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A B S T R A C T

Climate warming has led to a rising frequency of extreme heat events over China, which further exacerbate 
surface ozone (O₃) pollution alongside accelerating anthropogenic emissions, especially for the key city clusters, 
i.e., Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), Sichuan Basin (SCB), and Pearl River Delta (PRD). 
With long-term observations, reanalysis, and GEOS-Chem simulations, this study reveals significant enhance
ments ozone levels during heatwave days (HWs) compared to non-heatwave days (NHWs), driven by distinct yet 
interconnected meteorological and physicochemical processes across different city clusters. In BTH, a persistent 
500 hPa high-pressure system, together with reduced relative humidity, enhanced downward solar radiation at 
the surface, and 850 hPa southerly winds, leads to elevated temperatures and consequently higher O₃ concen
trations during HWs compared with NHWs. The YRD experiences intensified subsidence and suppressed cloud 
cover under the northward shifted Western Pacific Subtropical High (WPSH), creating ideal conditions for 
photochemistry. Similarly, SCB and PRD, in the dominance of the northwestward extension of WPSH and 
associated subsidence, features increased SSRD and surface air temperatures. Moreover, tropical cyclones over 
Northwest Pacific may affect O3 anomalies in PRD. Process analysis demonstrates that chemical production 
dominates O₃ enhancement across all regions. Horizontal transport shows a positive contribution in BTH but 
significant negative contributions in the other three regions. In contrast, vertical transport and mixing processes 
exhibit relatively weak impacts. The findings can provide theoretical support to tackle ozone pollution for major 
city clusters in China amid the increasing frequency of extreme heat events.

1. Introduction

Tropospheric ozone (O3), a typical secondary pollutant, is produced 
through photochemical reactions with nitrogen oxides (NOx) and vola
tile organic compounds (VOCs) released from both natural and anthro
pogenic sources (Atkinson, 2000; Sillman, 1999; Trainer et al., 2000). 
Elevated ground-level ozone concentrations pose significant threats to 
both public health and ecosystems (Booker et al., 2009; Fleming et al., 
2018). Cumulative evidence indicates that long-term ozone exposure 
induces respiratory impairment, elevates cardiovascular disease risks, 
and exacerbates the incidence of age-related macular degeneration 
(Arjomandi et al., 2018; Jia et al., 2024; Liu et al., 2022b). Furthermore, 

as a strong oxidizing pollutant, ozone damages plant cellular structures 
and physiological functions, substantially dampening crop yield and 
quality, thereby threatening food security (Feng and Kobayashi, 2009; 
Feng et al., 2015; Li et al., 2025).

To tackle the severe air pollution challenge in China, the Chinese 
government has implemented a series of targeted policies since 2013. 
The Air Pollution Prevention and Control Action Plan and the Blue Sky 
Defense Battle, as cornerstone initiatives, have established systematic 
control measures focusing on particulate matter (Wang et al., 2022b). 
These interventions achieved a notable reduction in population- 
weighted annual mean fine particle matters (PM2.5) concentration 
from 61.8 μg/m3 to 42.0 μg/m3 during 2013–2017 (Zhang et al., 2019). 
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Despite substantial improvements in PM2.5 levels, we are still facing 
escalating O3 pollution especially for major city clusters. Yang et al. 
(2025) systematically analyzed long-term trends of maximum daily 8-h 
average ozone (MDA8 O3) concentrations across China, revealing 
increasing annual trends over 97 % of monitored regions, with coastal 
southeastern and central plain areas experiencing growth rates 
exceeding 2 μg/m3 per year. The annual increase rate of MDA8 O3 for 
warm months reached 2.4 ppb per year nationwide (Lu et al., 2020). 
Particularly, high ozone concentrations in China typically occur in city 
clusters, e.g., Beijing-Tianjin-Hebei (BTH), Yangtze River Delta (YRD), 
Sichuan Basin (SCB), and Pearl River Delta (PRD) (Shu et al., 2016; Zhao 
et al., 2018; Ouyang et al., 2022).

Simultaneously, China has been particularly affected by increasing 
and intensifying heatwave events in recent decades, driven by both the 
global warming and rapid urbanizations (Meehl and Tebaldi, 2004; Lau 
and Nath, 2014). The year 2024 broke the record of global temperature 
observations, with the annual mean surface temperature exceeding the 
pre-industrial level by 1.5◦C for the first time, while land temperatures 
exhibited even more pronounced warming, reaching an increase of 
2.28◦C (Jha et al., 2025). Prolonged exposure to such extreme heat can 
cause substantial increases in mortality rates and socioeconomic loss 
(Barriopedro et al., 2011). Xie et al. (2024) found that during the period 
from 1961 to 2020, heatwaves in China resulted in a cumulative excess 
mortality of 450,000 deaths and caused economic losses of approxi
mately 1284 billion CNY. Projections indicate that heatwaves in China 
will become more frequent and severe in the future especially under the 
high-emission scenario (Wang et al., 2017, 2019a; Chen et al., 2022).

