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Abstract

The steady escalation of surface-level ozone (O3) concentrations has become a major at-
mospheric pollution issue in China, with considerable implications for public health. This
research systematically examines the spatial and temporal patterns of O3 levels within
the Yangtze River Delta region, spanning 2015–2019. Additionally, it evaluates how both
prolonged and brief periods of O3 exposure influence mortality risks—including all-cause
deaths as well as fatalities linked to cardiovascular and respiratory conditions. The results
indicate that: (1) From 2015 to 2019, surface O3 levels in the YRD showed a steady upward
trend. The yearly average AVGDMA8 concentration climbed from 76.6 ± 17.5 µg/m3

to 89.7 ± 6.3 µg/m3, while the 4DMA8 values jumped from 171.4 ± 33.9 µg/m3 to
187.6 ± 17.6 µg/m3, with an average annual increase of 2.9 ± 3.5 µg/m3. (2) Between
2015 and 2019, long-term exposure to AVGDMA8 O3 concentrations was linked to an
estimated 35,806 (95% CI: 18,130–69,540) all-cause deaths, 22,058 (95% CI: 7580–42,270)
cardiovascular deaths, and 6656 (95% CI: 0–14,000) respiratory deaths across cities in the
YRD. In addition, short-term exposure to 4DMA8 O3 led to 30,075 (95% CI: 16,550–43,600)
all-cause premature deaths, 14,137 (95% CI: 5330–22,710) cardiovascular deaths, and 5448
(95% CI: 2840–8129) respiratory deaths. These results offer support for evaluating the
impacts of O3 pollution policy and refining health intervention approaches in the YRD.

Keywords: ozone pollution; spatiotemporal distribution; health risk

1. Introduction
As urbanization and industrial development continue to accelerate across China, air

pollution has become one of the most pressing environmental issues [1]. To improve air
quality, the Chinese administration has introduced a suite of comprehensive pollution-
control strategies, such as the “Air Pollution Prevention and Control Action Plan" and
the “Three-Year Action Plan for Winning the Blue Sky Defense Battle”. These initiatives
have made remarkable progress in reducing the concentrations of PM2.5. However, O3

concentrations have continued to rise, emerging as a critical challenge in the current phase
of air quality improvement.

Ground-level O3, a strong oxidizing agent, poses substantial risks to ecological in-
tegrity and human health [2–4] and has consequently become a growing global concern.
O3 serves as an essential component of the troposphere, which is generated by a series
of complex photochemical reactions between volatile organic compounds (VOCs) and
nitrogen oxides (NOx = NO + NO2) in the presence of sunlight [5]. The primary sources
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of these O3 precursors include industrial emissions, motor vehicle exhaust, and the use
of solvents.

O3 concentrations in China have remained persistently high in recent years. Since
2016, O3 pollution has become the dominant atmospheric contaminant in major urban
centers, including Beijing and Shanghai [6]. By 2018, more than 120 cities nationwide
reported O3 levels exceeding the national air quality standards, with an exceedance rate of
35.8% [7]. According to Hong et al. [8], the annual range of urban O3 concentrations in 2019
varied from 84 to 193 µg/m3, with a national average of 141 µg/m3. Furthermore, 22% of
cities exceeded the annual standard limit, and days with concentrations above the standard
accounted for approximately 6% of the year. In terms of air quality metrics, China’s
major urban centers recorded an average daily maximum 8-h O3 concentration (DMA8) of
87.9 ± 13.5 µg/m3 in 2015. Hotspots like the Yangtze River Delta (YRD), Beijing-Tianjin-
Hebei (BTH), and Pearl River Delta (PRD) frequently exceeded O3 levels of 120 µg/m3 [9].
Between 2013 and 2017, the 90th percentile for these daily O3 peaks across 74 cities jumped
from 139 µg/m3 (ranging from 72 to 190 µg/m3) to 167 µg/m3 (ranging from 117 to
218 µg/m3) [10]. During the same period, the country’s average of the fourth-highest
daily maximum 8-h average O3 concentration (4DMA8) at monitoring stations stood at
172 ± 28.8 µg/m3. In key regions such as BTH, YRD, and PRD, 4DMA8 concentrations
frequently exceeded 200 µg/m3 [11]. In 2018, 34.6% of the 338 monitored cities recorded
DMA8 concentrations above the 90th percentile, ranging from 160 to 217 µg/m3 [12].

