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Spatial correlations between
summer ozone heatwave dual
events and residents mental health
in China

Rongjun Zeng?, Jinhui Zhao?*, Yanxia Hu?, Liling Chu3?, Shenwen Du?, Changzhun Zheng* &
Chao He***

In the context of global warming, the frequency and intensity of extreme heat events have significantly
increased. Elevated temperatures accelerate atmospheric photochemical reactions, resulting in higher
ambient ozone (0,) levels. This convergence of heatwaves and elevated O, concentrations presents a
dual threat to public health. This study analyzes surface ozone concentrations and heatwave data from
the summers of 2013 to 2020 across China, integrating these with mental health data from the Chinese
population. Using spatiotemporal analysis and econometric models, we investigate the spatiotemporal
dynamics of ozone and heatwaves during Chinese summers and assess population exposure risks.

Our findings quantitatively elucidate the correlations between combined ozone-heatwave events

and residents’ mental health. By 2020, the number of days with high surface ozone, heatwave days,
and heatwave events in China had risen by 16.15%, 26.32%, and 15.67%, respectively, with marked
spatial heterogeneity and clustering patterns. Despite a slight decline in 2020, the population exposed
to high ozone levels (>160 pg/m?3) and prolonged heatwave conditions (>20 days) showed an overall
upward trend. Furthermore, 57.95% and 20.91% of regions are projected to remain at risk from these
combined hazards. As surface ozone and heatwave exposure risks escalate, the mental health burden
on residents has intensified, with significant spatial disparities observed.
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Surface ozone pollution and extremely high temperatures, as common climate pollution events, have been
widely recognized for their health and ecological hazards. Ozone is harmful to human health, increasing the
incidence and mortality of cardiovascular and respiratory diseases"?, and adversely affecting plant growth and
ecosystems>, even influencing global climate change?. Heatwaves are closely associated with regional droughts,
fires, and other disasters®. The IPCC’s Sixth Assessment Report states that the global surface temperature from
2011 to 2020 was 1.1 °C higher than that from 1850 to 1900, with the rate of temperature increase accelerating®.
The frequency and intensity of heatwave events have increased, impacting ecosystems’, socio-economic
development®, and directly endangering human health and safety’, particularly for the elderly, by increasing
cognitive impairment!® and affecting sleep time!'!.

In recent years, combined events (ozone heatwaves) caused by high concentrations of ozone and extremely
high temperatures have frequently occurred in various parts of the world, including China!?, the United States'>,
Europe', and the Mediterranean islands'®. Compared to individual events, the bidirectional intensification
effect of the ozone-heatwave compound event is significant. On the one hand, the increase in heatwave
events accelerates the photochemical reactions responsible for ozone formation and creates favorable weather
conditions for ozone accumulation'®, leading to a sharp rise in ozone concentration'”!3. On the other hand,
ozone reacts with temperature. As a greenhouse gas, it absorbs long-wave radiation from the surface!® and
inhibits the transpiration cooling function of vegetation, which intensifies the rise in temperature and forms a
positive feedback cycle of “heatwave-ozone”?. This ultimately results in an increasing frequency of combined
high-temperature heatwaves and surface ozone pollution'*?!. In China, ozone-heatwave compound events
differ from single ozone pollution events, which are mainly concentrated in northern industrial areas due
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to photochemical reactions??, and single heatwave events, which are distributed in the southern regions and
influenced by climatic conditions?’. Ozone-heatwave compound events exhibit significant spatial aggregation
characteristics, with the eastern region of China becoming a high-incidence area for such events*?*. Meanwhile,
the frequency, intensity, and duration of ozone-heatwave compound events have shown a significant increasing
trend, both in the past and the future!®?%. Observational data indicate that since the beginning of the twenty-
first century, the frequency and intensity of heatwave events in China have increased by nearly three times, and
the co-occurrence probability with ozone pollution has risen by more than 30%. CMIP6 predicts that the future
development scenarios of high energy consumption and high emissions could further exacerbate the combined
extreme events of heatwaves and ozone pollution'2.

In response to these growing threats, extensive research has investigated the spatial distribution, mechanisms,
and health impacts of ozone-heatwave events. Huang et al.?* examined the spatial distribution and mechanisms
of ozone-heatwave co-occurrence in China’s Greater Bay Area, identifying higher frequencies in central regions.
Schnell et al.?” reported frequent ozone-heatwave co-occurrences in the northeastern USA from 1999 to 2013,
highlighting consistent spatial and temporal patterns in extreme events. Lu et al.? found that during the extreme
heat of 2018, regional ozone pollution occurred simultaneously in North and East China, with over 63% of
cities experiencing abnormally high ozone levels, closely related to local high-pressure and strong subsidence
conditions. Li et al.!?> observed that cities with severe ozone pollution faced more frequent heatwaves, with
persistent heat exacerbating ozone formation, as shown by field observations and climate-chemistry coupled
simulations. These studies suggest that while the spatial distribution and formation mechanisms of ozone-
heatwave compound events exhibit significant regional differences, there are commonalities in the meteorological
conditions and the synergistic effects of chemical reactions.

Whether long-term and short-term exposure to ozone or heatwaves negatively impacts human health. Zhao
et al.?® investigated the spatial and temporal distribution of summer surface ozone and population exposure
in Beijing from 2014 to 2016. The results showed that the ozone concentration decreased from north to south,
while the number of people exposed to exceeding ozone standards reached 10.84 million, 9.73 million, and 10.54
million respectively from 2014 to 2016, accounting for 50.38%, 44.85%, and 48.49% of Beijing’s population.
Wang et al.”? compared the heat hazards and heat exposure in Beijing and New York, finding that heat exposure
in Beijing mostly occurred in areas with high population density and more elderly people, whereas in New
York, it was more prevalent in areas with dense populations of poor people, and was related to urban greening
coverage. This indicates that socio-economic and ecological factors jointly contribute to inequitable urban
heat exposure. Wang et al.*® predicted the future urban heatwave exposure under four shared socio-economic
pathways (SSPs) and found that the risk of global urban population exposure to heatwaves increased across all
SSPs. There were significant differences in the degree of exposure and inequality among countries with varying
income levels. Additionally, similar studies have been conducted by Zhang?!, Mitis*2, Campbell**, and others.