Cumulative works have revealed that extreme heat event favor 
elevated ozone concentrations primarily through enhancing biogenic 
volatile organic compounds (BVOCs) emissions and accelerating 
photochemical processes (Kalisa et al., 2018; Varotsos et al., 2019; Wang 
et al., 2022b). More recently, temperature-dependent emissions of 
anthropogenic volatile organic compounds (AVOCs) have also been 
identified as a major contributor to ozone increases during heatwaves 
(Wu et al., 2024). High temperatures enhance AVOCs release from 
sources including solvents, industrial activities, and fuel evaporation. 
This thermally amplified AVOC load intensifies ozone pollution, espe
cially in urban regions (Qin et al., 2025). In addition to the role of near- 
surface emission sources, turbulent mixing during heatwaves also alters 
the vertical distribution of ozone precursors, thereby exacerbating ozone 
pollution both at ground level and in the upper atmosphere (Zhou et al., 
2025). Previous works have primarily investigated the ozone responses 
associated with extreme heat conditions and possible mechanisms based 
on case studies. For instance, Ma et al. (2019) demonstrated that the 
notable O3 increases in North China during summer 2017 was signifi
cantly attributable to amplified biogenic emissions induced by extreme 
heat weather. Similarly, Wang et al. (2024d) investigated a regional 
ozone pollution episode triggered by persistent heatwaves in the PRD 
during September 2022. Their findings revealed that elevated temper
atures enhanced biogenic volatile organic compound (BVOCs) emissions 
by approximately 10 %. Wang et al. (2024b) employed the WRF-CMAQ 
modeling system to assess the Climate Penalty Factor (CPF) in SCB, 
defined as the ratio of ozone concentration response to temperature 
changes. They found that the northwestern region of SCB exhibited the 
highest CPF value with ozone concentrations increasing by 4.12–5.40 
ppb/◦C, and the average CPF across SCB increases along higher tem
peratures, indicating a nonlinear response of ozone concentrations to 
increasing temperature. Beyond high temperatures, low humidity, 
intense solar radiation, and weak winds during heatwaves exhibit syn
ergistic effects that collectively enhance ozone accumulation (Ding 
et al., 2017; Dang et al., 2021). Pu et al. (2017) demonstrated that ozone 
increases in the YRD during heatwave in 2013 is driven by synergistic 
effects of enhanced photochemical production and weakened dry 
deposition. Similarly, a recent study revealed that during the unprece
dented August 2022 heatwave, the increase in ozone concentrations in 

the SCB was also jointly driven by high temperatures, intense solar ra
diation, and the accumulation of nocturnal pollutants (Wang et al., 
2024a). However, such case studies lack comprehensive analysis and 
spatial comparisons of ozone response to extreme heat across different 
city clusters.

In this study, we aim to systematically elucidate the meteorological 
conditions and physicochemical processes governing ozone response 
during heatwaves across four major Chinese city clusters, i.e., BTH, YRD, 
SCB, PRD based on long-term surface ozone concentrations for 
2014–2023 and meteorological reanalysis and the 3-D global atmo
spheric chemical transport model GEOS-Chem. The remainder of the 
paper is organized as follows: Section 2 describes the methodology and 
datasets; Section 3.1 presents spatiotemporal characteristics of heat
wave indices and MDA8 O3 across China; Section 3.2 examines ozone 
anomaly patterns during heatwaves in the four city clusters; Section 3.3
analyzes anomalous atmospheric circulation and meteorological factors 
during heatwave events; and Section 3.4 quantifies the physicochemical 
processes underlying ozone anomalies through GEOS-Chem simulations. 
Summary remarks are provided in Section 4.

2. Data and methods

2.1. Surface ozone concentrations

Hourly ozone (O₃) concentrations from 2014 to 2023 are obtained 
from the China National Environmental Monitoring Center (CNEMC). 
The monitoring network expanded from 944 sites in 2014 to approxi
mately 1800 sites by 2023, representing the most comprehensive 
ground-level ozone dataset in China. Following established protocols (Li 
et al., 2004), the raw data underwent rigorous quality control, including 
instrument calibration, outlier removal, and continuity checks. This 
dataset has been widely used in previous studies of the impact of heat
wave on ozone (Wang et al., 2019b; You et al., 2017). To facilitate 
regional-scale analysis, the observational data are interpolated onto a 
1◦ × 1◦grid, with each grid cell value representing the average of all 
station observations within its boundaries.

2.2. Meteorological reanalysis datasets

This study utilizes meteorological variables obtained from the fifth 
generation of the European Centre for Medium-Range Weather Forecasts 
(ECMWF) reanalysis data (ERA5) for the period 1960–2023. The data 
are extracted at 00:00, 06:00, 12:00, and 18:00 UTC daily from May to 
September each year, with a horizontal resolution of 0.25◦ × 0.25◦. The 
selected variables include geopotential height (HGT) and wind fields at 
500 hPa and 850 hPa, surface solar radiation downwards (SSRD), total 
cloud cover (TCC), 2-m air temperature (T2m) and dew point temper
ature. Relative humidity (RH) is calculated using T2m and dew point 
temperature. Note that daily mean (maximum) values of different var
iables are obtained as the average (maximum) of four records per day for 
subsequent analysis.

