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Abstract. Ozone (O3) pollution research and management in China have mainly focused on anthropogenic
emissions, while the importance of natural processes is often overlooked. With the increasing frequency of ex-
treme weather events, the role of natural processes in exacerbating O3 pollution is gaining attention. In Septem-
ber 2022, the Pearl River Delta (PRD) in southern China experienced an extended period (25 d) of regional O3
exceedances and high temperatures (second highest over last 2 decades) due to extreme weather conditions influ-
enced by the subtropical high and typhoon peripheries. Employing an integrated approach involving field mea-
surements, machine learning and numerical model simulations, we investigated the impact of weather-induced
natural processes on O3 pollution by considering meteorological factors, natural emissions, chemistry pathways
and atmospheric transport. The hot weather intensified the emission of biogenic volatile organic compounds
(BVOCs) by ∼ 10 %. Isoprene and biogenic formaldehyde accounted for 47 % of the in situ O3 production, un-
derscoring the predominant role of BVOC emissions in natural processes. The chemical pathway of isoprene
contributing to O3 formation was further explored, with O3 production more attributable to the further degrada-
tion of early generation isoprene oxidation products (contributed 64.5 %) than the direct isoprene oxidation itself
(contributed 35.5 %). Besides, it was found that the hot weather significantly promoted regional photochemical
reactions, with meteorological factors contributing to an additional 10.8 ppb of O3 levels compared to normal
conditions. Temperature was identified as the dominant meteorological factor. Furthermore, the typhoon near-
ing landfall significantly enhanced the cross-regional transport of O3 from northern to southern China through
stratosphere–troposphere exchange (STE). The CAM-Chem model simulations revealed that the STE-induced
O3 on the PRD surface could reach a maximum of ∼ 8 ppb, highlighting the non-negligible impact of STE. This
study highlights the importance of natural processes exacerbated by extreme weather events in O3 pollution and
provides valuable insights into O3 pollution control under global warming.
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1 Introduction

Ground-level ozone (O3) is a secondary air pollutant with
adverse effects on human health, vegetation, crop yields and
climate (Knowlton et al., 2004; Ashmore, 2005; Eyring et
al., 2013). The formation of tropospheric O3 is a result of
sunlight-driven photochemical reactions involving nitrogen
oxides (NOx), volatile organic compounds (VOCs) and other
pollutants (Derwent et al., 1998; Jacob, 2000). The relation-
ship between O3 and its precursors exhibits a non-linear pat-
tern that varies across different regions (Jenkin and Clemit-
shaw, 2000). O3 and its precursors originate from both an-
thropogenic activities and natural processes such as fossil
fuel combustion, biogenic volatile compound (BVOC) emis-
sions and stratosphere–troposphere exchange (STE). Meteo-
rological conditions also play a crucial role in influencing O3
pollution, adding complexity to mitigation efforts (Wang et
al., 2017).

Since the industrial revolution, the Northern Hemisphere
has experienced a significant increase in O3 pollution, par-
ticularly in mid-latitude cities with large populations and in-
dustries (Gaudel et al., 2018). In recent decades, Europe and
the United States have made notable progress in mitigating
O3 pollution through emission control efforts. However, east-
ern Asia, notably China, continues to face a severe O3 pollu-
tion problem (Lyu et al., 2023). Despite the implementation
of strict emission control measures, such as the Air Pollu-
tion Prevention and Control Action Plan and the reduction
in fine particulate matter concentrations, O3 levels in China
have continued to rise (Wang et al., 2019). Lu et al. (2018)
reported that O3 pollution days in China are 93 % to 575 %
higher compared to other developed countries, indicating the
significant public concern surrounding this issue.

Despite human activities being recognized as major con-
tributors to severe O3 pollution, it is also important to ac-
knowledge the role of meteorological conditions in the dy-
namics of tropospheric O3 concentrations. For example, tem-
perature has a direct impact on chemical reaction rates in-
volved in O3 formation as well as the emissions of BVOC
from vegetation (Lu et al., 2019). Atmospheric water vapor,
on the other hand, plays a crucial role by providing hydrogen
oxide (HOx) radicals and directly influencing O3 photochem-
istry (Camalier et al., 2007). Additionally, wind patterns con-
tribute to the transport and dispersion of pollutants, thereby
influencing the spatial distribution of O3 and its precursors
(Wang et al., 2022). Nonetheless, the local meteorological
parameters are controlled by synoptic weather system. Gen-
erally, the role of weather systems manifests in two aspects;
one is via the influence on the regional transport of pollu-
tants, and the other is modulating the aggregation and dis-
persion of local air pollutants (Ding et al., 2017). Extensive
research conducted in eastern China has shed light on the
importance of weather patterns and addressed the impact of
extreme weather contributing to O3 pollution. Notably, anti-
cyclones (such as high-pressure systems) and the periphery

