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A B S T R A C T

Under global warming, Eastern China faces severe challenges from co-occurrences of heat and ozone (O3) 
pollution extremes (CHOEs). Utilizing long-term observational data, two dominant modes of interannual vari
ability in the summer frequency of CHOEs over Eastern China during 2000–2022 are identified with empirical 
orthogonal function (EOF) analysis. The leading two modes account for nearly 50 % of the total variance. The 
first mode (EOF1) exhibits a positive anomaly center over the North China Plain (NCP). EOF1 is associated with 
increased springtime snow cover in Eastern Europe. The thermal anomalies due to snowmelt trigger Rossby wave 
trains that propagate eastward along the mid-latitude westerly jet, modulating local circulation and consequently 
CHOE anomalies over NCP. The second mode (EOF2) features a dipole pattern with intensified positive anom
alies over the southern urban clusters while weaker negative anomalies in the north. For EOF2, a La Niña-like sea 
surface temperature pattern induces Rossby waves that propagate along the subtropical jet stream. Meanwhile, 
springtime sea ice loss over the Barents Sea trigger southeastward propagating wave trains. The combined effects 
of these remote drivers modulate the local atmospheric circulation across southern urban clusters, ultimately 
regulating the anomalous CHOE frequency. These findings not only deepen our understanding of the large-scale 
climate drivers shaping the dominant modes of CHOEs over Eastern China, but also highlight the distinctive 
teleconnection pathways between northern and southern urban clusters, offering a scientific basis for improving 
early warning and regional mitigation strategies.

1. Introduction

Under global warming, extreme heat events have become increas
ingly intense, frequent, and long-lasting across the globe (Martinez- 
Villalobos et al., 2025; Liu et al., 2024; Yuan et al., 2025), imposing 
profound impacts on socio-economic systems, ecosystems, and public 
health (He et al., 2022; Zou et al., 2025; Luthi et al., 2023; Gong et al., 
2025). Particularly, Eastern China, covering the central and eastern 
parts of the country and characterized by dense population, has expe
rienced a significant intensifying trend of summer heatwaves in recent 
decades (Ji and Chen, 2024; Kong et al., 2020). For instance, the record- 

breaking heatwave in summer of 2022 swept most of Eastern China, 
accompanied by prolonged drought conditions, and many sites saw the 
highest temperature records for more than 60 years during the event 
(Ma et al., 2023).

On the other hand, Eastern China has experienced severe ozone (O3) 
pollution in the past decades. As a typical secondary pollutant, tropo
spheric O3 primarily forms through photochemical reactions between 
volatile organic compounds (VOCs) and nitrogen oxides (NOx) (Chen 
et al., 2024a; Jiang et al., 2025; Elshorbany et al., 2024). Observational 
evidence indicate a significant upward trend in surface O3 concentra
tions across China (Lu et al., 2020; Weng et al., 2022; Zhang et al., 
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2020), posing substantial threats to public health and ecosystems (Li 
et al., 2022a; Liu et al., 2018; Zheng et al., 2018). The megacity clusters 
such as the North China Plain (NCP), Yangtze River Delta (YRD), and 
Pearl River Delta (PRD) have become O3 pollution hotspots due to 
intensive anthropogenic emissions (Li et al., 2019; Lu et al., 2018; Yin 
et al., 2019). While precursor emissions establish the baseline for O₃ 
production, meteorological factors play a critical role in modulating its 
spatiotemporal variability through photochemical and transport pro
cesses (Yang et al., 2024; Gong and Liao, 2019; Kou et al., 2023). In 
particular, extreme heat events are conducive to O3 pollution, primarily 
through two pathways. First, elevated temperatures directly accelerate 
the photochemical reaction rates of O3 precursors, thereby promoting 
O3 formation (Lee et al., 2014; Kong et al., 2025; Coates et al., 2016). 
Second, extreme heat events are often accompanied by specific meteo
rological conditions favorable for O3 accumulation, such as persistent 
high-pressure systems, low wind speeds, and intense solar radiation, 
which collectively foster atmospheric stagnation (Kerr et al., 2020; Li 
et al., 2020). These factors suppress the vertical mixing and horizontal 
dispersion of air pollutants, leading to elevated O3 concentrations. 
Therefore, projected more frequent and intense extreme heat events may 
promote O3 pollution in the future (Wang et al., 2022; Chen et al., 
2024b).

