, 10.1016/j.atmosenv.2023.119964, 2023.

Lu, X., Zhang, L., Wang, X., Gao, M., Li, K., Zhang, Y., Yue, X., and Zhang, Y.: Rapid Increases in Warm-Season Surface
Ozone and Resulting Health Impact in China Since 2013, Environ Sci Tech Let, 7, 240-247,
10.1021/acs.estlett.0c00171, 2020.

Meng, Z. and Zhang, F.: Tests of an Ensemble Kalman Filter for Mesoscale and Regional-Scale Data Assimilation. Part I'V:
Comparison with 3DVAR in a Month-Long Experiment, Mon Weather Rev, 136, 3671-3682, 10.1175/2008mwr2270.1,
2008a.

Meng, Z. and Zhang, F.: Tests of an ensemble Kalman filter for mesoscale and regional-scale data assimilation. Part III:
Comparison with 3DVAR in a real-data case study, Mon Weather Rev, 136, 522-540, 10.1175/2007mwr2106.1, 2008b.

Monks, P., Archibald, A., Colette, A., Cooper, O., Coyle, M., Derwent, R., Fowler, D., Granier, C., Law, K., Mills, G.,
Stevenson, D., Tarasova, O., Thouret, V., von Schneidemesser, E., Sommariva, R., Wild, O., and Williams, M.:
Tropospheric ozone and its precursors from the urban to the global scale from air quality to short-lived climate forcer,

Atmos Chem Phys, 15, 8889-8973, 10.5194/acp-15-8889-2015, 2015.

32



575

580

585

590

595

600

Ouyang, S., Deng, T., Liu, R., Chen, J., He, G., Leung, J., Wang, N., and Liu, S.: Impact of a subtropical high and a typhoon
on a severe ozone pollution episode in the Pearl River Delta, China, Atmos Chem Phys, 22, 10751-10767, 10.5194/acp-
22-10751-2022, 2022.

Qu, K., Wang, X., Yan, Y., Shen, J., Xiao, T., Dong, H., Zeng, L., and Zhang, Y.: A comparative study to reveal the
influence of typhoons on the transport, production and accumulation of O3 in the Pearl River Delta, China, Atmos
Chem Phys, 21, 11593-11612, 10.5194/acp-21-11593-2021, 2021.

Sillman, S.: The use of NOy, H,O,, and HNO; as indicators for ozone-NOx-hydrocarbon sensitivity in urban locations,
Journal of Geophysical Research: Atmospheres, 100, 14175-14188, 1995.

Shao, M., Yang, J., Wang, J., Chen, P., Liu, B., and Dai, Q.: Co-occurrence of Surface O3, PM» s pollution, and tropical
cyclones in China, J Geophys Res-Atmos, 127, €2021JD036310, 10.1029/2021JD036310, 2022.

Skamarock,W., Klemp, J., Dudhia, J., Gill, D., Barker, D., Duda, M., Huang, X., Wang, W., and Powers, J.: A description of
the advanced research WRF version 3, NCAR technical note NCAR/TN/u2013475, 2008.

So, K. and Wang, T.: On the local and regional influence on ground-level ozone concentrations in Hong Kong,
Environmental Pollution, 123, 307-317, 2003.

Wang, N., Huang, X., Xu, J,, Wang, T., Tan, Z., and Ding, A.: Typhoon-boosted biogenic emission aggravates cross-
regional ozone pollution in China, Sci Adv, 8, ARTN eabl616610.1126/sciadv.abl6166, 2022.

Wang, N., Lyu, X., Deng, X., Huang, X., Jiang, F., and Ding, A.: Aggravating Os pollution due to NOx emission control in
eastern China, Sci Total Environ, 677, 732-744, 2019.

Wang, T., Xue, L., Brimblecombe, P., Lam, Y., Li, L., and Zhang, L.: Ozone pollution in China: A review of concentrations,
meteorological influences, chemical precursors, and effects, Sci Total Environ, 575, 1582-1596,
10.1016/j.scitotenv.2016.10.081, 2017.

Xiao, H., Liu, X. T., Li, H.,, Yue, Q., Feng, L., and Qu, J.: Extent of aerosol effect on the precipitation of squall lines: A case
study in South China, Atmos Res, 292, 106886, 10.1016/j.atmosres.2023.106886, 2023.

Xie, M., Zhu, K., Wang, T., Yang, H., Zhuang, B., Li, S., Li, M., Zhu, X., and Ouyang, Y.: Application of photochemical
indicators to evaluate ozone nonlinear chemistry and pollution control countermeasure in China, Atmos Environ, 99,
466-473, 10.1016/j.atmosenv.2014.10.013, 2014.

Xu, Z., Huang, X., Nie, W., Shen, Y., Zheng, L., Xie, Y., Wang, T., Ding, K., Liu, L., Zhou, D., Qi, X., and Ding, A.: Impact
of biomass burning and vertical mixing of residual-layer aged plumes on ozone in the Yangtze River Delta, China: A
tethered-balloon measurement and modeling study of a multiday ozone episode, Journal of Geophysical Research:
Atmospheres, 123, 11786-11803, doi.org/10.1029/2018JD028994, 2018.

Yang, H., Chen, L., Liao, H., Zhu, J., Wang, W., and Li, X.: Impacts of aerosol-photolysis interaction and acrosol-radiation
feedback on surface-layer ozone in North China during multi-pollutant air pollution episodes, Atmos Chem Phys, 22,

4101-4116, 10.5194/acp-22-4101-2022, 2022.

33



Yarwood, G., Morris, R., Yocke, M. Hogo, H., and Chico, T.: Development of a methodology for source apportionment of

605 ozone concentrations estimates from a photochemical grid model, Air and Waste Management Association, Pittsburgh
USA.

Zhang, F., Bei, N., Nielsen-Gammon, J., Li, G., Zhang, R., Stuart, A., and Aksoy, A.: Impacts of meteorological
uncertainties on ozone pollution predictability estimated through meteorological and photochemical ensemble forecasts,
J Geophys Res-Atmos, 112, D04304, 10.1029/2006jd007429, 2007.

610 Zhu, L., Wan, Q., Shen, X., Meng, Z., Zhang, F., Weng, Y., Sippel, J., Gao, Y., Zhang, Y., and Yue, J.: Prediction and
Predictability of High-Impact Western Pacific Landfalling Tropical Cyclone Vicente (2012) through Convection-
Permitting Ensemble Assimilation of Doppler Radar Velocity, Mon Weather Rev, 144, 21-43, 10.1175/Mwr-D-14-
00403.1, 2016.

34