of typhoons have emerged as prominent factors (Chan and
Chan, 2000; Han et al., 2020; Gao et al., 2021). Besides,
natural processes, including the natural sources, chemistry
and atmospheric transport of O3, are highly meteorology-
sensitive and might further aggravate O3 pollution under ex-
treme weather. For example, the wildfire caused by hot and
dry weather could emit large amounts of carbon monoxide
(CO), NOx and VOCs and exacerbate O3 pollution (West-
erling et al., 2006; Yue and Unger, 2018; Lei et al., 2022).
Vegetation-released BVOC emissions are sensitive to tem-
perature and have been proven to increase during hot season
and thus accelerate urban O3 formation (Pusede et al., 2015;
Wang et al., 2022). An STE event would bring stratospheric
O3 to the troposphere under a large-scale/mesoscale process
such as tropopause folds, gravity wave breaking and deep
convections (Stohl et al., 2003; Wang et al., 2020). As global
warming progresses, there is an increase in the frequency
of extreme weather events which further impact surface O3
(Banerjee et al., 2016; Lu et al., 2019). These impacts may
undermine or offset the efforts by anthropogenic emission re-
ductions, posing risks to the ecological environment. There-
fore, understanding the influence of natural process on the
formation of ground-level O3 is essential for gaining insights
into the dynamics of O3 pollution and developing effective
strategies for managing air quality.

The Pearl River Delta (PRD) region, known for its high
levels of anthropogenic emissions and surrounded by sig-
nificant vegetation cover, frequently suffers from extreme
weather events such as heat waves and tropical cyclones.
The PRD region has emerged as a typical hotspot witness-
ing an increase in O3 pollution, making it an ideal location
to investigate the impact of extreme weather on O3 pollution.
In September 2022, the PRD endured a prolonged period of
hot weather, leading to more than 20 d of regional O3 ex-
ceedance. Here, by integrating simultaneous measurements,
machine learning, and numerical model simulations, we aim
to improve the understanding of how natural processes in-
duced by extreme weather events affecting O3 pollution and
provide new insights for future O3 pollution control efforts.

2 Methods and materials

2.1 Data source

In situ observations were conducted at the Guangzhou
Haizhu Urban Ecological Meteorological Comprehensive
Observation Base (HZ Base; 23◦05′ N, 113◦22′ E), which is
located in the north area of the Guangzhou Haizhu District
National Wetland Park (as shown in Fig. 1a). The observa-
tion base is surrounded by basic farmland protection areas
and represents a typical composite wetland system consisting
of river channels, creeks, fruit orchards, and Jiangxinzhou Is-
land. It also encompasses commercial streets, residential ar-
eas, and major transportation routes, providing a representa-
tion of wetland climate and human activities. Synchronous
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online observations of O3, NOx , SO2 and CO components of
VOCs and meteorological parameters (surface winds, tem-
perature, relatively humidity, precipitation and solar radia-
tion) were carried out at this observation base. All the data
are collected at the HZ Base from 1 to 30 September, with a
time resolution of 1 h. Detailed information about the data
used, including the monitoring instruments, data coverage
and access method, is summarized in Table S1 in the Sup-
plement. Briefly, ambient concentrations of O3, NOx , CO
and SO2 were routinely measured using instruments pro-
duced by Thermo Scientific (49i-D1NAA, 42i-DNMSDAA,
48i-DNSAA and 43i-DNSAA, respectively). The species of
VOC components were monitored by GC5000 analysis sys-
tems coupled with flame ionization detectors (FIDs) from
AMA Instruments GmbH (AMA, Germany). The target com-
pounds of the instrument were the 56 VOCs designated as
photochemical precursors by the US Environmental Protec-
tion Agency (EPA). The gas standards utilized were identical
to those employed by the US EPA Photochemical Assess-
ment Monitoring Stations (PAMS). More details were docu-
mented in our previous paper (Zou et al., 2015). All instru-
ments were regularly calibrated and maintained for different
durations. Meteorological data, including temperature, solar
radiation, precipitation, relative humidity and winds, were
obtained at the same site from the China Meteorological Ad-
ministration. The in situ measurements were mainly used to
drive a photochemical box model as described below. Ad-
ditionally, the air quality monitoring network established by
the Ministry of Ecology and Environment of China was uti-
lized to identify O3 pollution event in the PRD. There were
56 monitoring sites distributed in the whole region (Fig. 1a),
and the 90th percentile of the maximum daily 8 h average
(MDA8-90) O3 concentration was employed to assess the re-
gional degree of O3 pollution. A regional O3 exceedance oc-
curs when the MDA8-90 exceeds the China’s Grade II stan-
dard (i.e., 160 µgm−3).