2.3. Definition and indices of heatwaves

Heatwave events (HWs) can be divided into two types according to 
their criteria of high temperatures, i.e., the absolute heatwaves based on 
fixed temperature thresholds and the relative heatwaves based on the 
percentile-based thresholds (Perkins and Alexander, 2013; IPCC, 2023). 
Specifically, absolute heatwaves typically employ a fixed threshold for 
high temperature, e.g., daily maximum temperature (Tmax) ≥35◦C 
(Tong et al., 2010; Wang et al., 2012) while the relative heatwaves 
generally adopt the local climatological percentiles, e.g., the 95th 
percentile of daily temperature series (Li et al., 2024a). Considering the 
notable climatological heterogeneity across China, we adopted a relative 
threshold approach to define heatwaves. The climatological baseline 
period was set to 1961–1990. For each calendar date, the 90th percentile 
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threshold (Tmax_90th) of Tmax was calculated using a 15-day centered 
moving window, resulting in a pool of 450 daily values (30 years × 15 
days). HWs were identified as periods of at least three consecutive days 
during which daily Tmax exceeded the corresponding Tmax_90th. HW 
days refer to all days within HW events. And the non-heatwave days 
(NHWs) comprising all days during May–September excluding HW days. 
It is worth noting that using a higher threshold, i.e., the 95th percentile 
of daily maximum temperature for heatwave identification would 
reduce the number of heatwave days but would not alter the observed 
enhancement of surface ozone during heatwave periods (Fig. S1).

Following Wang et al. (2017), four key heatwave indices are used to 
characterize HWs: heatwave number (HWN) is quantified as the annual 
count of heatwave events; heatwave duration (HWDU) is calculated as 
average duration of heat waves within a year; heatwave magnitude 
(HWM) measures the mean magnitude of temperature exceedances 
relative to its corresponding threshold during heatwave periods; and 
heatwave frequency (HWF) represent the yearly sum of participating 
heat wave days.

As exposure to high ozone concentrations pose a severe threat to 
human health, we further assess the impacts of HWs on ozone pollution 
days (OPDs), defined as days when daily MDA8 O3 concentrations 
greater than 80 ppb (around 160 μg/m3). Table 1 gives the key metrics 
of OPDs during HWs and NHWs respectively, including OP days, in
tensity of ozone pollution (OPI), and probability ratio (PR) of OPDs. The 
OPI means the mean MDA8 O3 concentrations during OPDs and PR 
indicate the OPDs relative to all HW days for a specific region. Higher PR 
values indicate a higher risk of ozone pollution during HWs.

2.4. GEOS-Chem simulations

The GEOS-Chem model (Version 13.4.1), a three-dimensional global 
chemical transport model, is employed to simulate surface O₃ variability 
and investigate key chemical and dynamical processes driving its dis
tribution from 2014 to 2023. The experiments are conducted at a hori
zontal resolution of 0.5◦latitude× 0.625◦longitude with the boundary 
conditions from a global GEOS-Chem simulation at 2◦latitude ×
2.5◦longitude resolution with 47 vertical levels extending from the 
surface to 0.01 hPa. GEOS-Chem v13.4.1 incorporates a fully coupled 
O₃-NOₓ-hydrocarbon-aerosol chemical mechanism (Pye et al., 2009; 
Mao et al., 2013; Sherwen et al., 2016), which enables comprehensive 
simulations of ozone and other gaseous pollutants along with aerosols. 
The meteorological fields are driven by the Modern-Era Retrospective 
Analysis for Research and Applications, Version 2 (MERRA-2; Gelaro 
et al., 2017) reanalysis dataset. Note that the simulated heatwaves are 
identified based on daily maximum air temperature from MERRA2 that 
are used to drive GEOS-Chem.

The global anthropogenic emissions data used in this study, 
including ozone precursors (CO, NOₓ, and non-methane volatile organic 
compounds (NMVOCs), are sourced from the Community Emissions 
Data System (CEDS v_2021_04_21; Hoesly et al., 2018). Regarding the 
selection of emission inventory, the Community Emissions Data System 
(CEDS v_2021_04_21) adopted in this study has updated the anthropo
genic aerosols and precursors emissions with country-level emission 
inventories of China, Europe and North America (Gao et al., 2023; Li 
et al., 2023). Besides, the model evaluation shows a reasonable 

agreement with observed ozone concentration responses during heat
waves, supporting its applicability. This study conducts GEOS-Chem 
simulations from 2014 to 2023. Following a six-month spin-up period, 
the simulations were performed with anthropogenic emissions held 
constant at 2019 levels. We adopted fixed anthropogenic emissions to 
isolate the response of surface ozone concentrations driven solely by 
changes in meteorological conditions. This approach is a common 
practice in previous studies (Li et al., 2024b; Ni et al., 2024). Methane 
(CH₄) background concentrations are provided by the Global Monitoring 
Laboratory (GML) of the National Oceanic and Atmospheric Adminis
tration (NOAA). Biomass burning emissions are derived from Version 4 
of the Global Fire Emissions Database (GFED4; Van der Werf et al., 
2017). Stratospheric ozone chemistry adopts the LINOZ scheme 
(McLinden et al., 2000). The emissions of BVOC components are 
calculated online using the Model of Emissions of Gases and Aerosols 
from Nature, Version 2.1 (MEGAN v2.1; Guenther et al., 2012). 
MEGAN2.1 estimates emissions (Fi) of chemical species i from terrestrial 
landscapes as the product of these two components in units of (μg m− 2 h 
− 1) for 19 compound classes (i) according to 

Fi = γi

∑
εi,jχj (1) 

where εi,j is the emission factor at standard conditions for vegetation 
type j with fractional grid box areal coverage χj. The emission activity 
factor (γi) accounts for the major processes controlling emission re
sponses to environmental and phenological conditions, which accounts 
for emission response to light (γP), temperature (γT), leaf age (γA), soil 
moisture (γSM), leaf area index (LAI) and CO2 inhibition (γC). Among 
these processes, γi exhibits an exponentially increasing response to 
temperature, a piecewise linear response to soil moisture and a light 
dependent response that is generally linear under low radiation level but 
reach a constant at high radiation levels.