In fact, the compound extreme events characterized by co- 
occurrences of heat and ozone pollution extremes (CHOEs) have 
become increasingly prevalent in Eastern China (Li et al., 2024; Wang 
et al., 2022). The economically developed and densely populated 
megacity clusters such as the NCP, YRD, and Chengdu-Chongqing urban 
agglomeration have become hotspots for these compound hazards 
(Wang et al., 2022; Xiao et al., 2022). The Coupled Model Intercom
parison Project Phase 6 (CMIP6) multi-model projections under the 
high-emission scenario (SSP5–8.5) indicate that growing energy de
mand and rising greenhouse gas concentrations may further exacerbate 
the spatiotemporal expansion of the CHOE events (Ban et al., 2022; 
Gong et al., 2022; Li et al., 2024). Notably, the compound extremes 
exhibit nonlinear amplification of health impacts that the mortality rates 
caused by CHOEs significantly exceed those from individual stressors 
(Krug et al., 2019), this highlights the urgent need to investigate 

mechanistic drivers of such compound events.
Current works on CHOEs primarily focus on the effects of local 

synoptic weather conditions (Wang et al., 2022; Wang et al., 2023; Yang 
et al., 2025a). However, the potential of snow cover, sea surface tem
perature (SST), and sea ice have received less attention, despite their 
potential effects on mid-latitudes and even tropical climates through 
large-scale teleconnections mediated by land-atmosphere coupling, 
ocean-atmosphere interactions and planetary scale wave dynamics 
(Deng et al., 2020; Li et al., 2016; Sun et al., 2021; Wu et al., 2010). Wei 
et al. (2023) pointed out that the decadal intensification of heatwaves 
over China in recent decades are associated with the concurrent phase 
transitions of different climate modes, El Niño–Southern Oscillation 
(ENSO), Atlantic Multidecadal Oscillation (AMO), and Indian Ocean 
Dipole (IOD), highlighting the role of climate modes in regulating 
regional extreme events. Therefore, elucidating these processes is 
essential for advancing the compound risk assessment and developing 
proactive mitigation strategies.

Therefore, this study focuses on summer CHOEs during 2000–2022 
in Eastern China (east of 105◦E; see Fig. 1), which is particularly 
vulnerable to CHOEs (Gao et al., 2023; Wang et al., 2022). We aim to 
identify their dominant modes and investigate the associated local and 
remote climatic drivers. The remainder of the paper is structured as 
follows: Section 2 describes the data and methodology; Section 3 ana
lyzes the spatial distribution and interannual variations of CHOEs; 
Section 4 examines their dominant modes of CHOE frequency; Section 5
explores the driving factors and associated mechanisms underlying the 
dominant modes of CHOEs; Section 6 provides the summary and 
discussion.

2. Data and Methods

2.1. Observed ozone concentrations

Surface MDA8 O3 concentrations (μg/m3) for 2000–2022 were ob
tained from the ChinaHighO3 dataset-a high-resolution (0.1◦ × 0.1◦), 
quality-assured product for China (Wei et al., 2022; Yang et al., 2025b). 
This dataset demonstrates robust performance, with out-of-sample/out- 

Fig. 1. Spatial distributions of the correlation coefficients between Tmax and MDA8 O3 in summer during 2000–2022 over Eastern China. (a) Correlation based on 
daily Tmax and daily MDA8 O3. (b) Correlation based on monthly mean Tmax and monthly mean MDA8 O3.
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of-station validation yielding mean coefficient of determination of 0.87 
(0.80) and a root mean square error of 17.10/21.10 μg/m3 nationally 
(Wei et al., 2022). Its reliability has established ChinaHighO3 as a 
benchmark resource for O3 pollution studies (Qi et al., 2024; Xu et al., 
2024b).

2.2. Reanalysis data

Meteorological parameters including 2 m air temperature (T2m), 
relative humidity (RH), surface solar radiation downward (SSRD), 
geopotential height (HGT), eastward wind (uwnd), northward wind 
(vwnd), sea level pressure (SLP), total cloud cover (TCC) are obtained 
from the latest fifth generation of the European Centre for Medium- 
Range Weather Forecasts (ECMWF) reanalysis data (ERA5), which is 
the latest global atmospheric reanalysis of ECMWF (Hersbach et al., 
2020). Monthly snow water equivalent (SWE) from the land component 
of the ERA5 dataset (ERA5-Land). Monthly mean SST data and monthly 
mean sea ice concentration (SIC) data are provided by the Hadley Centre 
Sea Ice and SST dataset version 1, with a spatial resolution of 1◦

× 1◦ .