In addition to the in situ data, ancillary data from the
fifth generation of the European Centre for Medium-Range
Weather Forecasts atmospheric reanalysis (ERA5) were uti-
lized. The ERA5 data, at a resolution of 0.25◦× 0.25◦ grid,
corresponded to the same time period and interval as the
observed data and provided information such as boundary
layer height, potential vorticity, vertical velocity, geopoten-
tial height, specific humidity and O3 mass mixing ratio. In
addition, typhoon tracks that occurred in the western Pacific
Ocean were collected from the China Meteorology Adminis-
tration Tropical Cyclone Data Center (https://tcdata.typhoon.
org.cn, last access: 26 January 2024).

2.2 Stepwise regression analysis

Stepwise regression analysis, as a common method of ma-
chine learning, was used to simulate the dynamics of O3 con-
centrations and quantitatively assess the influence of various
meteorological factors on pollutant variations. The method

was designed to construct an optimal equation by iteratively
selecting significant factors while eliminating non-significant
ones to address autocorrelation concerns (Johnsson, 1992).
In this study, simple regressions were firstly performed for
each explanatory variable, and the variable with the most sig-
nificant contribution was identified. Subsequently, additional
variables were gradually introduced, and the F test and t test
were employed to evaluate their significance. Non-significant
variables were progressively eliminated until we obtained a
final set of critical explanatory variables. Following variable
selection, a multivariate linear regression equation was estab-
lished to capture the variation of O3 concentrations:

O3(t)=αVAR1(t)+βVAR2(t)+ γVAR3(t)+ ·· ·

+ ηVARn(t)+R(t). (1)

In Eq. (1), O3(t) represents the temporal changes in O3 con-
centration at hour t . The coefficients (α, β, γ , η) for each
variable (VAR) were determined during the stepwise regres-
sion process, while R(t) represents the residual error term.
This approach enables us to effectively analyze the intricate
relationship between meteorological factors and O3 concen-
trations, providing valuable insights into the dynamics of
O3 pollution. This utilized approach has proven effective in
our previous pollutant simulations (Chen et al., 2022). In
this study, the model’s performance was validated through
Fig. S1 in the Supplement, demonstrating a strong correla-
tion (Pearson correlation coefficient (R)= 0.84 and p value
(from two-tailed t test) < 0.01) between the observed and
simulated O3 concentrations.

2.3 Lagrangian dispersion modeling

We conducted backward Lagrangian particulate dispersion
modeling (LPDM) using the Hybrid Single-Particulate La-
grangian Integrated Trajectory model (HYSPLIT; https://
www.arl.noaa.gov/hysplit/, last access: 15 November 2023)
to identify the dominant air flow impacting the receptor area.
The meteorology fields were from the Global Data Assimi-
lation System (GDAS) data. In this study, we released 3000
particulates at 100 m above sea level (a.s.l.) over the site (HZ
Base) and tracked their backward movement for 48 h with a
time resolution of 1 h. The positions of the particulates were
determined using both vertical and horizontal calculations,
considering mean wind and turbulence transport. The model
finally identified the “retroplume” footprint representing the
spatial residence time of the particulates and could be re-
garded as the distribution of the simulated air mass’s surface
probability or residence time.