The GEOS-Chem model with identical parameterization schemes has 
been extensively validated for simulating O₃ spatial distributions. Mul
tiple independent studies have demonstrated its exceptional capability 
in reproducing both observed ozone concentrations and spatial patterns 
across China (Yang et al., 2014, 2022) and reliably characterizes 
regional distribution features (Ni et al., 2018; Li et al., 2019; Lu et al., 
2019). These systematic validation efforts confirm the model’s appli
cability and reliability for Chinese regional studies.

3. Results

3.1. Spatial-temporal patterns of heatwave indices and MDA8 O3 in 
China

To characterize the long-term evolution of heatwave characteristics 
and ground-level ozone, we first examine the four heatwave indices 
across China for the warm season (May–September) from 1960 to 2023. 
Fig. 1 presents the spatial distributions of four heatwave indices across 
China during 1960–2023. As we can see, HWN and HWDU reveal pro
nounced maxima in SCB, YRD, and southeastern coastal provinces, with 
HWN exceeding 15 days and HWDU dominated by multi-day events (>4 
days), corresponding to regions of high humidity and persistent sub
tropical high influence (Fig. 1a–b). In contrast, HWM, defined as the 
average temperature exceedance above the 90th percentile threshold, 
peaks in BTH and along the SCB and YRD regions. (Fig. 1c). HWF ex
hibits a spatial pattern like HWN, being most prominent in SCB, YRD, 
and southeastern coastal provinces with values exceeding 3 events 
(Fig. 1d). These patterns underscore the interplay between synoptic- 
scale circulation and local topography in modulating heatwave 
characteristics.

The annual evolution of heatwave indices over the main city clusters 
during 1960–2023 are demonstrated in Fig. 2. All indices exhibited 
relatively stable trends with minor fluctuations prior to 1990, followed 
by significant upward trends thereafter, particularly since 2010s. For 

Table 1 
Key metrics of ozone pollution during HWs and NHWs for the four city clusters.

BTH YRD SCB PRD

HWs OPDs (days) 94 75 49 61
OPI (ppb) 90.88 80.84 74.83 57.90
PR (%) 76 47 32 17

NHWs OPDs (days) 472 245 67 75
OPI (ppb) 72.99 63.33 55.05 47.13
PR (%) 34 18 5 11
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heatwave number (HWN, Fig. 2a), the PRD showed the most rapid in
crease (0.67 days/year), followed by the YRD, while BTH and SCB re
gions displayed comparable but lower growth rates. The PRD also 
exhibited the fastest growth in both HWF (0.10 times/year) and HWDU 
(0.04 days/year), approximately double the rates observed in the other 
three regions (Fig. 2b–c). Regarding HWM, all regions showed similar 
increasing trends, with YRD and PRD warming at 0.61◦C/year, slightly 
higher than BTH and SCB (0.55◦C/year) (Fig. 2d).

As illustrated in Fig. 2, all four heatwave indices across China 
exhibited exceptionally rapid increases from 2014 to 2023, a period 
characterized by intensified ozone pollution (Wang et al., 2022a). Fig. 3
displays the spatial distribution of the maximum MDA8 O₃ concentra
tions and their linear trends for the warm season (May–September) from 
2014 to 2023 over China. Over the past decade, BTH region has expe
rienced the most severe ozone pollution in China due to intensive heavy 
industrial activities emitting large amounts of ozone precursors (Yang 
et al., 2025), with peak MDA8 O₃ exceeding 150 ppb in BTH, followed by 
YRD, SDB and PRD. Moreover, most regions in China experience an 
annual increase trend in MDA8 O₃, with maxima over BTH (up to 5 ppb/ 

yr), exceeding the earlier reported trend of 3.1 ppb/yr for 2013–2017 (Li 
et al., 2019). Similar growth rates were observed in YRD (0.19–3.53 
ppb/yr) and SCB (0.11–3.14 ppb/yr), while PRD with a rate between 
− 1.1–0.94 ppb/yr. These hotspots of increasing ozone pollution corre
late closely with rapid urbanization over the four major city clusters.

The annual variations regional mean MDA8 O3 indicate that BTH and 
YRD exhibited comparable growth rates (~1.7 ppb/yr), followed by SCB 
(~1.33 ppb/yr), while PRD had the lowest increase (~0.53 ppb/yr) 
(Fig. 4). Notably, all regions peaked around 2019, likely due to declining 
NO₂ levels promoting ozone accumulation (Yang et al., 2025). Post- 
2019, near-surface ozone concentrations generally declined across 
China, potentially tied to anthropogenic controls and the COVID-19 
lockdowns (Yin et al., 2021; Steinbrecht et al., 2021). The Blue Sky 
Defense Battle implemented during 2018–2021 effectively reduced 
ozone pollution through sustained emission control measures (Wang 
et al., 2023b; Yan et al., 2024). In particular, ozone concentration levels 
cross four city clusters in China exhibited a significant rebound in 2021 
and 2022, primarily driven by the record-breaking extreme heatwaves 
(Wang et al., 2025a; Yan et al., 2024).