2.3. Identification of co-occurrences of heat and ozone pollution extremes 
(CHOEs)

An O₃ pollution day is identified according to the ambient air quality 
standards (GB 30952012), with maximum daily 8-h average (MDA8) O3 
concentration exceeded 160 μg/m3 (Gong and Liao, 2019; Lu et al., 
2018; Zong et al., 2022). Extreme heat days are defined as days with 

daily maximum T2m (Tmax) exceeding 35 ◦C, consistent with China 
Meteorological Administration standards (Li and Huang, 2011; Pu et al., 
2017). The CHOE days are identified when extreme heat and O3 pollu
tion days occur concurrently. It’s been proved that the selected absolute 
thresholds effectively capture the upper tail of historical extremes of air 
temperature and surface O3 concentrations (not shown) while main
taining direct relevance to significant health and environmental risks.

2.4. Wave activity flux

The wave activity flux (WAF) is a useful diagnostic tool for illus
trating a “snapshot” of a propagating packet of stationary wave trains. In 
this study, we adopt the Takaya-Nakamura (T-N) wave activity flux 
(Takaya and Nakamura, 2001) to investigate the dynamical processes 
underlying the teleconnections associated with the dominant modes of 
CHOEs. The T-N flux is particularly suitable for diagnosing wave prop
agation on a zonally varying background flow and can effectively depict 
both the direction and magnitude of stationary Rossby wave energy 
propagation. The horizontal component of WAF is estimated by (Takaya 
and Nakamura, 2001): 
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Fig. 2. Spatial distributions of (a) gridded mean MDA8 O3, and (b) gridded mean Tmax during summer for 2000–2022 in Eastern China. (c) Time series of the 
monthly average MDA8 O3 and (d) Tmax in summer. Blue line indicate monthly mean values, and red trend lines reflect long-term linear trends. (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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Fig. 3. Spatial distribution and temporal variations of CHOE frequency (days). (a) Spatial distribution of CHOE frequency for all summers during 2000–2022. (b) 
Interannual variations of CHOE frequency during summer (per month), aggregated over all grid cells within the Eastern China domain (blue line), along with 
monthly counts (colored bars). The four major urban clusters are outlined by blue boxes, including the North China Plain (NCP; 32–40oN, 114–121◦E), Yangtze River 
Delta (YRD; 30–33oN, 118–122◦E), Pearl River Delta (PRD; 21–24oN, 112–116◦E), and Sichuan Basin (SCB; 28–32oN, 105–108◦E). (For interpretation of the ref
erences to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Leading modes of summer CHOEs frequency derived from EOF analysis during 2000–2022. (a–b) Spatial patterns of the first (EOF1, 31.1 %) and second 
(EOF2, 15.83 %) modes; (c–d) corresponding principal component (PC) time series showing interannual variations.
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Where p is pressure, and a indicates Earth’s radius; λ and φ are 
longitude and latitude, respectively, with u and v indicating the hori
zontal wind components in the corresponding directions; ψʹrepresents 
the stream function.

3. Spatiotemporal distributions of CHOEs during 2000–2022

Fig. 1 shows the spatial distribution of the correlation between daily 
(Fig. 1a) and monthly (Fig. 1b) Tmax and MDA8 O3 during summer over 
2000–2022. High positive correlations are observed across most parts of 
Eastern China, with coefficients exceeding 0.6 at the daily scale and 
reaching above 0.7 at the monthly scale across many areas. Particularly 
strong correlations are found in NCP, YRD, PRD, and Sichuan Basin 
(SCB) city clusters. These city clusters also exhibit high summer mean 
levels of both surface O3 and air temperature (Figs. 2a&b), suggesting a 
strong co-variability between heat and O3 pollution on both daily and 
monthly timescales.