2.4 MEGAN

The Model of Emissions of Gases and Aerosols from Nature
(MEGAN, version 2.1, available at https://bai.ess.uci.edu/
megan/, last access: 15 November 2023) was used to esti-
mate BVOC emissions from terrestrial ecosystems (Guenther
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Figure 1. (a) Map showing the geographical distribution of the PRD. The dots show the air quality monitoring network, and the yellow star
shows the in situ site at Guangzhou Haizhu Urban Ecological Meteorological Comprehensive Observation Base (HZ Base). (b) Variation
of MDA8-90 O3 concentrations and regional daily max temperature (The green line shows the average, and the upper and lower shade
indicate the 75th and 25th percentile, respectively.). (c) Distribution of 500 hPa pressure and winds of September 2022. The white line shows
the typhoon track. (d) Comparisons of meteorological parameters (temperature (TEMP), precipitation (PRECIP), relative humidity (RH),
ultraviolet B radiation (UVB), wind speed (WS) and boundary layer height (BLH)) between 2022 and 2019–2021.

et al., 2012). The model could calculate 147 individual bio-
genic compounds and lump them into the appropriate VOC
mechanisms such as CB05, RACM and SAPRC99. Herein,
the CB05 mechanism was adopted for VOC treatment. Due
to the versatility and compatibility, MEGAN could be in-
corporated into many widely used chemical transport mod-
els, with horizontal resolution ranging from a few kilome-
ters to several hundred kilometers. In this study, the plant
function type (PFT) data were from the Moderate-Resolution
Imaging Spectroradiometer (MODIS) MCD12Q1 product,
and the leaf area index (LAI) data were from the MODIS
MCD15A2H product. The input meteorology including tem-
perature, solar radiation and relative humidity was obtained
from Weather Research Forecast-Community Multi Scale
Air Quality (WRF-CMAQ) simulations with a horizontal res-
olution of 12km×12km. The configuration of WRF-CMAQ
is summarized in Table S2 in the Supplement. In particular, to
emphasize the influence of extreme weather, comparisons of
BVOC emissions from parallel simulations were conducted.
In detail, we employed two sets of meteorological fields
to drive MEGAN, respectively. One set was based on the
WRF-simulated meteorology from September 2022, while
the other utilized the average meteorological fields from the
preceding 3 years (2019–2021).

2.5 In situ photochemistry modeling

In situ O3 formation was simulated using the Framework for
0-D Atmospheric Modeling (F0AM) incorporating Master
Chemical Mechanism v3.3.1 (https://sites.google.com/site/
wolfegm/models, last access: 15 November 2023). The ap-
plication method was roughly in line with that in Lyu et
al. (2022). Briefly, the model was constrained by observa-
tions including O3, NOx , CO, sulfur dioxide (SO2), VOC
species and meteorological parameters collected at HZ Base
at hourly resolution. Specifically, HCHO was not measured
and was constrained by the WRF-CMAQ simulation results
(The validation of WRF-CMAQ is summarized in Table S3
in the Supplement.). A “family conservation” that set the to-
tal NOx to the observed value every hour and allowed nitro-
gen monoxide (NO) and nitrogen dioxide (NO2) to evolve
over time was applied. Photolysis frequency of NO2 ob-
served at HZ Base was input and used to correct the photol-
ysis frequencies of other species. The net O3 production rate
(OPR) was calculated as the difference between the O3 pro-
duction rate (NO2 production through NO oxidation by per-
oxyl radicals) and destruction rate (NO2 reacting with OH,
O3 photolysis, ozonolysis of alkenes, and O3 consumption
by OH and HO2), in line with the method adopted in pre-
vious studies (Lyu et al., 2019; Wang et al., 2017). The re-
action rates for a total of 17 224 reactions were extracted to
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diagnose the main isoprene-related pathways leading to O3
formation.

2.6 CAM-Chem model

The CAM-Chem (Chemical Lagrangian Model of the Strato-
sphere), a component of the National Center for Atmo-
spheric Research (NCAR) Community Earth System Model
(CESM) version 2.2.0, was utilized to simulate the impact
of STE transported O3 on the troposphere. The meteoro-
logical fields were obtained from Model-Era Retrospective
analysis for Research and Applications-Version 2 (MERRA-
2) and regridded to a 32-vertical layer with a horizontal
resolution of 0.9◦× 1.25◦. The chemistry mechanism em-
ployed was the Model for Ozone and Related Chemical
Tracers (MOZART). Further information about the model
can be found in the CAM-Chem Wiki (https://wiki.ucar.edu/
display/camchem, last access: 26 January 2024). To vali-
date the model’s performance, we compared the distribution
of the simulated O3 with O3 from AIRS (Atmospheric In-
frared Sounder). Both the monthly averaged distribution and
an STE-induced O3 intrusion case were compared (Fig. S2
in the Supplement). Although the CAM-Chem simulations
showed slightly higher O3 levels in southern China, the
correlation coefficient in eastern China was 0.79 (passed a
95 % significance test), indicating the CAM-Chem model
produced O3 relatively well at higher levels (Fig. S3 in the
Supplement). Besides, it was worth noting that the satel-
lite retrievals themselves contain uncertainties, mainly from
the impact of clouds, aerosols, surface albedo and the in-
version algorithms (Briegleb et al., 1986; De Smedt et al.,
2010; Povey and Grainger, 2015). Overall, the simulated O3
showed good agreement with the AIRS data in terms of mag-
nitude and spatial pattern, indicating satisfactory model per-
formances. Furthermore, a comparison of the CAM-Chem
simulated ground-level O3 with the surface network mon-
itoring was also conducted (Fig. S4 in the Supplement).
The daily magnitude and variation trend were successfully
captured in Guangzhou, with a mean bias error (MBE) of
−7.9 ppb and a root mean square error (RMSE) of 16.3 ppb.
This demonstrated a good reproduction of surface O3 con-
centrations. Indeed, our previous paper has also shown the
good performance of the CAM-Chem model application in
eastern China (Wang et al., 2023).