It is worth noting that ozone-heatwave compound events have far greater adverse impacts on various aspects
of the environment, health, and ecosystems with overlapping effects than single pollution events. In the ecological
dimension, these events threaten the ecosysten'’s carbon balance by altering plant carbon allocation patterns.
In the socio-economic dimension, they increase socio-medical and economic burdens®, elevate urban energy
consumption, exacerbate industrial high-energy consumption scenarios, and worsen economic losses'?. Among
these, the impact on the public health system is the most intense’®, including direct physiological damage and
indirect social service pressure. As for health risks, the enhancing effect of their adverse impacts far exceeds the
simple superimposition of single events. The risk of all-cause mortality, circulatory system disease mortality, and
respiratory system disease mortality due to compound events is higher than that associated with a single ozone-
heatwave event'?. In particular, it exacerbates the excess mortality risk from cardiovascular and cerebrovascular
diseases in the elderly’” and has a greater impact on the death risk of individuals with cardiopulmonary diseases.
Therefore, understanding summer heatwave-ozone compound pollution is essential for addressing climate-
related health risks.

Despite significant research on heatwaves and ozone, most studies have focused on individual events, with
less research on ozone-heatwave complexes, their spatial and temporal correlations, exposed populations, and
risks. Research on population exposure and risks is also primarily based on small urban areas, with large-scale
regional studies relying on future simulations and predictions®**. Thus, further studies on large-scale regional
statistics on compound exposure risks are needed. Previous studies have shown that air pollution significantly
impacts residents’ psychological health, increasing anxiety, depression, and other mental health issues while
reducing subjective well-being®*°. However, previous studies have focused more on the effects of compound
events on residents’ physical health, while the specific impact on residents’ mental health and the differences in
different regions have not yet been understood in sufficient depth.

This study, based on 2013-2020 summer surface ozone concentration data, heatwave data, population
data, and residents’ mental health data from China, employs spatial analysis, exposure risk assessment, and
correlation analysis to explore the spatiotemporal evolution of surface ozone concentrations and heatwaves,
population exposure, and their relationship with residents’ mental health during the Chinese summer. It aims to
reveal the impact and regional disparities of ozone-heatwave compound pollution on residents’ mental health.
The findings are crucial for guiding public health policies and interventions to mitigate the adverse effects of
extreme climate events on mental health.

Materials and methods

Study area

This study takes all 34 provincial-level administrative regions in China as the research areas, analyzing the
compound pollution scenarios of surface ozone concentrations and heatwaves from 2013 to 2020. Particular
attention is paid to six major metropolitan agglomerations: Beijing-Tianjin-Hebei (BTH, primarily including
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14 cities such as Beijing and Tianjin), Guanzhong Plain (GZP, mainly comprising 5 cities including Xian and
Baoji), Central Plains (CPU, primarily including 14 cities such as Zhengzhou and Kaifeng), Yangtze River Delta
(YRD, mainly including 27 cities such as Shanghai and Nanjing), Chengdu-Chongqing (CCQ, including 15 cities
in Sichuan Province such as Chengdu and Nanchong, 27 districts and counties in Chongqing such as Yuzhong
and Jiangbei, as well as parts of Kaizhou and Yunyang), and Pear] River Delta (PRD, mainly including 9 cities
such as Guangzhou and Foshan). These urban agglomerations are not only China’s main economic growth poles
but also regions severely threatened by ozone pollution and heatwaves!>*142, The specific details of these urban
agglomerations are shown in Fig. 1.

Data sources

The spatially continuous gridded daily maximum 8-hour average ozone concentration data from 2013 to 2020
at a resolution of 10 km were collected from the China Atmospheric Composition Real-time Tracking dataset
(http://tapdata.org.cn/). Heatwave data for the same period were obtained using a combined threshold definition
method from the Global Daily Apparent Temperature and Annual Heatwave dataset (https://zenodo.org/records
/4764325). Events with a temperature constant threshold equal to 29 °C and a percentile threshold equal to 85%
for three consecutive days are defined as heatwaves. Population data were derived from the WorldPop Global
Population Grid dataset (https://hub.worldpop.org/). Resident mental health data were obtained from a dataset
of the density distribution of MHQs in China based on a real-time Internet search engine studied by Zhou et
al’s team™®. According to the research and definitions of the World Health Organization, this dataset focuses on
two of the most common mental health issues: depression and anxiety. Seven keywords related to depression
and eight keywords related to anxiety were translated into Chinese as relevant search terms. Then, combined
with a regular expression (Regex = [A] ! [B] where A is a set of selected keywords representing depression
and anxiety, and B is a set of words used to exclude irrelevant queries), MHQs data were filtered out from the
daily real-time search data in 252 cities in China, collected from the Baidu search engine, covering the period
from March 1, 2019, to December 31, 2019, according to the filtering rules (if a search query contains at least
one keyword from A and none of the words from B, it is considered a valid MHQ). Subsequently, correlation
verification was conducted using the real mental-health-related cases (MHCs) from online doctor consultations
collected by a leading online health care platform in China (Haodf), as well as the distribution of the top ten most
common search queries most likely to reflect mental health issues. The results demonstrated a highly significant
correlation, indicating that the MHQs data can reliably reflect the mental health status of residents. Ultimately,
MHQs were aggregated at the city level, resulting in a dataset used to estimate the impact of both short-term and
long-term exposure to air pollution on urban residents’ mental health. A higher per capita MHQs value indicates
poorer mental health status in the region.
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Fig. 1. Spatial distribution map of the study area and the six major urban agglomerations.
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Trend analysis

Trend analysis is a method of predicting the trend by performing linear regression analyses on time-varying
variables. It is commonly applied in the temporal dynamic analysis of air pollutants to explore the interannual
variation rate of pollutants***>. This study employs trend analysis methods to examine the interannual variations
and spatial patterns of summer surface ozone concentrations and the number of heatwave days and events in
China from 2013 to 2020. The specific formula used for this analysis is as follows (Eq. 1):