The spatial distribution of the frequency of CHOEs further reflects 
this co-variability (Fig. 3a). CHOEs occur most frequently in the NCP, 
SCB, and YRD, where more than 80 days are recorded over the study 
period. These hotspot regions overlap with areas exhibiting both high 
correlations and elevated levels of Tmax and MDA8 O3. The annual 

variations of CHOE days (Fig. 3b) reveals large interannual variability, 
with a pronounced increase after 2013. This upward trend corresponds 
with the long-term increase in both surface O3 and temperature 
(Figs. 2c–d), indicating an escalating risk of compound extremes under 
concurrent climate warming and photochemical pollution enhancement 
in Eastern China.

4. The dominant modes of CHOE days and the local 
meteorological conditions

To identify the dominant spatiotemporal variability of CHOEs, an 
empirical orthogonal function (EOF) analysis was performed on 
monthly CHOE day during summer months (June–August) for the period 
2000–2022 (Fig. 4). Specifically, the monthly CHOE days were linearly 
detrended for each summer month (June–August) to eliminate long- 
term trends. Moreover, the 2000–2022 multi-year mean for each cor
responding month was subtracted to remove the seasonal cycle.

We focus on the first two leading EOF modes, which account for 
nearly 50 % of the total variance, with EOF1 and EOF2 explaining 31.1 
% and 15.83 %, respectively. EOF1 exhibits a spatially coherent 
monopole pattern centered over NCP, indicating a regionwide 
enhancement of CHOE days (Fig. 4a). The corresponding principal 

Fig. 5. Meteorological anomalies regressed onto standardized PC1 for: (a) geopotential height (HGT) and winds at 500 hPa, (b) surface level pressure (SLP) and 
winds at 850 hPa, (c) total cloud cover (TCC), (d) surface solar radiation downward (SSRD), (e) relative humidity (RH), and (f) 2 m air temperature (T2m). Stippling 
indicate regions with statistically significant anomalies at the 95 % confidence level.
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component (PC1) shows enhanced positive-phase anomalies in recent 
decade, particularly after 2013, suggesting the intensification of CHOEs 
under favorable meteorological and chemical conditions (Fig. 4c). In 
contrast, EOF2 exhibits a north–south dipole pattern, characterized by 
intensified positive anomalies over the southern urban clusters, indi
cating a regionally coherent variability in CHOEs across southern China 
(Fig. 4b). The PC2 time series exhibits pronounced interannual vari
ability, with amplified signals observed since 2016, suggesting an 
intensification of the EOF2 pattern in recent years (Fig. 4d). In the 
following, we further explore the meteorological anomalies associated 
with each EOF mode to uncover the underlying mechanisms that shape 
the dominant modes of CHOE variability.

For EOF1, which reflects a spatially uniform enhancement in CHOE 
days centered over the North China Plain, at 500 hPa, a significant 
anomalous high-pressure system dominates northern China, accompa
nied by suppressed westerlies and enhanced anticyclonic circulation 
(Fig. 5a). Near the surface, the anomalous low-level wind fields at 850 
hPa exhibit weakened southerlies over Eastern China, indicating 
reduced ventilation (Fig. 5b), accompanied by negative surface pressure 
anomalies. Correspondingly, anomalously low total cloud cover (Fig. 5c) 
and enhanced surface shortwave radiation (Fig. 5d) suggest stronger 
solar heating, which in turn promotes elevated surface air temperature 
(Fig. 5f) and suppressed relative humidity (Fig. 5e). These meteorolog
ical conditions collectively facilitate O₃ formation (Ma et al., 2021; Tong 

et al., 2017) and the co-occurrence of heat extremes (Wang et al., 2022), 
supporting the widespread CHOE pattern captured by EOF1.

For EOF2, at 500 hPa, a negative anomaly occurs in the north and a 
pronounced positive anomaly is observed over the southern part of 
Eastern China (Fig. 6a), supporting the meridional dipole pattern of the 
CHOE frequency anomalies of EOF2. Superimposed on the geopotential 
height anomalies, the wind field shows an anomalous cyclonic circula
tion in northern China and an anticyclonic pattern in the south. This is 
accompanied by positive SLP and low-level anomalous anticyclonic over 
the south part of China (Fig. 6b), indicating strengthened the western 
Pacific subtropical high (WPSH) dominating the southern China. 
Consequently, total cloud cover is significantly reduced (Fig. 6c), and 
surface shortwave radiation is anomalously enhanced (Fig. 6d). These 
radiative changes lead to near-surface warming (Fig. 6f) and drying 
(Fig. 6e), further intensifying the photochemical formation of O₃ (Wang 
et al., 2024). In contrast, northern China experiences relatively weak 
circulation anomalies and lacks the pronounced radiative anomalies 
seen in the south, suggesting a weaker modulation of CHOE events. 
Overall, EOF2 highlights the dominant role of subtropical high and 
anticyclonic anomalies over southern China in shaping the local mete
orological conditions that favor the CHOE events.