3 Results and discussion

3.1 Exacerbation of O3 pollution due to extreme
weather conditions

In September 2022, the PRD region experienced continu-
ous extreme weather, resulting in a prolonged period of hot
weather conditions. As a consequence, the region encoun-
tered 25 consecutive days of regional O3 pollution (Fig. 1b).
Monthly O3 concentrations (MDA8-90 O3) were situated

in high levels reaching up to 92 ppb, approximately 20 ppb
higher than the average of the same period during past
3 years. Meanwhile, the monthly average daily-maximum
temperature soared to 32 ◦C, making it the second-highest
temperature recorded in September over the past 2 decades
(Fig. S5 in the Supplement). The extremely high temperature
appeared to be a significant driver of O3 pollution, as evi-
denced by a high correlation coefficient of 0.70 (p < 0.05)
between O3 levels and air temperature (Fig. 1b). From a syn-
optic weather perspective, the occurrence of hot weather was
the combined effect of multiple tropical cyclones and the
western Pacific subtropical high (WPSH) (Fig. 1c). It was
recorded that there were four tropical cyclones that influ-
enced the PRD within the 1-month study time (2022 Septem-
ber; described in Table S4 in the Supplement). As shown in
Fig. 1c, the combined effects of tropical cyclones and the
WPSH resulted in the splitting of the subtropical high into
two parts. One part lingered over the western Pacific Ocean,
while the other remained over the southern region of China,
leaving the PRD under the fully control of the mainland high-
pressure system. Affected by the sinking air flow under the
mainland high, the PRD region experienced conditions char-
acterized by high temperatures, intense solar radiation, low
humidity and reduced precipitation, creating a favorable en-
vironment for photochemical pollution (Fig. 1d).

To assess the influence of meteorological parameters
on O3 concentrations, we developed a stepwise regression
model to simulate regional O3 concentrations. By incorpo-
rating an extensive range of input variables, including sur-
face and 850 hPa meteorological factors, we rigorously tested
and identified 10 significant factors through T test analy-
sis. These factors comprised the following: 2 m temperature
(T2), boundary layer height (BLH), surface relative humid-
ity (RH), surface wind speed (WS), 10 m U component of
wind (U10), vertical wind speed (W ), 850 hPa U component
of wind (U850), total cloud coverage (TCC), 10 m V compo-
nent of wind (V10) and 850 hPa V component of wind (V850).
As illustrated in Fig. 2, meteorological parameters exerted a
crucial influence on O3 concentrations in 2022, surpassing
levels in previous years (2019–2021). This underscored the
profound impact of meteorology on O3 pollution. Notably,
the factors associated with photochemistry, such as T2, BLH
and RH, played a substantial role, contributing 43.1, 35.7
and −9.3 ppb, respectively, to the overall O3 concentration.
In particular, the average daily-maximum air temperature in
September maintained a typically high level (32 ◦C), which
not only accelerated the rates of photochemical reactions
but also stimulated the emission of BVOC from vegetation,
thereby exacerbating O3 concentrations. Furthermore, the in-
crease in BLH and WS compared to previous years indicated
relatively favorable ventilation conditions, which facilitated
the transport of local and upstream pollutants. Subsequent
investigations unveiled that air pollutants from northern re-
gions could be transported to the PRD, contributing to the
observed O3 concentrations (refer to Sect. 3.3). Additionally,
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Figure 2. Contributions of multi-meteorological factors (2 m temperature (T2), boundary layer height (BLH), relative humidity (RH), wind
speed (WS), 10 m U component of wind (U10), w (vertical wind speed), 850 hPa U component of wind (U850), total cloud coverage (TCC),
10 m V component of wind (V10), and 850 hPa V component of wind (V850)) to O3 in the September of 2022 and 2019–2021.