X Z?:l (ix Pi)— (Z?ﬂ Z) (Z?:l Pi)
nx Y- ()

where n represents the period (in this study, n=8); i is the specific year within the study period; and P, denotes
the value of summer surface ozone concentration, heatwave days, or events in the i-th year. The resulting
slope indicates the trend of change: a positive slope suggests an increasing trend in summer surface ozone
concentrations and heatwave metrics, whereas a negative slope indicates a decreasing trend.

n
Trend =

(1)

Spatial autocorrelation analysis

Spatial autocorrelation analysis assumes that the geographical locations of the study samples are interconnected.
Through the identification of feature regions, it reveals the correlations of geographical elements in the spatial
evolution process, including two parts: global spatial autocorrelation and local spatial autocorrelation. The
Global Moran’s I is an important index to reveal the degree of similarity in attribute values between adjacent
regional units, while local spatial autocorrelation analysis uses local spatial connectivity indices to measure the
significant spatial aggregation degree between the attribute values of each regional unit and its surrounding
areas*®?, This study employs the Global Moran’s I and Anselin Local Moran’s I indices to explore the global and
local spatial autocorrelations of summer surface ozone concentrations and heatwave metrics (days and events)
in China from 2013 to 2020. These tools are used to identify spatial clustering and heterogeneity in the rates of
change and correlations between surface ozone concentrations and heatwave metrics. The specific formulas are
as follows (Egs. 2 and 3):

I— nZ?ﬂ Z;lzl Wij (ZEI—%Z?:I%) (w]-—% ?:1‘771')
= 2
Z?:l Z?:l Wi Z?:l (wl 7% Z:L:l ml)

n (271 —f) Z”.L:l Wij (1'7 —f)
I = — — (3)
21':1 (xl 717)2

where I represents the Global Moran’s I index, and I; represents the Anselin Local Moran’s I index; n denotes the
number of study units; X; and x. are the change rates of summer surface ozone concentrations, heatwave days, or
heatwave events for study units i and j, respectively; T is the mean change rate or correlation of all study units;
W, is the spatial weight matrix between units i and j. Global Moran’sI € [—1, 1], if Global Moran’s >0, it
indicates positive spatial autocorrelation; if Global Moran’s I <0, it indicates negative spatial autocorrelation; and
if Global Moran’s I = 0, it suggests no spatial autocorrelation, |Global Moran’sI|with larger values indicating
stronger correlations.

Using Local Moran’s I and the standardized statistical Z-score Z(I), four types of spatial clustering can be
diagnosed: high-high, low-low, high-low, and low-high clustering®®. The specific formula is as follows (Eq. 4):

)

2= =28, pn = - vin = B - B B
V[I] n—1

when I>0, if Z(I)>1.96, it signifies high-high clustering, where the area and its surrounding regions exhibit

higher-than-average rates of change in summer surface ozone concentrations, heatwave days, or heatwave

events. Conversely, it indicates low-low clustering, where the area and its surroundings show lower-than-average

rates. When I<0, if Z(I) >1.96, it denotes high-low clustering, where a high-value area is surrounded by low-

value areas; otherwise, it indicates low-high clustering.

Hot and cold spot analysis

When the local spatial units have high-value and high-value clustering or low-value and low-value clustering, or
when outliers are present within the study area, it is necessary to further analyze the spatial distribution pattern
of attribute values within the area. The Getis-Ord Gi* index is well-suited for this purpose, as it can effectively
identify spatial clustering and dispersion patterns of the features under investigation*”. This study employs the
Getis-Ord Gi* statistic to identify the spatial clustering of trends in summer surface ozone concentrations,
heatwave days, and heatwave events in China from 2013 to 2020. The specific formula used is as follows (Eq. 5):

n v n
T Wigmy = X300 Wi
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S
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where x, represents the change rate of summer surface ozone concentration, heatwave days, or heatwave events
for study unit j; w, is the spatial weight matrix; S is the standard deviation, and X is the mean change rate or
correlation of all study units; n denotes the number of study units. The computed Z-score from this formula
indicates the nature of the spatial cluster: a positive Z-score signifies a hotspot, while a negative Z-score indicates
a cold spot.

Population exposure quantification

In this study, population data were first resampled in ArcGIS 10.8 to match the resolution of surface ozone and
heatwave datasets based on the distribution characteristics of surface ozone concentrations and heatwaves in
China. Subsequently, zonal statistics were employed to quantify the population exposed to varying levels of
surface ozone concentrations and number of heatwave days®®*!. To examine the temporal characteristics of
population exposure, this study also calculated the cumulative proportion of the population exposed within
different range intervals for each year from 2013 to 2020.

Population exposure risk assessment

Population exposure risk is determined by the combined factors of environmental conditions related to ozone
and heatwaves and the distribution of the population. To quantify the intensity of population exposure to surface
ozone and heatwave environments in specific regions, this study incorporates a relative risk assessment model
for population exposure®2. This model calculates the ratio of grid-based population exposure risk to the average
risk within the region, reflecting the severity of population exposure risk in regional subunits relative to the
overall area. The specific formula is as follows (Eq. 6):

pop; X C} ©)
> iy pop; X SE

R =
where i represents the grid number, R, denotes the relative risk of population exposure in grid i, pop; is the total
population in grid i, C, represents the surface ozone concentration or the number of heatwave days in grid i,
and n is the number of grids in the study area. To clearly and effectively assess the spatial distribution of relative
risk of population exposure within the region, we will reclassify R, in ArcGIS 10.8. The specific classification
standards are as follows: R, <0 indicates an extremely low-risk area (ELR), R, € (0, 1) a low-risk area (LR), R, € (1,
2) a lower-risk area (LRR), R, € (2, 3) a higher-risk area (HRR), R, € (3, 5) a high-risk area (HR), and R;>5 an
extremely high-risk area (EHR).