Both prolonged and brief exposure to O3 can have detrimental effects on human
health. Because O3 is poorly soluble in water, it can evade the protective barriers of the
upper respiratory tract and reach the deeper regions of lung tissue, where it induces
oxidative stress and cellular damage [13,14]. Extensive evidence has demonstrated a strong
association between prolonged exposure to high O3 levels and higher mortality rates due
to respiratory and heart conditions. Vulnerable groups such as seniors, young children,
and those with existing health conditions tend to be hit the hardest [15]. In addition,
short-term exposure to O3 may trigger acute respiratory events, including exacerbations
of asthma and respiratory infections [13,16,17]. In 2015, tropospheric O3 was estimated
to contribute to approximately 9–23 million annual emergency room visits for asthma
worldwide, accounting for 8–20% of all asthma-related hospital visits globally [13,18,19].
While research emphasizes the health consequences of chronic exposure, the risks associated
with short-term episodes of elevated O3—particularly during summer months—should not
be overlooked [20–22]. Studies have shown that a large segment of the populace regularly
breathes air containing O3 levels surpassing the 4DMA8 threshold [23], while premature
deaths associated with brief-term 4DMA8 O3 exposure constitute a substantial component
of overall mortality in China [24].

The YRD, a central economic hub and among the most densely inhabited areas in
China, faces particularly severe challenges associated with O3 pollution. Studies indicate
that peak O3 concentrations in this region typically occur between May and July, with the
DMA8 O3 levels climbing steadily by about 2.3 ppb annually from 2013 to 2017 [25,26].
Based on monitoring data released by the Ministry of Ecology and Environment of China,
the number of days with excessive O3 levels in the YRD has increased in recent years, with
the annual average significantly higher than that of developed countries such as those
in Europe and the United States [27]. Due to the stark north-south differences in near-
surface O3 levels across China, the YRD, situated at the crossroads between northern and
southern areas, serves as a crucial corridor for examining regional O3 pollution patterns.
Therefore, a thorough investigation into the processes driving pollution changes and
their health implications in this zone is vital for developing targeted and effective O3

mitigation strategies.
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In this context, the investigation employed O3 levels from 2015 to 2019 to methodically
examine the spatial and temporal changes in ozone pollution over the YRD region. Two
exposure metrics—AVGDMA8 and 4DMA8—were employed. Based on these indicators
and established exposure–response functions, we quantified the mortality risk with both
prolonged and acute O3 exposure. This included deaths from all causes, as well as those
attributed explicitly to cardiovascular and respiratory illnesses. This study aims to fill
existing research gaps in health impact assessments related to O3 exposure in the YRD and
to provide robust scientific evidence to support regional O3 pollution control strategies and
mitigate associated public health risks.

2. Date and Research Methods
2.1. Ground-Level O3 Data

Since 2013, the National Air Quality Real-Time Release Platform (available at https:
//air.cnemc.cn:18007/, accessed on 15 July 2025) has provided hourly monitoring data for
O3 and five other key pollutants. In this study, hourly O3 measurements were collected from
urban areas across the YRD, including Jiangsu, Zhejiang, Anhui, and Shanghai. The dataset
comprises observations from 267 monitoring stations (Figure 1) and spans the interval from
1 January 2015 to 31 December 2019. Due to the prevalence of abnormal and missing values
in the publicly released data, quality assurance of the hourly O3 concentration dataset
was essential [28]. First, we identified and removed records with continuous missing
observations to ensure data completeness. Second, a statistical method was employed in
which measurements exceeding ±3 standard deviations from the mean were flagged and
excluded as outliers, improving dataset integrity. Finally, missing values were filled using
linear interpolation based on the observed values immediately before and after the gap.
In cases where a day contained an excessive number of missing data points to support
practical analysis, the day was treated as invalid and substituted with that month’s average
hourly O3 levels.

The Tropospheric Ozone Assessment Report (TOAR) defines 12 indicators for char-
acterizing O3 levels and their impact on the climate, public health, and ecological condi-
tions. These indicators can be accessed publicly via the TOAR ground-level O3 repository
(https://join.fz-juelich.de/, accessed on 15 July 2025) [29]. Among them, DMA8 refers to
the daily peak of the 8-h running average concentration, while AVGDMA8 signifies the
yearly average of these daily maxima. Additionally, 4DMA8 denotes the fourth-highest
DMA8 value recorded during the Northern Hemisphere warm season (April–September).
In the present study, AVGDMA8 and 4DMA8 were calculated to represent long- and short-
term O3 exposure levels, respectively, and were subsequently applied in the corresponding
health risk assessments. City-level O3 metrics were obtained by calculating the mean of
measurements collected from all operational monitoring stations within each urban area.
This approach minimizes bias arising from uneven station distribution and improves the
reliability of regional assessments.