Fig. 6. Same as Fig. 5, but for meteorological anomalies regressed onto standardized PC2.
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5. Key drivers and mechanisms of the dominant modes of CHOEs

5.1. Associated wave activity anomalies

The local atmospheric circulation anomalies over China can be 
modulated by remote driving signals from tropical or high-latitudes 
through large-scale teleconnections (Li et al., 2022b; Liu et al., 2023; 
Yin et al., 2018). To further elucidate the potential teleconnection 
mechanisms underlying the dominant modes of CHOEs, we try to 
identify signal sources based on the analysis of WAF.

Fig. 7 demonstrates WAF and stream function anomalies at 500 hPa 
associated with the two leading modes. As shown in Fig. 7a, the WAF 
vectors associated with EOF1 indicate a well-defined planetary wave 
train originating from western part of North America, propagating 
eastward along the midlatitude westerly jet, connected with “negative- 
positive-negative” stream function anomalies centered over Greenland, 
North Atlantic and western Europe, and North Eurasia. This wave train 
induces positive stream function anomalies over North China, corre
sponds well with the high-pressure anomalies associated with EOF1, 
thereby triggering or enhancing CHOEs over northern China.

In contrast, the circulation anomalies associated with PC2 exhibit a 
more complex structure, involving both high-latitude and subtropical 
wave sources (Fig. 7b). A pronounced wave train emanates from the 
Barents-Kara Sea region and extends southeastward along the “Arctic- 
Siberia-southern China” pathway, forming a tripole structure of the 
stream function anomalies characterized by a “positive-negative-posi
tive” pattern. This high-latitude wave activity highlights the role of 
Arctic variability in shaping CHOE occurrences over southern China. 
Simultaneously, another wave train linked to PC2 emerges from the 
tropical Eastern Pacific and travels eastward along the subtropical jet 
stream, pointing to the influence of tropical source on East Asian climate 
through subtropical-extratropical teleconnections. The constructive 
interference between Arctic originated and tropically forced pathways 
contributes to the anomalous circulation pattern associated with EOF2.

Notably, the patterns of anomalous wave activities associated with 
the leading modes are evident at 200 hPa (Fig. S1). Thus, these findings 
confirm that the two leading CHOE modes are modulated by distinct 
upstream processes. Specifically, CHOE variability over NCP is primarily 
controlled by extratropical midlatitude wave dynamics, while CHOE 
variability over southern urban clusters is driven by the combined 

Fig. 7. Regression maps of the 500 hPa wave activity flux (m2 s− 2) and stream function (m2 s− 1) anomalies onto standardized (a) PC1 and (b) PC2. Stippling indicate 
regions with statistically significant anomalies at the 95 % confidence level.

Fig. 8. (a) Spatial correlation pattern between the standardized PC1 and monthly anomalies of spring (MAM) snow water equivalent (SWE). (b) Same as (a), but 
focusing on the key Eurasian region (20oN–70oN, 0◦E–100◦E). Stippling indicates regions where correlations are statistically significant at the 95 % confidence level.
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effects of Arctic forcing and tropical forcing.