Hurst index

The Hurst index can be used to describe and analyze the long-term memory characteristics of a time series, which
is widely used to assess the strength of persistence or anti-persistence in the trends of time series changes®***. In
this study, we utilize the Hurst index to analyze the sustainability of the relative risk of population exposure. The
specific formulas for calculation are as follows (Egs. 7, 8, and 9):

T
X(t):Z(AR17W) IStSH (7)
i=1
R(9) = 1§1Ta<XNX (t) — 1<II]1}£1NX t) (0=1,2,...,n) ®)
T 1/2
sO=[33 (AR -BR@)| (=120 ©
i=1

where Ri(i=1, 2, 3,..., n) represents the time series of calculated relative risks of population exposure to either
ozone or heatwave days. T denotes any positive integer, AR; represents the difference series, AR () the mean
series, R (0) the range, and S (0) the standard deviation.

Results

Spatiotemporal evolution patterns of summer surface ozone and heatwaves

From 2013 to 2020, the summer surface ozone concentrations in China experienced an initial increase followed
by a decrease. It started at 85.98 pug/m?® in 2013, peaked at 105.33 pg/m® in 2019, and slightly decreased to
102.54 pg/m?® in 2020 (Fig. 2a). The number of heatwave days and events was divided into two phases around
2016: a sharp increase phase (2013-2016) and a slow decline phase (2016-2020). During Phase I, heatwave days
and events increased by 67.81% and 44.17%, respectively; in Phase II, they decreased by 24.69% and 19.85%
(Fig. 2b,c). Spatially, summer surface ozone concentrations increased in about 96% of China, with annual growth
rates ranging from 0 to 14.07 pg m~> yr~!. Regions with an annual change rate exceeding 3.29 ug m=3 yr~! were
mainly concentrated in North China, East China, and the southwest of Northwest China. The spatial distribution
of heatwave days and events also showed similar increasing trends, particularly pronounced in the eastern,
southern, and certain inland northwestern regions. In the southeastern areas, the rate of change in heatwave
days exceeded 1.62 days/year, and the rate of change in heatwave events surpassed 0.22 times/year. In contrast,
regions with reductions in heatwave days and events were mainly located in the Central Plains and the western
part of the country, such as the western Tarim Basin and central Junggar Basin (Fig. 2d-f).
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Fig. 2. Spatiotemporal evolution patterns of summer surface ozone concentrations and heatwaves. (a—c)
Time series of annual average summer surface ozone concentrations and the number of heatwave days and
events from 2013 to 2020, with the peak year and its corresponding values indicated by gray dashed lines;
(d-f) Spatial distribution of the trends in summer surface ozone concentrations and the number of heatwave
days and events from 2013 to 2020; (g-h) Spatial correlations between summer surface ozone concentrations
and the number of heatwave days and events from 2013 to 2020; (i) Trends in summer surface ozone
concentrations and the number of heatwave days and events from 2013 to 2020 across China’s six major urban
agglomerations.

Among the six urban agglomerations, summer surface ozone concentrations showed an increasing trend,
with the Beijing-Tianjin-Hebei and Central Plains urban agglomerations exhibiting the most remarkable annual
growth rates of 4.37 ug m™> yr~'and 4.33 pg m~? yr~!, respectively. Except for a declining trend in heatwave days in
the Guanzhong Plain urban agglomeration (average decrease of 0.54 days/year), the other urban agglomerations
showed increasing trends, with the highest annual growth rate in heatwave days observed in the Pear] River Delta
urban agglomeration at 2.42 days/year. The heatwave event numbers slightly decreased in the Beijing-Tianjin-
Hebei, Guanzhong Plain, and Central Plains urban agglomerations, while other agglomerations experienced
increases, with the highest annual growth rate of 0.54 times/year in the Pearl River Delta urban agglomeration
(Fig. 2i). The correlation between summer surface ozone concentrations and the number of heatwave days and
events was predominantly positive across most regions, especially in the north-eastern region, central-eastern
Inner Mongolia and the southern part of the country, where the correlation ranged from 0.65 to 1. The negative
correlation areas were mainly in southern North China, Central China, central Inner Mongolia, and the border
of Northeast China, ranging from — 1 to —0.58 (Fig. 2g,h).

Figure 3 displays the spatiotemporal clustering results of ozone and heatwaves during the study period.
We found significant spatial similarities in the clustering patterns of changes in surface ozone concentrations
and the number of heatwave days and events. Specifically, the global Moran’s I for the change rates of surface
ozone concentrations, heatwave days, and heatwave events was significant at the 1% level, indicating a strong
positive spatial correlation in the trends. Furthermore, the distribution of hot and cold spots for surface ozone
concentration trends and heatwave events closely resembled their respective high-high and low-low clustering
areas. Hotspot and high-high clustering areas for surface ozone concentration trends were primarily distributed
in North China, northern East China, and the central-western regions of the Tibetan Plateau, while those for
heatwave days were mainly along the southeastern coast and small parts of the northeast. At the same time,
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Fig. 3. Spatial clustering characteristics of summer surface ozone and heatwaves spatiotemporal evolution
from 2013 to 2020. (a), (d), and (g) are Global Moran’s I for the trends in summer surface ozone concentrations
and the number of heatwave days and events; (b), (e), and (h) are the spatial distribution of hot and cold spots
for the trends in summer surface ozone concentrations and the number of heatwave days and events; (c), (f),
and (i) are the spatial distribution of spatial clustering for the trends in summer surface ozone concentrations
and the number of heatwave days and events.

Low heatwaves Moderate heatwaves High heatwaves
Low O, Southwest China, Northeast China Northeast China, Southwest China, Southeast China Southeast Coastal Region, Southwest China
Moderate o, Tibetan Plateau, Northwest China Northeast China, Inland Northwest, Central-Eastern China | Southeastern China
High o, ‘Western and Central Tibetan Plateau, North China | North China, East China Eastern China West

Table 1. Spatial evolution of ozone-heatwave compound events.

the hot and cold spot distribution areas for heatwave days and events were largely consistent. The difference
is that heatwave days have more significant high-low and low-high cluster type regions, scattered around the
periphery of the low-low and high-high clustering distribution areas.