September exhibited relatively dry conditions with lower rel-
ative humidity (RH) and less precipitation. Our model re-
vealed a negative correlation between O3 and RH, suggesting
that the presence of water vapor contributed to the photo-
chemical removal of O3 concentrations (e.g., through HOx
reactions). The reduced RH in September also likely facili-
tated the persistence of O3 pollution in the region.

3.2 Weather-boosted BVOC emissions aggravating O3
production

As one important precursor of O3 formation, BVOC emis-
sions are sensitive to ambient temperature and solar radi-
ation. Here, we utilized MEGAN to calculate the regional
BVOC emissions. Parallel simulations driven by different
meteorological inputs, i.e., meteorological fields in Septem-
ber 2022 and average meteorological fields in September of
the previous 3 years, were conducted, respectively. It was
found that the hot weather in September 2022 led to an in-
crease in BVOC emissions in the PRD region by approxi-
mately 10 %, relative to that in the same period in the past
(Fig. 3a). Besides, the in situ-observed isoprene exhibited a
significant concentration difference between day and night,
i.e., 0.52–1.25 ppb during 06:00–17:00 LT and an average of
0.10 ppb at other times (Fig. S6 in the Supplement). Not sur-
prisingly, isoprene contributed 7.77 ppbh−1 (∼ 40 %) to the
in situ net O3 production rate (OPR) in the daytime (Fig. 3b).
Nevertheless, this was likely a conservative estimate of the
biogenic contributions, due to lack of consideration of other
biogenic VOC. HCHO, as an important O3 precursor, is of

both anthropogenic and biogenic origin. Here, we utilized
WRF-CMAQ-simulated biogenic HCHO as input to exam-
ine its impact on O3 formation with F0AM. It was found that
biogenic HCHO at an average concentration of 2.46 ppb ele-
vated the OPR by 1.29 ppbh−1. This increased the contribu-
tion to OPR of biogenic emissions to 47 %. Overall, the mod-
eling results underlined the crucial role of biogenic emissions
in building up O3 levels in September 2022.

Next, we explored the detailed mechanisms of O3 forma-
tion enhancement induced by the rise in isoprene levels due
to hot weather (Fig. 4). Simulations were performed for a
base case with observations in 2022 and a hypothetical case
of lower isoprene levels. We used the ratio of isoprene emis-
sions between 2022 and previous years to scale the observed
isoprene in September 2022. So, isoprene in the base case
was 10 % higher than that in the hypothetical case. HCHO
was constrained by the same profile in both cases. It was
simulated that the 10 % increase in isoprene would lead to an
additional O3 production of 7.5 ppb (OPR of 1.00 ppbh−1 at
12:00 LT). While there was little change in the O3 destruc-
tion pathways, the production of NO2 through RO2+NO
and HO2+NO (pathways leading to O3 formation follow-
ing NO2 photolysis) increased by 0.63 and 0.38 ppbh−1, re-
spectively. As shown in Fig. 4, this overall effect was caused
by multiple reactions involving several generations of iso-
prene oxidation products/intermediates. The direct oxidation
of isoprene by OH and the following transformation from
RO2 through RO to HO2 only accounted for 30.3 % and
42.8 % of the increase in the total rate of RO2+NO and HO2
production, respectively. The rest was contributed by the

Atmos. Chem. Phys., 24, 1559–1570, 2024 https://doi.org/10.5194/acp-24-1559-2024



N. Wang et al.: Extreme-weather-induced natural processes exacerbate ozone pollution 1565

Figure 3. (a) Isoprene emissions in the PRD in September 2022 and 2019–2021. (b) Net OPR attributed to biogenic isoprene (B_ISOP),
biogenic HCHO (B_HCHO), total BVOC and anthropogenic VOC (AVOC) in September 2022.

degradation of methyl vinyl ketone (MVK) and methacrolein
(MACR), two typical isoprene oxidation products (Pierotti et
al., 1990). In particular, the formation of peroxyacetyl radi-
cal (CH3CO3) was enhanced by 0.16 ppbh−1, which further
accelerated the rate of RO2 oxidizing NO by 0.30 ppbh−1

(45.6 %) and HO2 production rate by 0.15 ppbh−1 (32.5 %).
Methylglyoxal (MGLYOX) and CH3CO3 were the key inter-
mediates in photochemical degradation of MVK and MACR
that largely enhanced O3 formation. The effect of MVK was
much more significant than MACR, which was reasonable,
due to the presence of a more reactive vinyl group in the
MVK molecule.