Fig. 1. Spatial patterns of (a) heatwave number (HWN), (b) heatwave duration (HWDU), (c) heatwave magnitude (HWM), and (d) heatwave frequency (HWF) over 
China for May–September during 1960–2023. The blue box in each panel indicates the following regions: Beijing-Tianjin-Hebei (BTH; 37–42◦N, 113–120◦E), Yangtze 
River Delta (YRD; 30–33◦N, 118–122◦E), Sichuan Basin (SCB; 28–32◦N, 102–108◦E), and Pearl River Delta (PRD; 21–24◦N, 112–116◦E). (For interpretation of the 
references to colour in this figure legend, the reader is referred to the web version of this article.)
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3.2. Enhancements in ozone concentrations over major city clusters 
during HWs

Elevated surface ozone concentrations during heatwave episodes are 
previously emphasized based on case studies (Gong and Liao, 2019; 
Wang et al., 2022b). Here, we systematically examine the ozone con
centrations changes during heatwave events across China with a long 
period of focus from 2014 to 2023. Fig. 5 displays the surface ozone 
concentration anomalies during HWs (2014–2023) relative to NHWs 
over the four city clusters (BTH, YRD, SCB, and PRD). Elevated ozone 
levels are observed during heatwaves across all regions, with anomalies 
exceeding 20 ppb centered over all city clusters. Among the four city 
clusters, the BTH region demonstrates the strongest MDA8 O3 increases, 

which is likely driven by the most abundant anthropogenic emissions 
(Dang et al., 2021). Moreover, with the ozone chemical regime gradu
ally shifts from VOC-limited to transitional regimes in China since the 
continuous clean actions, the increased BVOCs during heatwaves can 
effectively boost ozone pollution trough enhanced photochemical pro
duction (Zhu et al., 2023; Yan et al., 2024).

We further differentiate heatwave events into dry and wet types 
based on relative humidity thresholds, following Ding and Ke (2015). A 
threshold of 60 % is applied to classify dry heatwaves (DHWs; RH < 60 
%) and wet heatwaves (WHWs; RH ≥ 60 %) in the BTH, YRD, and SCB 
regions. Given that the PRD region is characterized by persistently high 
relative humidity, and the 60 % threshold fails to capture any DHWs, we 
adjust the threshold to 80 % for PRD which enables the identification of 

Fig. 2. Interannual variations and linear trends of heatwaves indices during May–September of 1960–2023 across four main city clusters: (a) heatwave number, (b) 
heatwave frequency, (c) heatwave duration, and (d) heatwave magnitude. Dashed lines indicate linear trends, with regression slopes shown near the top of each 
panel. Gray shading highlights the period of 2014–2023.

Fig. 3. Spatial distributions of (a) summer (May–September) peak MDA8 O₃ (ppb) and (b) their linear trends (ppb/year) during 2014–2023. Black dots in both panels 
indicate grid cells with trends significant at p < 0.05 (Student’s t-test). The blue box in each panel indicates the four city clusters. (For interpretation of the references 
to colour in this figure legend, the reader is referred to the web version of this article.)
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both WHWs and DHWs. Our analysis shows that DHWs generally exhibit 
higher surface ozone concentrations than WHWs (Fig. S2), highlighting 
the critical role of humidity in modulating the ozone–heatwave rela
tionship across different urban clusters. The result is consistent with 
previous work that during DHWs, the drought stress trigger plants close 

their stomata to reduce water loss, limiting the uptake of ozone by 
vegetation, a component of dry deposition, and thereby increasing 
surface ozone concentrations (Lin et al., 2020).

It’s clear that BTH shows higher OPDs across the four city clusters, 
followed by YRD, PRD and SCB in both HW and NHW days. Note that 

Fig. 4. Annual variation of MDA8 O₃ concentrations during May–September of 2014–2023 for BTH, YRD, SCB, and PRD.

Fig. 5. Differences in MDA8 O₃ between HWs and NHWs for the four city clusters. The BTH, YRD, SCB, and PRD regions are outlined in each panel.
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OPI is elevated during HWs compared to NHWs, with OPI increasing 
from 72.99 ppb to 90.88 ppb for BTH, from 63.33 ppb to 80.84 ppb for 
YRD, from 55.05 ppb to 74.83 ppb for SCB and from 47.13 ppb to 57.90 
ppb for PRD. Accordingly, PR values are higher during HWs than NHWs, 
with increases of 42 % for BTH, 29 % for YRD, 27 % for SCB, and 6 % for 
PRD compared to NHW periods. Note that BTH recorded the highest OPI 
(90.88 ppb) while PRD had the lowest (57.90 ppb), consistent with the 
spatial distributions of average ozone concentrations.

3.3. Anomalous meteorological conditions during HW days compared to 
NHW days

To elucidate the role of synoptic circulation in modulating the ozone 
anomalies during HWs relative to NHWs, we further assess the differ
ences in key meteorological variables between HW and NHW days. 
Figs. 6 to 9 demonstrate the differences in meteorological conditions 
between HW and NHW days across four major city clusters, respectively.