Table 1 represents the results of the spatial evolution of surface ozone-heatwave compound events during
the summer. We observed significant spatial distribution differences among different types of ozone-heatwave
compound events throughout the study period, with some event types exhibiting similar spatial distribution
patterns. High O,-low heatwaves and moderate O,-low heatwaves compound events are predominantly
distributed across the Tibetan Plateau, Northwest China, and North China, with a relatively large and
continuous spatial distribution. In contrast, high O,-high heatwaves, high O,-moderate heatwaves, moderate
O,-high heatwaves, and low O,-high heatwaves compound events have a smaller spatial distribution area, but
their clustering distribution characteristics are prominent, with these events mainly concentrated in the eastern
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Cumulative proportion of the exposed population(%)

Cumulative proportion of the exposed population(%)

and southern regions of China. Moderate 03—moderate heatwaves, low Os—moderate heatwaves, and low 0,-
low heatwaves compound events are distributed in the northeast, southwest, inland northwest, and east-central
regions of China, exhibiting significant discrete distribution characteristics. These findings suggest that ozone-
heatwave compound events are becoming increasingly severe in the eastern part of the country.

Population exposure risk for surface ozone and heatwaves

From 2013 to 2020, the proportion of the population exposed to summer surface ozone concentrations
exceeding 160 pg/m? increased significantly from 0.19% in 2013 to 26.17% in 2019, then decreased to 16.50% in
2020. Concurrently, the proportion of the population exposed to an annual average of more than 20 heatwave
days rose from 13.71% in 2013 to 46.24% in 2016, then gradually decreased to 24.17% in 2020 (Fig. 4a and f).
Spatially, the land area exposed to ozone above the high-risk threshold (HRR) decreased from 9.91% in 2013 to
9.53% in 2016, further to 9.24% by 2020. These areas are primarily situated in the Beijing-Tianjin-Hebei, Central
Plains, Yangtze River Delta, and Chengdu-Chongqing urban clusters. The land area exposed to ozone below the
low-risk threshold (LRR) increased from 90.08% in 2013 to 90.75% in 2020, predominantly in the northwest and
northeast regions. Overall, the risk of ozone exposure changed little in most parts of China (Fig. 4b-d). Similarly,
the area exposed to heatwaves above the HRR decreased from 11.43% in 2013 to 10.68% in 2016, continuing
to decline to 9.54% by 2020. These areas are mainly in the southern part of North China, Central China, the
northeastern part of East China, and southern regions. In contrast, the area below the heatwave LRR increased
from 88.57% in 2013 to 89.32% in 2016, continuing to rise to 90.46% by 2020, mainly distributed in the eastern
and northwestern inland areas of China (Fig. 4g-i).

From the perspective of sustainable risk exposure, 57.95% and 20.91% of regions showed sustainability of
population exposure risk to summer surface ozone and heatwaves in the future, respectively. This suggests that
the pattern of population exposure risk to summer surface ozone and heatwaves observed from 2013 to 2020
may persist in these regions. Conversely, regions with anti-sustainability exposure risks were primarily located
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Fig. 4. Population exposure risk maps for surface ozone and heatwaves from 2013 to 2020. (a) and (f)
Cumulative population exposure to varying summer surface ozone concentrations and heatwave days; (b-d)
Average population exposure risk coefficients for summer surface ozone concentrations in 2013, 2016, and
20205 (e) Spatial distribution of the Hurst index for summer surface ozone concentrations; (g-i) Average
population exposure risk coefficients for heatwave days in 2013, 2016, and 2020; (j) Spatial distribution of the
Hurst index for heatwave days.
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in eastern and southeastern China, comprising 42.05% and 79.09% of the study area, respectively. These places
are less stable due to extensive human activity and frequent economic activity, and the future tendency may be
the contrary from 2013 to 2020 (Fig. 4e and j).

Spatial correlation characteristics with the mental health of the residents

Figure 5 presents the spatial distribution of MHQs in China. The spatial distribution revealed a pattern of higher
MHQs in the eastern regions and lower in the west, indicating poorer mental health status among residents
in the east compared to those in the west. In the western regions, the distribution of MHQs was relatively
uniform, mostly ranging between 0 and 0.5, whereas the eastern regions displayed a more complex distribution
of MHQs values between 0.5 and 5.0, with high-value areas sporadically distributed, particularly prominent
in the southeastern coastal areas (Fig. 5a). Among the six major urban clusters, the Beijing-Tianjin-Hebei
(2.68 millions), Yangtze River Delta (2.66 millions), and Pearl] River Delta (3.0 millions) urban clusters were the
centers with high MHQs values. Notably, cities like Beijing (>5.0 millions), Tianjin (>5.0 millions), Baoding
(3.0-5.0 millions), Shijiazhuang (3.0-5.0 millions) in the Beijing-Tianjin-Hebei cluster, Nanjing (> 5.0 millions),
Suzhou (>5.0 millions), Wuxi (>5.0 millions), Shanghai (>5.0 millions), Hangzhou (>5.0 millions), Ningbo
(>5.0 millions), Hefei (3.0-5.0 millions), Jinhua (3.0 millions) in the Yangtze River Delta, and Guangzhou (> 5.0
millions), Shenzhen (> 5.0 millions), Dongguan (3.0-5.0 millions), Foshan (3.0-5.0 millions) in the Pearl River
Delta were particularly notable, with MHQs all above 3.0 millions, and in some cities even higher than 5.0
millions.

Figure 5b—d show the linear regression relationships between different concentrations of ozone and the
number of heatwave days and events with MHQs. We found that the surface ozone concentrations, heatwave
days, and heatwave events during the Chinese summer were positively correlated with the mental health status of
residents (Fig. 5b—d). The correlation with ozone was the most significant, with a correlation coefficient of 0.89.
As ozone concentrations increased, MHQs rose, indicating a deterioration in residents’ mental health status
(Fig. 5b). In contrast, the positive correlations between heatwave days and heatwave events with MHQs were
weaker. Notably, after reaching 15 heatwave days or 2 heatwave events, there was a slight decline in MHQs,
suggesting that the increase in the number of heatwave days and heatwave events within these thresholds
exacerbates mental health deterioration. However, once the cumulative number of heatwave days reached 15
or the number of events reached 2, their impact on mental health diminished, and residents’ mental health may
even have shown improvement (Fig. 5c and d).