It is well documented that isoprene emitted from vege-
tation is highly reactive in the troposphere and is therefore
not prone to transport over long distances. Here, we show
that the primary oxidation products of isoprene that may be
formed during air mass transport (Wang et al., 2022), espe-
cially MVK and MACR, make significant contributions to O3
formation. This is shown to be an important mechanism of
isoprene contributing to O3 formation. Hence, the impacts of
BVOC oxidation intermediates on downwind air quality war-
rant more attention (Dreyfus et al., 2002; Lee et al., 2014).

3.3 O3 enhancement by STE and cross-regional
transport

In addition to its influence on meteorological factors and
natural emissions, extreme weather can also impact atmo-
spheric transport, modulating the regional air quality. For in-
stance, the STE process is a significant natural process that
facilitates the exchange of O3-rich air from the stratosphere
to the troposphere, impacting O3 levels in the lower atmo-
sphere (Wang et al., 2023). STE often occurs in association
with synoptic weather systems such as cyclones, westerly jet
stream, frontal activities and troughs of low pressure (Baner-
jee et al., 2016). Being affected by the combined influence of
the subtropical high and typhoons, we diagnosed a continu-
ous STE event occurring from 13 to 16 September 2022.

Initially, on 13 September, a trough of low pressure ex-
tended from northwest Inner Mongolia to central China, af-
fecting a large portion of mainland China (Fig. S7 in the Sup-
plement). Concurrently, Typhoon Muifa developed near the
coastline in the western Pacific Ocean, leading to the gradual
development of this trough towards the southeastern part of
China. On 15 September, the typhoon made landfall in the
Yangtze River Delta region. The combined influence of the
typhoon’s low-pressure center and the external strong anticy-
clone further extended the trough of low pressure southward
(Fig. S7). The dynamic evolution of the weather system fa-
cilitated the favorable conditions for cross-regional transport
from higher latitudes of China to the lower latitudes, such as
the PRD region.

Here, we utilized multiple methods to illustrate the impact
of the STE-induced O3. First of all, we employed potential
vorticity (PV) at 300 hPa to distinguish between stratospheric
and tropospheric air masses, considering a threshold of 2 po-
tential vorticity units (PVUs) as the dynamical tropopause
(Li et al., 2023; Wang et al., 2020). According to Fig. 5a,
a notable high value of PV was observed in eastern China,
specifically spanning the North China Plain (NCP) area to
southern China on 14 September 2022. This extensive cross-
regional transport area is closely associated with Typhoon
Muifa (as depicted in Fig. S5). The presence of a strong an-
ticyclone on the outer periphery of the typhoon further in-
tensified the cross-regional transport in eastern China. This
was true with the LPDM simulation, as it revealed that the
PRD region was predominantly influenced by northerly air
flow originating from central China (Fig. S8 in the Supple-
ment). As a result, the potential impact of stratospheric O3
intrusion on the troposphere formed a distinct and extensive
band that stretched from the north to the south over eastern
China. The subsequent investigations further supported this
finding, as we found similar patterns, including notable high
O3 distribution at 300 hPa (Fig. 5b), low specific humidity
(Fig. 5c) and low geopotential height (Fig. 5d), along the
high PV area. These patterns suggested that the stratospheric
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Figure 4. Changes in the rates (numbers; unit: ppbvh−1) of major reactions leading to O3 formation at 12:00 LT induced by 10 % increase in
isoprene concentrations. Red and blue fonts indicate the production rates of NO2 via RO2+NO and HO2+NO, respectively. Abbreviations
of the species conform to the MCM naming convention (https://mcm.york.ac.uk/MCM/, last access: 26 January 2024).

intrusion did transport both dry and O3-rich air masses to
the troposphere. Meanwhile, the transported region exhibited
a prevailing downward airflow with positive vertical veloc-
ity (Fig. 5e), and a distinct high O3 area was also observed
along the transported band at 700 hPa (Fig. 5f), indicating
that the O3 induced by STE could impact the lower tropo-
sphere. Similar patterns were consistently observed on other
days between 13–16 September 2022 (Figs. S9–S11 in the
Supplement), confirming the continuous nature of the STE
event.