As shown in Fig. 6, for BTH region during HW days compared to 
NHW days, anomalous positive 500 hPa geopotential height anomalies 
with an anticyclonic circulation dominate the northeast of BTH (Fig. 6a). 
Subsidence under this high-pressure system significantly reduces RH 
(Fig. 6c) and TCC (Fig. 6b), thus enhance SSRD (Fig. 6e) and near- 
surface heating (Fig. 6f). The 850 hPa level also exhibits anomalous 
high-pressure system and an anticyclonic circulation, with southerly 
anomalies. Such synoptic pattern, characterized by high pressure and 
southerlies has been found to favor the occurrences of ozone pollution 
over North China plain (Gong and Liao, 2019), support our findings.

For the YRD region during HW days compared to NHW days, pro
nounced positive geopotential height anomalies at 500 hPa accompa
nied by anticyclonic circulation anomalies are observed over Shandong 
Province and adjacent maritime areas to the north of YRD (Fig. 7a). This 
pattern indicates an abnormally intensified and northward shifted 
WPSH, extending beyond 30◦N. At 850 hPa, the positive anomaly center 

is located over the eastern maritime areas of the Yangtze River Delta, 
accompanied by anticyclone circulation (Fig. 7d). Such high-pressure 
system further enhances subsidence, lead to depressed TCC and RH 
while and increased SSRD and T2m. The results are consistent with 
Jiang et al. (2021) that the WPSH serves as a crucial circulation system 
driving heatwaves in eastern China.

For the anomalous synoptic circulation over SCB during HW days 
compared to NHW days, the widespread positive geopotential height 
anomalies north of 30◦N at 500 hPa (Fig. 8a) indicate an anomalously 
intensified and northwestward extended WPSH, which significantly 
contributed to subsidence, which leads to depressed convection and 
reduced TCC (Fig. 8b), thus enhanced SSRD (Fig. 8e) and elevated T2m 
(Fig. 8f). At the lower level of 850 hPa, the negative geopotential height 
anomalies reflected thermally induced surface low pressure, with weak 
positive anomalies on the western side enhancing subsidence (Fig. 8d). 
Although southerly winds at 850 hPa transported moist air, the pre
vailing subsidence would decrease RH (Fig. 8c).

Compared to NHW days, PRD region during HW days, is dominated 
by positive geopotential height anomalies at 500 hPa, which covers most 
of China (Fig. 9a). Such positive GHT anomalies are associated with 
intensified and the westward extension of the WPSH, characterized by 
deep subsidence, thus favoring less TCC (Fig. 9b) and increased SSRD 
and T2m (Fig. 9e & f). At the lower level of 850 hPa, an anticyclonic 
circulation with weak positive geopotential height anomalies is 
observed west flank the PRD region, while a low-pressure center and 
cyclonic circulation appear over the eastern flank of PRD, likely asso
ciated with tropical cyclone (TC) activities (Fig. 9d). The anomalous 
northerly winds prevail over PRD, suppress moisture transport to PRD, 
contributing to decreased RH (Fig. 9c). Such phenomenon during 
heatwaves has been discussed by Luo and Lau (2017). It’s have been 
previously documented that tropical cyclones trigger north shift of 
WPSH (Wang et al., 2023a). Moreover, for PRD region during simulta
neous HWs and OP days, the 850 hPa low-pressure system is more 

Fig. 6. Spatial distributions of composite anomalies computed as HWs minus NHWs differences in the BTH region: (a) wind field and geopotential height at 500 hPa, 
(b) total cloud cover (TCC), (c) relative humidity (RH), (d) wind field and geopotential height at 850 hPa, (e) surface solar radiation downwards (SSRD), (f) 2m air 
temperature (T2m). Black dots indicate statistically significant anomalies at the 95 % confidence level.
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pronounced, indicating more notable typhoon activity (Fig. S6). The 
strong northerly land winds can increase ozone pollution over PRD 
through cross-section transport (Qi et al., 2024).

Note that for each of the four major city clusters, the synoptic cir
culation anomalies during the concurrent occurrences of HWs and OP 
days compared to NHWs demonstrate similar spatial patterns but with 

Fig. 7. Same as Fig. 6 but for the YRD region.

Fig. 8. Same as Fig. 6 but for the SCB region.
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stronger magnitude (Figs. S3–S6), consistent with Wang et al., 2022b
that meteorological conditions during co-occurrences of heat extreme 
and OP days are more conducive to ozone pollution than those during 

extreme heat days alone.

Fig. 9. Same as Fig. 6 but for the PRD region.

Fig. 10. Same as Fig. 5 but based on GEOS-Chem simulation results.
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3.4. Physiochemical process analysis with GEOS-Chem simulations

To quantify the contribution of individual processes, we conduct a 
process analysis in GEOS-Chem, evaluating the roles of different phys
iochemical processes in modulating surface ozone concentrations during 
HWs across the major city clusters. Firstly, we validate the capacity of 
GEOS-Chem in reproducing ozone concentrations by comparing simu
lated and observed spatial patterns of surface MDA8 O3 anomalies 
during HWs (Fig. 10). The model can capture the characteristic spatial 
gradients of ozone enhancements, with simulated average anomalies of 
18 ppb for BTH, 16 ppb for YRD, 14 ppb for SCB, and 12 ppb for PRD, 
respectively. Thus, GEOS-Chem successfully reproduced elevated MDA8 
O3 concentrations during HWs across all regions, consistent with 
observation (as shown in Fig. 5).