5.2. Impacts of spring snow cover on CHOE variability over NCP

Previous studies have demonstrated a close relationship between 
springtime snow cover anomalies over the Eurasian continent and the 
subsequent summer climate over East Asia (Sun et al., 2021; Zhang 
et al., 2017; Zhou et al., 2021), suggesting that Eurasian springtime 
snow cover may serve as an important driver of CHOEs. Fig. 8 shows the 
correlation patterns between snow cover anomalies in the preceding 
spring and PC1. It can be observed that the springtime snow cover ex
hibits a significant positive correlation with PC1, which means that 
increased spring Eurasian snow cover favors increased CHOEs over NCP. 
Previous studies suggested that this lagged effect may mainly result from 
the spring snowmelt induced soil moisture (SM) anomalies, which can 
persist for several weeks to months, and then alter the land surface en
ergy budget and the atmospheric thermal condition in the following 
season (Sun et al., 2021; Zhang et al., 2025b). To examine if this works 
for the relationship between spring Eurasia snow cover and SM 
response, we calculate the area-averaged ERA5-Land SWE over the 
domain 50oN–65oN, 35◦E–55◦E as the spring snow cover variability 
index (SIE). Further analysis reveals that SIE is significantly positively 
linked to late spring (April–May) SM (Fig. 9a) while SM show insignif
icant anomalies in March (not shown). This suggests that excessive 
spring snow cover leads to increased SM during the snowmelt season in 
late spring, which further persists into summer (Fig. 9b). The increase in 
SM regulates the land surface energy balance and influences surface
–atmosphere heat exchange, manifested by enhanced latent heat flux 
(Fig. 9c) and reduced sensible heat flux (Fig. 9d), thus affecting the local 
surface diabatic heating to the atmosphere above.

It is claimed that the persistent thermal anomalies in SM and surface 
sensible heat induce local geopotential height anomalies and strengthen 
the eastward-propagating wave train which may cause circulation 

perturbation over China (Sun et al., 2021), thereby affecting CHOEs over 
NCP. We further reveal that during years with excessive snow cover in 
the key region, the local meteorological conditions over NCP in summer 
exhibit strong resemblance to the circulation anomalies associated with 
EOF1 discussed earlier (Fig. 5). In particular, a significant positive 
geopotential height anomaly at 500 hPa is observed over NCP (Fig. 10a), 
indicating the presence of a warm high-pressure ridge in the mid-to- 
upper troposphere and enhanced static stability. Meanwhile, SLP 
shows a positive anomaly over the same region (Fig. 10b), accompanied 
by divergent winds at 850 hPa, which favors enhanced subsidence. The 
resulting adiabatic warming associated with the downward motion 
effectively promotes surface temperature increases (Fig. 10f), further 
confirming that excessive springtime snow cover can modulate atmo
spheric circulation and local thermodynamic processes, eventually 
contributing to the formation of a hot and dry background over NCP in 
summer that is conducive to the development of CHOEs. These findings 
further support the notion that springtime snow cover anomalies may 
serve as an early indicator for CHOEs, highlighting the critical role of 
land surface processes in linking seasonal snow anomalies to regional 
extreme climate events.

5.3. Influence of pre-seasonal sea surface temperature and Arctic Sea ice 
on CHOEs variability over southern urban clusters

Fig. 11 demonstrates the regression patterns of SST anomalies from 
preceding winter to summer onto the normalized PC2. It’s noted that the 
occurrence of CHOEs over the southern part of Eastern China in summer 
is closely associated with La Niña-like SST anomalies, which is estab
lished in the previous winter and persisting into summer. Specifically, 
the SST anomalies exhibit a characteristic “Z-shaped” spatial structure, 
characterized by significantly cooling SSTs over the equatorial eastern 
Pacific and positive SST anomalies over the mid to high latitudes of 
North Pacific. This spatial pattern alters the tropical air-sea thermal 

Fig. 9. Regression pattern for 0-7 cm soil moisture (SM) during (a) late spring (April and May), (b) summer (June, July and August), and for (c) surface latent heat 
flux (SLHF) and (d) surface sensible heat flux during summer onto SIE. Stippling indicates regions where correlations are statistically significant at the 95 % con
fidence level.
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exchange, substantially enhancing convective activity over the tropical 
Pacific and increasing its meridional asymmetry (Wen and Li, 2023). 
Through modifications in the vertical motion associated with the Walker 
circulation and adjustments in zonal mass transport, these changes 
excite a large-scale Rossby wave train response (Wu et al., 2010). These 
disturbances propagate energy and momentum from the tropics to the 
mid and high latitudes via planetary-scale energy dispersion mecha
nisms, inducing large-scale circulation anomalies over the North Pacific 
and Eurasia (as seen in Fig. 7). It could be summarized that the La Niña- 
like SST anomalies exert a significant remote influence on the local at
mospheric circulation patterns over the southern part of Eastern China 
during summer, thereby modulating the likelihood of CHOEs. This 
highlights the critical role of ocean-atmosphere interactions in shaping 
regional extreme climate events.