During the study period, the population exposed to different ozone concentrations, heatwave days, and
heatwave events also showed a positive correlation with MHQs (Fig. 5e-g). Specifically, for ozone, when the
number of exposed individuals was between 70x 10° and 210 x 106, MHQs peaked (ranging from 2.0 to 3.0),
indicating the poorest mental health status. Once the number of exposed individuals exceeded this range, MHQs
decreased, suggesting an improvement in residents’ mental health. In terms of heatwave days and heatwave
events, changes in the number of exposed individuals did not significantly affect MHQs, and the mental health
status remained relatively stable. For instance, when approximately 0.08 x 10° individuals were exposed to a
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Fig. 5. Spatial distribution of MHQs in China and scatter plots of correlation between ozone, heatwaves,

and MHQs. (a) Spatial distribution of MHQs in China; (b—d) Correlation between summer surface ozone
concentrations and the number of heatwave days and events with MHQs from 2013 to 2020; (e-g) Correlation
between the number of exposed populations to summer surface ozone concentrations, heatwave days, and
heatwave events with MHQs from 2013 to 2020.
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Fig. 6. Spatiotemporal correlation features between surface ozone, heatwaves, and residents’ mental health.
(a—c) Spatial distribution of the correlation between summer surface ozone concentrations, heatwave days, and
heatwave events with MHQs from 2013 to 2020; (d-f) Correlation coeflicients between MHQs and summer
surface ozone concentrations, heatwave days, and heatwave events, and their respective correlations with
summer surface ozone concentrations and the number of heatwave days and heatwave events from 2013 to
2020.

certain number of heatwave days, MHQs reached their highest (between 1.5 and 1.8), corresponding to the worst
mental health status. Beyond this number of exposed individuals, MHQs and the mental health status tended to
stabilize. Similarly, when the population exposed to a certain number of heatwave events exceeded 0.1 x 10°, the
variation in MHQs was minimal (ranging from 1.0 to 1.5), indicating a stable mental health condition.

Further investigation into the spatial and temporal association characteristics between summer surface
ozone concentrations, heatwave days, and heatwave events with MHQs in China from 2013 to 2020 revealed
a generally positive correlation across most regions. However, spatial heterogeneity was also evident (Fig. 6a-
c). Specifically, the correlation between summer surface ozone concentrations and MHQs showed a negative
correlation (—0.10 to 0) only in the central part of North China and some cities in the central part of Northeast
China, while the rest of the region showed a positive correlation (0 to 0.42) (Fig. 6a). Meanwhile, as surface
ozone concentrations increased, the strength of the correlation between ozone and MHQs gradually decreased.
The relationship between surface ozone concentrations and their correlation with MHQs exhibited a positive
trend in low latitudes (18-30°N) of China. At the same time, the difference was obvious in the mid-latitude
regions (30-53°N), with the most significant change in the 34-42°N region, where a positive-negative correlation
existed in all regions (Fig. 6d).

There were similarities in the spatial and temporal correlation characteristics between the number of heatwave
days and events and residents’ mental health. The negative correlation between heatwave days and MHQs was
only found in some cities in the northeast and a small part of the southwest (—0.07 to 0), while the positive
correlation was found in the rest of the regions (0 to 0.38), particularly in the eastern part of North China,
northern East China, and a few areas in South China, where the correlation coeflicients were greater than 0.29
(Fig. 6b). Similarly, heatwave events exhibited a negative correlation only in a few areas in the southwest (—0.07
to 0), roughly matching and slightly expanding the negatively correlated areas shown for heatwave days. The
rest of the regions exhibit positive correlations (0 to 0.39), with high positive correlation areas corresponding to
and slightly expanding beyond those for heatwave days (Fig. 6c). With the increase in heatwave days and events,
the strength of their correlation with MHQs also gradually increased. Compared to heatwave days, heatwave
events showed a stronger correlation with MHQs. At different latitudes, the correlations were almost uniformly
positive, especially at some mid-latitudes (31-40°N), where the positive correlation with MHQs was significant
following the increase in heatwave events (Fig. 6e,f).

Discussion

Spatiotemporal evolution characteristics of surface ozone and heatwaves

This study comprehensively explored the spatial and temporal evolution characteristics of summer surface
ozone and heatwaves in China from 2013 to 2020. In general, during the study period, summer surface ozone
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concentrations, heatwave days, and heatwave events all exhibited an increasing and then decreasing trend. The
slight decline in ozone concentrations after 2019 could be associated with reduced emissions and improved
meteorological conditions in areas affected by the pandemic. There was also significant spatial heterogeneity in
the trends of the three across the study area. Most of the nation had seen an increase in ozone concentrations,
especially in North and East China and the southwest portion of the Northwest region. The primary causes of
this are the high population density and frequent human activity, the advanced economic development and
industrialization, the strong traffic demand, and the intense solar radiation in these region555. This is because
nitrogen oxides (NOx) and volatile organic compounds (VOCs), the key precursors for ozone formation, are
extremely easy to produce under these conditions. Furthermore, there is a correlation between the general rise
in surface ozone concentrations and the fall in atmospheric particulate matter concentrations, such as PM, ..
The chemical properties of particulate matter can absorb atmospheric hydroperoxyl radicals (HO,) and nitrogen
oxides (NOx), both of which are crucial precursors required for ozone generation. Thus, with the recent reduction
in particulate matter concentrations in China, ozone formation reactions have occurred more frequently. This
finding is also consistent with an earlier study by Liao et al.>®. The increasing trends in heatwave days and
events are most noticeable in the southeastern region, closely related to the low latitude, tropical or subtropical
monsoon climate, rapid urbanization, dense population distribution, and well-developed industry.