We further investigated the key physicochemical processes govern
ing ozone variability, including net chemical production, vertical 
advection, horizontal advection, and mixing (the combined effect of dry 
deposition and diffusion). Fig. 11 presents vertical profiles of each 
process anomalies during HWs relative to NHWs for BTH, YRD, SCB, and 
PRD, respectively. Over the BTH region as shown in Fig. 11a, chemical 
production is the dominant driver of ozone enhancement from the sur
face to 800 hPa, driven by high temperatures and intense solar radiation 
(Fig. 6e & f). Meanwhile, horizontal transport driven by anomalous 
southerlies (Fig. 6d) shows a positive contribution from surface to mid- 
troposphere. In contrast, mixing and vertical advection generally reduce 
surface ozone concentration from surface to 850 hPa. The YRD and SCB 
exhibit similar patterns with chemical production contributing posi
tively throughout from surface to 500 hPa (Fig. 11b–c), driven by the 
elevated temperatures and strong solar radiation during heatwaves 
(Figs. 7 & 8). Concurrently, high temperatures and the strong radiation 
may intensify surface ozone concentration through chemical production 
while horizontal transport associated with strong winds tend to reduce 
ozone concentration from surface to 500 hPa. Similarly, for PRD, the 
chemical production process is the dominant driver to ozone enhance
ments from surface to 850 hPa whereas horizontal transport and vertical 
transport tends to reduce ozone levels.

Table 2 reveals that chemical production is the predominant factor 
for ozone enhancement across all four city clusters. Horizontal transport 
demonstrates substantial regional variability, showing a 38 % positive 
contribution in BTH but significant negative contributions in other re
gions, particularly notable in YRD (− 52 %) and SCB (− 53 %). Vertical 
transport and mixing processes exhibit relatively minor impacts, 
generally between − 10 % ~ 10 %. The findings highlight that, in 
addition to local emissions, cross-regional transport plays a pivotal role 
in shaping ozone pollution across city clusters, underscoring the need for 

coordinated regional control strategies to achieve effective mitigation. 
Note that elevated temperatures have been reported to enhance BVOC 
emissions, which in turn accelerate photochemical reactions and exac
erbate ozone pollution (Wang et al., 2024c). As shown in Fig. S7, BVOC 
emissions (isoprene) are generally higher during heatwaves compared 
with non-heatwave periods. Moreover, with the O3 chemical regime 
gradually shifts from VOC-limited to transitional regimes in China since 
the continuous clean actions, the increased BVOCs during heatwaves can 
effectively boost ozone pollution trough enhanced photochemical pro
duction (Zhu et al., 2023; Yan et al., 2024).

The changes in horizontal ozone mass fluxes from the surface to 850 
hPa over the four city clusters simulated by the GEOS-Chem model are 
further shown in Fig. 12. Overall, the BTH region is characterized by 
pronounced net inflows of O3 mass fluxes, primarily from the southern 
boundary (26.03 Gg/d), indicating that regional transport substantially 
enhances local ozone levels during HWs. In contrast, the YRD and SCB 
regions both exhibit net outflows of O3 mass fluxes, which is are 
dominated by strong outflow along the along their northern boundaries, 
i.e., 23.58 Gg/d and 25.51 Gg/d, respectively. PRD also exhibit net 
outflows of ozone mass fluxes, primarily dominated by an outflow at the 
southern boundary (8.33 Gg/d). These contrasting transport behaviors 
across regions highlight the heterogeneous role of boundary ozone 
fluxes in modulating surface ozone concentrations during HWs, with 
BTH being most strongly influenced by external import, while YRD, PRD 
and SCB are more sensitive to local accumulation and subsequent 
export.

4. Discussion and conclusions

In recent years, while stringent air pollution control measures in 
China have led to a decline in PM2.5 concentrations, ground-level ozone 
levels have exhibited a persistent upward trend. Global warming, on the 
other hand, has led to increasing occurrences of heat extremes. Extreme 
high temperatures can amplify ozone pollution, particularly in the four 
most densely populated city clusters, e.g., BTH, YRD, SCB, and PRD. This 

Fig. 11. Vertical profiles of net changes in ozone mass (kg/s) anomalies (HWs minus NHWs) during May–September 2014–2023 for (a) BTH, (b) YRD, (c) SCB, 
(d) PRD.

Table 2 
Contributions (%) of different processes to anomalous ozone mass from the 
surface to 500 hPa during HWs relative to NHWs for the four city clusters.

Chemistry Convection Mixing Transport

BTH 46 % − 6 % − 10 % 38 %
YRD 48 % 0 % 0 % − 52 %
SCB 41 % 6 % 0 % − 53 %
PRD 63 % − 12 % 0 % − 25 %
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study systematically analyzes the meteorological conditions and asso
ciated physiochemical processes driving ozone responses during HWs in 
the major city clusters by integrating ozone observation data with the 
ERA5 reanalysis dataset as well as the GEOS-Chem simulation.