To further verify the impacts of such anomalous SST pattern over 

tropical Pacific on EOF2, we select a key region to construct SST index 
(SSTI), defined as the springtime mean SST averaged over the region 
5oN–5oS, 150oW–90oW. The region captures the core of SST anomalies 
in the central and eastern equatorial Pacific. Springtime SSTI is selected 
as SST anomalies exhibit the strongest signal. It’s demonstrated that a 
decrease in the SSTI associated anomalously cold SSTs in the central and 
eastern tropical Pacific suppress convection, resulting in upper tropo
spheric convergence (Huang et al., 2024; Li et al., 2025). This sup
pressed convection acts as a negative heating source and exerts Rossby 
wave trains that propagate northeastward along the subtropical jet 
stream (Li et al., 2025), and modulate the atmospheric circulation over 
mid latitudes of Eurasia, as seen in Fig. 7b. Specifically, an anomalous 
anticyclonic circulation emerges at 500 hPa (Fig. 13a), accompanied by 
a significant positive sea level pressure anomaly at 850 hPa (Fig. S2a). 
This enhanced high-pressure system suppresses convective activity, 

Fig. 10. Regression of local meteorological anomalies on the standardized spring snow cover variability index (SIE): (a) geopotential height (HGT) and winds at 500 
hPa, (b) surface level pressure (SLP) and winds at 850 hPa, (c) total cloud cover (TCC), (d)surface solar radiation downward (SSRD), (e) relative humidity (RH), and 
(f) 2 m air temperature (T2m) anomalies regressed onto standardized SIE. Stippling indicate regions with statistically significant anomalies at the 95 % confi
dence level.
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leading to increased surface shortwave radiation (Fig. S2c) and a marked 
reduction in relative humidity (Fig. S2d). Consequently, near surface 
temperatures exhibit a widespread rise, particularly over the southern 
part of Eastern China (Fig. 13b). In addition, the total cloud cover shows 
a notable decrease under the influence of the anomalous high pressure 
(Fig. S2b), further reinforcing the enhancement of solar radiation 
reaching the surface.

We further focus on the linkage between Arctic Sea ice loss and the 
CHOEs over southern parts of China, as suggested by the wave train 
propagation in Fig. 7b. Fig. 12 demonstrates the regression pattern of 
spring sea ice concentration (SIC) associated with EOF2. A pronounced 
decline in spring SIC over the Barents Sea is significantly related to the 
increasing frequency of CHOEs in the southern part of Eastern China 
(Fig. 12a), and the reduction gradually weakens into summer months 
(Fig. 12b). The significant reduction in SIC in the Barents Sea contributes 
to the Arctic amplification through the synergistic effects of sea ice- 
albedo and sea ice-cloud feedback mechanisms (Goosse et al., 2018). 
Moreover, these SIC anomalies trigger the Rossby wave train propa
gating eastward towards East Asia (Fig. 7b), ultimately influencing the 
atmospheric circulation structure over East Asia. To further elucidate 
the effects of SIC loss over Barents Sea on CHOEs in Eastern China, we 
define Barents Sea Ice Concentration index (SICBS), the average SIC over 
the core region (30◦E–55◦E, 77.5oN–82.5oN; Fig. 12a). We find that 
reduced SICBS is associated with anomalous downward motion over the 
southern part of Eastern China (Fig. 13c), increased net shortwave ra
diation (Fig. S3c), and positive temperature anomalies (Fig. 13d), fa
voring the increasing CHOEs over southern urban city clusters of China.

6. Discussion and conclusions

As two closely linked global challenges, climate warming and air 
pollution have contributed to the increasing frequency of CHOEs over 
Eastern China, with dense population and concentrated industrial ac
tivities. CHOEs represent a complex atmospheric-environmental issue 
arising from the interplay of meteorological conditions and physico
chemical processes. In this work, we investigate the leading two modes 
of CHOE frequencies in Eastern China from 2000 to 2022, elucidate the 
corresponding anomalous atmospheric circulation patterns, and inves
tigate their underlying connections with key climatic factors.