Investigating the correlation between surface ozone concentrations and the number of heatwave days and
events revealed that, in most regions of China, surface ozone levels were positively correlated with both heatwave
metrics. This correlation primarily stems from elevated temperatures enhancing the rate of photochemical
reactions, thereby increasing ground-level ozone concentrations as temperatures rise. This finding aligns with
previous research that has similarly observed these trends'>. However, in this study, the correlation between
surface ozone concentrations and heatwave days and events showed a negative trend in central and eastern China
(southern North China and Central China regions). This could be because increased atmospheric temperatures
enhance the chemical reaction rates, leading to more ozone formation from NOx and VOCs under sunlight.
However, as temperatures continue to rise, the atmospheric stability layer usually becomes more unstable,
causing pollutants at the surface to disperse upward, thereby reducing ground-level ozone concentrations. Thus,
during heatwaves, despite the chemical tendency to increase ozone, ground-level concentrations might show a
decreasing trend due to the effects of the atmospheric stability layer. Overall, our findings underscore the need
for region-specific analysis and the adoption of targeted pollution control measures that consider the interplay
between different pollutants and extreme events.

Impact of ozone and heatwaves on residents’ mental health

The results of the study on the impacts of surface ozone, heatwave days, and heatwave events on the mental
health of residents showed that frequent surface ozone pollution and heatwaves lead to deteriorating mental
health conditions. As pollution levels and the frequency of extreme events continue to rise, the mental health
of residents becomes poorer and poorer. The correlations between these factors and mental health exhibit
notable spatial heterogeneity, which is not only influenced by regional variations in extreme climatic events and
pollution levels but also by differences in socio-economic factors such as population density and age structure,
economic development, industrial composition, public health conditions, infrastructure, and the extent of green
space in each region®>.

A substantial body of previous empirical research has demonstrated that socio-economic factors can
influence residents’ mental health through two paths: material conditions (such as economic development level,
industrial structure, etc.) and socio-environmental conditions (such as infrastructure, population density, etc.),
either positively contributing to or posing a negative risk to mental health. Specifically, in terms of material
conditions, areas with a high level of economic development tend to have higher overall income levels, which
provide residents with sufficient financial resources to improve their living environment, access medical services,
and engage in leisure and recreational activities, all of which benefit mental health®®. In contrast, low-income
and economically disadvantaged groups are prone to life stress, social exclusion, and a lack of health resources,
thus increasing the risk of negative mental health®>%. It is also important to note that income fluctuations affect
residents’ mental health, with sudden income declines having a greater negative impact on mental health than
sudden increases in income®!. Furthermore, the regional industrial structure indirectly affects residents’ mental
health by influencing employment opportunities, income level, working environment, and the broader ecological
environment®. In terms of socio-environmental conditions, well-developed infrastructure continues to play a
positive role in promoting mental health in daily life, while the opposite will exacerbate residents’ physical and
mental fatigue®>®*. For example, abundant green spaces and sports facilities provide residents opportunities for
daily leisure and exercise, improving subjective well-being®>® Adequate health resources enable early prevention
and timely treatment of mental health issues®”:%. Efficient transportation networks reduce commuting stress and
mitigate psychological problems associated with air pollution and noise exposure®. A well-planned and high-
quality distribution of commercial, cultural, educational, healthcare, and other public service facilities ensures
residents’ access to essential services, thereby reducing the risk of mental health issues arising or worsening’’. In
addition, along with the deepening process of urbanization, a large number of people enter the city to live and
work, which can lead to adverse effects such as high population density, aggravation of the heat island effect, and
serious environmental pollution, increase the sense of urban congestion, cause infrastructure overload, reduce
the quality of the living environment of the residents, and damage the mental health of the residents”>72.

When extreme climatic events and pollution occur, these factors will also have a moderating effect on
the impact of extreme weather events and pollution on residents’ mental health. Favorable socio-economic
conditions can mitigate the negative impacts of extreme climatic events and pollution, whereas unfavorable
socio-economic conditions, compounded by extreme weather and pollution, may amplify the detrimental effects
on mental health.
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As our research has shown, there is a negative correlation between surface ozone concentrations and MHQs
in northern and central-eastern China, while a strong positive correlation is observed in the inland regions of
western China and the coastal regions of southern China. This pattern may be linked to the underlying influence
mechanisms discussed above. In North and Northeast China, the high level of economic development and the
availability of sufficient health resources make it easier for residents to access professional medical services
when faced with the adverse impacts of air pollution and extreme events. This effectively mitigates the incidence
of mental illnesses. Moreover, the region’s long history of development and excellent infrastructure—such as
efficient transport networks, diverse sports facilities, and abundant green spaces—provide residents with high-
quality exercise and living space, which positively contribute to their mental health and help alleviate the negative
effects of air pollution and extreme events.

In contrast, the coastal region of South China, despite having a similarly long development history, a
robust economy, and relatively good infrastructure, exhibits a positive correlation between surface ozone
concentrations and MHQs. This can be attributed to the fact that the region is mainly dominated by secondary
and tertiary industries, particularly labor-intensive and service-oriented sectors, which have led to a large influx
of migrant workers, extremely high population density, and an overstressed infrastructure. Along with rapid
urbanization, various urban ailments have become notable, ultimately leading to a reduction in the standard
of living environment and social and public health services enjoyed by the residents. Coupled with high work
intensity, this has amplified daily life stress, which is detrimental to mental health. Consequently, when the
region faces extreme climate events and air pollution, these factors further exacerbate the negative impacts, and
the mental health of residents is increasingly at risk. For the western inland region of China, its relatively short
development history, underdeveloped socio-economic conditions, and incomplete infrastructure have resulted
in insufficient material conditions and social resources to safeguard residents’ mental health. In addition, the
current transfer of industries from the eastern part of China to the western part of the country primarily involves
high-energy, high-emission, and high-pollution industries, which pose a significant threat to the already fragile
ecological environment, thereby reducing residents’” living quality. As a result, when residents in these areas
face air pollution and extreme events, the negative impacts are further magnified, leading to increasingly severe
mental health conditions.