The results reveal that, compared to NHWs, all four city clusters 
experience pronounced increases in surface ozone concentrations during 
HWs, with maxima exceeding 20 ppb. Meteorological analyses indicate 
that BTH is predominantly influenced by an anomalous 500 hPa high- 
pressure system coupled with southerly winds at 850 hPa. YRD is 
directly impacted by the northward-shifted WPSH, where subsidence, 
clear skies, low humidity, and intensified solar radiation can synergis
tically enhance photochemical reactions. SCB is controlled by a north
westward extended WPSH, along with strong subsidence and increased 
solar radiation. PRD, also under WPSH dominance at 500 hPa, features 
an 850 hPa anticyclonic circulation and anomalous northerlies that 
inhibit moisture transport, while the dual offshore low-pressure systems 
can exacerbate ozone accumulation through cross-section transport (Qi 
et al., 2024).

Further analysis of physiochemical processes demonstrates that 
chemical production plays a dominant role in ozone formation across all 
four city clusters. Extreme high temperatures can enhance surface O3 
concentrations through accelerating the chemical kinetic rates of 
photochemical O3 production and boosting the emission of BVOCs 
(Zhou et al., 2025). Notably, horizontal transport exhibits a 38 % posi
tive contribution in BTH, while showing significant negative contribu
tions in the other three regions, particularly in YRD and SCB. Vertical 
transport and mixing processes show relatively minor impacts. These 
findings highlight the necessity of considering cross-section transport 
and implementing regional joint prevention and control strategies for 
effective ozone pollution mitigation.

In summary, all the four city clusters generally demonstrate a com
mon meteorological template during HW days conducive to ozone 
generation, i.e., elevated temperatures, reduced humidity, enhanced 
solar radiation, and minimal cloud cover. Crucially, the dynamic 

behavior of the WPSH (northward migration/westward extension) and 
its interaction with local circulation systems emerge as the primary 
drivers of spatial heterogeneity in ozone anomalies. Particularly, for 
surface ozone in PRD, typhoon activity can also make a significant 
contribution though cross-section transport. These findings provide 
critical insights into the mechanistic differences underlying ozone 
pollution during HWs for major city clusters in China. In future sce
narios, while anthropogenic emissions are projected to decline with 
effective control measures, extreme heat events will likely become more 
frequent and intense. Our results provide a scientific basis for ozone 
pollution mitigation strategies under increasing heatwave conditions.

Rapid urbanization in China has led to high anthropogenic precursor 
emissions and urban heat island effects, both of which may intensify the 
co-occurrence of ozone pollution and heat extremes (Wu et al., 2024; 
Qin et al., 2025). As highlighted by Wu et al. (2024) and Qin et al. 
(2025), evaporative AVOC emissions tend to increase during high- 
temperature episodes, which can substantially enhance regional ozone 
production, particularly in urban areas. However, the response of AVOC 
emissions to temperature changes is not included in GEOS-Chem. Thus, 
the GEOS-Chem simulations may underestimate the magnitude of ozone 
enhancement during heatwaves, especially over major city clusters. 
Moreover, we acknowledge that the GEOS-Chem model may exhibit a 
certain tendency to underestimate peak ozone concentrations, which 
introduces some uncertainty into our findings regarding the magnitude 
of the ozone increase (Jiang et al., 2021). Nevertheless, the consistent 
patterns observed across different regions and confirmed by observa
tions suggest that the co-occurrence is a robust feature. GEOS-Chem 
reasonably reproduces the increase in MDA8 O₃ during HWs, although 
the simulated magnitudes are smaller than those observed. This 
discrepancy likely reflects uncertainties associated with emission in
ventories, chemical schemes, and the relatively coarse model resolution, 
all of which can affect the representation of ozone–heatwave in
teractions (Jiang et al., 2021; Li et al., 2024b). In particular, the nested- 
grid capability of GEOS-Chem (0.5◦ × 0.625◦) allows regional analysis 

Fig. 12. Composite differences in the horizontal ozone mass fluxes (Gg/d) integrated from the surface to 850 hPa along the boundaries between HWs and NHWs for 
the four city clusters.
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while maintaining global consistency, which is especially important for 
East Asia where transboundary pollution transport plays a critical role 
(Chen et al., 2009; Li et al., 2023).

Although GEOS-Chem has the unique advantage of being a global 3- 
D model that can consistently represent long-range transport, 
stratosphere-troposphere exchange, and background chemical fields 
(Bey et al., 2001), its coarse resolution limits the ability to capture the 
strong spatial heterogeneity between megacities and surrounding urban 
clusters (Chen et al., 2023), especially for the representation of BVOC 
emissions. BVOC emissions are highly localized and strongly modulated 
by urban land use and meteorological conditions (Liu et al., 2022a; Ma 
et al., 2023). Regional chemistry-climate models have been employed to 
overcome this limitation by explicitly resolving boundary layer dy
namics, land-atmosphere feedback, and localized emission processes 
(Zhang et al., 2021; Xu et al., 2025; Wang et al., 2025b). For instance, 
WRF-Chem simulations have demonstrated that urbanization and 
enhanced BVOC emissions from urban greening can substantially 
modify ozone formation in PRD and YRD (Zhang et al., 2021; Wu et al., 
2023). Therefore, integrating regional-scale modeling frameworks with 
global chemistry-climate models will be essential to better quantify the 
nonlinear response of ozone to BVOC emissions under future emission 
and climate scenarios.
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