EOF1 is centered over NCP, while EOF2 is characterized by multi- 
city clusters encompassing the SCB, YRD, and PRD. Together, these 
two modes account for nearly half of the total explained variance, 
underscoring their dominant role in shaping CHOEs variability across 
Eastern China. Further analysis demonstrates that EOF1 is positively 
correlated with springtime Eurasian snow cover, where snowmelt vari
ations modulate soil moisture, acting as a bridge to summer atmospheric 
circulation anomalies. Such linkage induces subsidence over NCP, 

Fig. 11. Regression pattern of SST during (a) DJF, (b) MAM, and (c) JJA onto 
the standardized PC2. Stippling indicate regions with statistically significant 
anomalies at the 95 % confidence level.

Fig. 12. Regression pattern of Sea ice concentration during (a) MAM and (b) JJA onto normalized PC2. The key region (30◦E–55◦E, 77.5oN–82.5oN) is outlined with 
red box. Stippling indicate regions with statistically significant anomalies at the 95 % confidence level. (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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creating favorable conditions for CHOEs occurrence. For EOF2, signifi
cant negative correlations are identified with both springtime Z-shaped 
La Niña-like SST anomalies in the tropics and Barents Sea ice extent in 
the Arctic. These dual forcings alter regional thermal conditions, influ
ence the local atmospheric circulation governing the southern part of 
Eastern China through exerting the propagation of Rossby wave trains. 
Apart from these observed relationships, ENSO also plays an important 
role in modulating regional climate, large-scale atmospheric circulation, 
and interannual variations of air quality over East Asia (Tang et al., 
2025; Zhang et al., 2025a). During El Niño years, the prevailing hot, dry, 
and cloudless conditions across China favor persistent stagnant weather, 
which enhances photochemical ozone formation (Jiang and Li, 2022; Li 
et al., 2022; Yang et al., 2022). In contrast, La Niña episodes often 
strengthen easterly flow and increase ventilation, thus mitigating sur
face ozone accumulation (Jeong et al., 2023; Li et al., 2022). Moreover, 
ENSO can influence stratosphere–troposphere exchange processes. 
During La Niña phases, stratospheric intrusion events occur more 
frequently, potentially transporting ozone-rich air into the middle and 
lower troposphere, further enhancing tropospheric ozone concentra
tions over East Asia (Wie et al., 2021). These findings suggest that ENSO- 
driven circulation anomalies likely account for a portion of the observed 
interannual variability of CHOEs.

Though we primarily focus on the impacts of large-scale climate 
forcings on spatiotemporal variability of CHOE frequency through 
comprehensive statistical analyses, limitations should be acknowledged. 
First, the coupling between anthropogenic emissions and meteorological 
conditions as well as the roles of physicochemical processes associated 
with CHOEs warrants further and deeper investigation. It’s been 
demonstrated that the anomalous meteorological conditions during El 
Niño years, favor persistent stagnant weather across China, which en
hances photochemical ozone formation (e.g., Yang et al., 2022). Thus, 
future studies should prioritize elucidating the multifactorial drivers of 
CHOEs, particularly under climate change scenarios, with an emphasis 
on synergistic strategies for anthropogenic emission control and climate 
change mitigation. In addition, future research should incorporate nu
merical modeling experiments, such as general circulation models 

(GCMs) or the linear baroclinic model (LBM), to validate the physical 
mechanisms proposed in this study, especially the atmospheric circu
lation responses to specific SST, snow cover, or sea ice anomalies (Xu 
et al., 2024a; Jia et al., 2025; Chen et al., 2025). Particularly, integrating 
process-based simulations will be crucial for disentangling the relative 
contributions of external forcings and internal variability to CHOEs 
under a changing climate, thereby complementing the statistical insights 
provided here.
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Data availability

The ground level ozone concentrations are obtained from the high- 

Fig. 13. Regression pattern of geopotential height (HGT) and winds at 500 hPa, and 2 m air temperature (T2m) anomalies onto standardized SSTI (a&b) and SICBS 
(c&d). Note that SSTI and SICBS are multiplied by − 1. Stippling indicate regions with statistically significant anomalies at the 95 % confidence level.
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resolution and high-quality ground level daily maximum 8 h average 
ozone (MDA8 O3) data for the China (ChinaHighO3) dataset and is open- 
access and freely available at https://doi. 
org/10.5281/zenodo.13342827. The ERA5 reanalysis is available at 
https://doi.org/10.24381/cds.bd0915c6. The monthly mean sea sur
face temperature and sea ice concentration data can be downloaded via 
https://www.metoffice.gov.uk/hadobs/hadisst/data/download.html.
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