In the face of increasingly frequent heatwaves, residents in the eastern part of North China, the northern part
of East China, and small areas of South China experience the most significant adverse effects. On the one hand,
some regions spanning the temperate and subtropical zones are influenced by the East Asian subtropical high
from June to August each year. The intense continental radiative heating and the subsidence warming near the
ridge line of the high lead to sharp increases in temperature, clear skies, and strong solar radiation, resulting in
successive or intermittent extreme hot weather’>. On the other hand, these areas are located along the central
coast of China, connecting the economic and political centers of the country, with high traffic pressures. At the
same time, with continuous economic development, increased industrial emissions, rapid urbanization, rising
population size, expanding urban area, and the intensification of the urban heat island effect, urban heat-related
disasters have become increasingly frequent’. Consistent with previous research, these regions have long been
hotspots for frequent heatwaves, and the populations exposed to heatwaves are at very high and high risk of
exposure. Therefore, when residents in these areas are frequently exposed to heatwaves, the negative impact of
socio-economic factors deepens and the mental health of the population deteriorates.

Additionally, our results also revealed that as surface ozone concentrations increased, their correlation
with mental health weakened, and when the number of heatwave days and events exceeded certain thresholds,
residents’ mental health improved. These phenomena may be attributed to China’s unique governance model,
which combines public “adaptive survival strategies” with governmental “systemic intervention measures”—a
model developed over decades of practical experience in managing air pollution events. After prolonged
exposure to air pollution and extreme events, residents undergo a psychological transition, moving from initial
emotional resistance and avoidance to gradual acceptance and proactive coping. This process is accompanied by
a reduction in psychological stress and relative emotional stabilization. Correspondingly, behavioral adaptation
occurs, shifting from passive acceptance to active protective measures, including modifications in travel timing
and modes, reduced outdoor activities, adoption of face masks, dietary adjustments, and optimization of indoor
environments through air conditioning and air purification systems’>’°. Concurrently, as the severity of air
pollution and extreme events intensifies, governmental and public sectors have escalated policy interventions by
implementing a suite of more targeted and efficacious countermeasures’’. These interventions include issuing
precise health warnings and protective guidance for vulnerable groups (such as children, the elderly, individuals
with chronic diseases, and outdoor workers), upgrading urban infrastructure to improve the living environment,
alleviating residents’ economic burdens through financial subsidies and employment support’®, establishing
mental health shelters with professional psychological counseling services, enhancing the restoration of urban
green spaces, supporting businesses in adopting telework policies to reduce outdoor exposure, and promoting
community-based “cooling stations”. In conclusion, understanding the mechanisms of ozone and heatwave
impacts on residents’ mental health is important for future policy formulation, implementation of interventions,
and residents’ coping preparedness and mindset.

Suggested measures for the impact of ozone and heatwaves on residents’ mental health
In response to the compounded impact of ozone and heatwave pollution on residents’ mental health in China,
and the regional differences discussed in the previous section, we propose a set of tiered and region-specific
measures based on the mechanisms of pollution formation, geographical characteristics, and socio-economic
conditions. These measures are outlined in the following three aspects.

Strict Control of Pollution Emissions and Differentiated Regional Management. For example, in South
China, industrial emissions should be controlled, and key industries should be encouraged to use alternative
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clean raw materials. A charge should be imposed on high-emission enterprises, and new high-rise buildings
should be required to incorporate ventilation gaps, in alignment with prevailing wind directions, to reduce the
urban heat island effect. North and East China focus on promoting regional energy structure transformation
and controlling transport emissions. In western China, control measures for natural sources of volatile organic
compounds (VOCs) should be implemented, such as planting low-volatility tree species and establishing wind
and sand control forests along oasis edges to mitigate the enhancement of photochemical reactions by dust and
sand.

Strengthening Health Risk Prevention and Control with Multi-level Early Warning and Intervention. A
refined early warning system that integrates meteorological data, pollution monitoring, and hospital psychiatric
outpatient data from different regions to achieve sub-regional early warning. Protection tips should be targeted
to high-risk groups (such as outdoor workers, individuals with chronic diseases, etc.) through government apps,
ensuring that preventive measures are appropriately disseminated.

Enhancing the Role of Social Support Systems to Promote Environmental Equity and Resilience. Improve
the infrastructure of each region and carry out targeted renovation of old and small communities in densely
populated areas. Upgrade social and public health services and provide timely psychological counseling to
residents exposed to pollution. Strengthen climate mental health education in all regions, teaching psychological
adjustment skills and emergency protection. Develop synergistic strategies for clean air and climate mitigation
that provide significant environmental and climate co-benefits for sustainable development and protect the
physical and mental health of the population.

In conclusion, we suggest that a comprehensive three-pronged approach—“pollution control, health
protection, and social support”—can effectively mitigate the mental health risks posed by ozone and heatwave
pollution.

Research limitations and future directions

This study quantitatively analyzes the dual ozone-heatwave events and the mental health of the population
in China, focusing on the spatiotemporal evolution characteristics of pollution and extreme events and their
impacts. However, the mechanisms of the multiple impacts of surface ozone and heat waves on the mental health
of the population need to be further investigated.

Conclusion

This study investigated the spatiotemporal variations, population exposure risks, and impacts on residents’
mental health due to summer surface ozone and heatwaves in China from 2013 to 2020. The findings indicate
that ozone concentrations and heatwave occurrences initially increased and then decreased. Ozone levels rose
from 85.98 pg/m? in 2013 to a peak of 105.33 pg/m? in 2019, before slightly dropping to 102.54 ug/m?> in 2020.
Similarly, heatwave days increased from 9.31 to 15.62 before decreasing to 11.76, and heatwave events followed
a similar trend. Ozone concentrations increased in 96% of regions, notably in the Beijing-Tianjin-Hebei and
Central Plains urban clusters, and were positively correlated with heatwaves across most areas. The proportion
of the population exposed to high ozone levels surged from 0.19% in 2013 to 16.50% in 2020, while those
experiencing more than 20 heatwave days annually increased from 13.71 to 24.17%. High-risk regions for ozone
were concentrated in key urban clusters, while heatwaves were prominent in North, Central, and East China.
Future risks of ozone and heatwave exposure are expected to persist in 57.95% and 20.91% of areas, respectively,
with significant implications for mental health, particularly in high-risk urban areas.

Data availability

The data that support the findings of this study are available on request from the corresponding author.
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