The CAM-Chem model was further adopted to quantify
the impact of STE-induced O3. In this model, we introduced
a tracer, O3S, to represent the concentration of O3 from
stratosphere. Figure 6 confirms again the previous analyses
that the transport of O3-rich air is from the stratosphere to
the troposphere, spanning northern to southern China. The
cross-regional transport of O3S was notable at higher levels
(between 500 and 300 hPa) in the troposphere with substan-
tial contributions exceeding 50 ppb. Though the influence re-
duced in the lower troposphere, the impacted contribution
was still high. The simulated maxima of O3S at the sur-
face level could reach up to approximately 8 ppb, indicating
a non-negligible impact of STE.

4 Conclusion and implication

This study adopted an integrated methodology, utilizing con-
current observations, machine learning techniques and nu-
merical simulations, to probe how natural processes trig-
gered by extremely hot weather conditions (the continuous
combined influence of the subtropical high and typhoon pe-

ripheries) impact O3 pollution. Various natural processes, in-
cluding meteorological factors, natural emissions, chemistry
pathway and atmospheric transport, were investigated and
are summarized in Fig. 7. Firstly, we found that meteoro-
logical conditions during extreme weather events, character-
ized by high temperatures, high pressure and low humidity,
greatly facilitated regional photochemical reaction. Through
the application of machine learning techniques, we identified
that meteorological factors contribute an additional 10.8 ppb
to O3 levels compared to the same period in previous years,
with surface temperature exerting the most prominent influ-
ence. Furthermore, our investigation revealed that the hot
weather stimulated BVOC emissions (increased by 10 %).
Due to the typical high-NOx environment (mainly from an-
thropogenic emission) in the PRD region, BVOC emissions
aggravated photochemical reaction and contributed nearly
half of in situ O3 production. The chemical transformation
pathways of isoprene and its intermediate products were fur-
ther explored, and it was found that the further degrada-
tion of initial oxidation products of isoprene was respon-
sible for a large fraction of isoprene contributions to O3
formation. This could be an important mechanism of iso-
prene affecting downwind air quality. In addition, the im-
pact of extreme weather on atmospheric transport was also
investigated. The phenomenon of STE usually takes place in
high latitudes. Interestingly, we discovered that the outer pe-
riphery of a typhoon aggravated the cross-regional transport
of STE-induced O3, spanning northern China to southern
China. This process was a non-negligible contributor to sur-
face levels in the downwind area (such as the PRD, reached
a maximum of ∼ 8 ppb).
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Figure 5. Evidence illustrating STE O3 intrusion on 14 September 2022. (a) Spatial distribution of potential vorticity (PV) at 300 hPa
over China (The solid blue line indicates the dynamical tropopause of 2 PVU, 1PVU= 10−6 m2 s−1 Kkg−1.). (b–f) The distribution of O3
concentration (at 300 hPa), specific humidity (SH; at 300 hPa), geopotential height (Gph; at 500 hPa), vertical velocity (Omega; at 500 hPa),
and O3 concentration (at 700 hPa), respectively. All the data were identified based on the ERA5 database.

Figure 6. Distribution of CAM-Chem-simulated O3S. (a) O3S distribution at 300 hPa. (b) Same as (a) but at 800 hPa. (c) Vertical transection
of O3S along 113◦ E.
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Figure 7. Conceptual scheme illustrating how extreme-weather-induced natural processes affect O3 in the PRD. ISOP, MVK and MACR
refer to isoprene, methyl vinyl ketone and methacrolein, respectively.

Our study underscores the importance of natural processes
induced by extreme weather events in O3 pollution and pro-
vides valuable insights for future endeavors in O3 pollution
control. Given the impact of climate change, many regions
around the world are experiencing an increase in the fre-
quency of extreme weather events, thereby intensifying natu-
ral processes. This trend is particularly notable in developed
regions with high levels of anthropogenic emissions, such
as eastern China, southeastern America and northern India.
The interaction between natural process and human activi-
ties might further exacerbate air pollution. Future pollution
control and prevention efforts should not solely focus on re-
ducing anthropogenic emissions. Instead, a comprehensive
consideration of both anthropogenic impact and natural im-
pact should be taken into account, and a coordinated cross-
regional joint emission control is highly recommended.
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