2.2. Trend Analysis

Utilizing the Theil–Sen estimator on deseasonalized data, this research gauged the
trend slope, thereby pinpointing non-parametric monotonic linear trend changes. To assess
whether these trends were statistically significant, the Mann–Kendall test was applied,
adopting a significance threshold of p < 0.05 [30].

All data processing and trend calculations were conducted in the RStudio 3.6.0 environ-
ment. The main R packages used included “openair” (for air quality time series analysis),
“tidyverse”, “lubridate”, and “dplyr” (for data cleaning and format transformation) [31,32].

https://air.cnemc.cn:18007/
https://air.cnemc.cn:18007/
https://join.fz-juelich.de/
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Figure 1. Geographic placement of air quality monitoring stations in cities across the Yangtze River Delta.

2.3. Premature Mortality Estimation Method

In this study, we employed a log-linear exposure–response model to investigate all-
cause, cardiovascular, and respiratory fatalities resulting from both chronic and short-term
O3 exposure in urban areas of the YRD region during the period from 2015 to 2019. The
specific calculation formula is as follows:

∆C =

{
0 i f [O3] ≤ TMERL
[O3]− TMERL i f [O3] > TMERL

(1)

β = ln(RR)/∆C (2)

∆Mort =
(

1 − exp−β∆C
)
·y0·Pop (3)

Here, TMERL represents the Theoretical Minimum Risk Exposure Level of O3. This
level functions as the benchmark threshold for evaluating risks associated with expo-
sure. When assessing chronic exposure, [O3] represents the yearly average O3 concen-
tration, while ∆C refers to the annual average O3 level exceeding TMERL. For acute
exposure, [O3] corresponds to the daily mean concentration, while ∆C denotes the accu-
mulated daily O3 exposure exceeding TMERL. The parameter β represents the exposure-
response relationship, calculated from relative risk (RR), quantifying the relationship
between incremental changes in O3 levels and the heightened health risks. The variable
y0 represents the baseline rate of death specific to each cause, sourced from the Global
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Health Data Exchange (GHDx) as part of the Global Burden of Disease (GBD) database
(http://ghdx.healthdata.org/gbd-results-tool, accessed on 15 July 2025), which provides
annual mortality data from 2015 to 2019. Pop refers to individuals 30 years and upwards in
every urban area, while ∆Mort represents the approximate count of deaths attributable to a
specific cause within the city limits. Age-disaggregated population statistics were sourced
from China’s National Bureau of Statistics (https://www.stats.gov.cn/sj/ndsj/, accessed
on 15 July 2025).

For long-term exposure risk assessment, the O3 concentration metric adopted was the
yearly average of daily 8-h maximums (AVGDMA8). The TMERL for all-cause mortality
was set at 53.4 µg/m3 [33], while the TMERL for cardiovascular and respiratory mortality
was set at 53.6 µg/m3 [34]. These benchmarks are based on the minimal levels of health risk
identified in extensive epidemiological research over extended periods. As the exposure
measure for brief periods, the 4th highest daily peak 8-h level served as the metric using a
TMERL of 70 µg/m3 per WHO HRAPIE guidelines [35].

For the estimation of long-term mortality, the all-cause mortality exposure-response
coefficient (β) was adopted from Turner et al. [33], while the coefficients for cardiovascular
and respiratory mortality were based on the methodology of Lim et al. [34]. In the case
of short-term mortality, β values for all-cause and cardiovascular deaths were obtained
from a large-scale Chinese epidemiological investigation led by Yin et al. [36]. As for
respiratory mortality figures, they came from a thorough meta-study carried out by Dong
et al. [37] (see Table 1). In this study, we computed the exposure–response coefficients (β)
for chronic (AVGDMA8) and acute (4DMA8) O3 exposure. This was done by examining
relative risks (RR) associated with every 20 µg/m3 and 10 µg/m3 increment in O3 levels,
respectively. To ensure a fair comparison, akin to the approach taken by Lefohn and
colleagues [30], we employed a conversion factor of 1 ppb equating to 2 µg/m3 under
standard conditions—namely, 20 ◦C and 1013.25 hPa.

Table 1. The cause-specific RR for long-term and short-term exposure.

Exposure Duration Cause-Specific Mortality Relative Risk

Long-term mortality

All-cause mortality 1.02 (1.01–1.04)

cardiovascular 1.03 (1.01–1.06)

respiratory 1.04 (1.00–1.09)

Short-term mortality

All-cause mortality 1.0024 (1.0013–1.0035)

cardiovascular 1.0027 (1.0010–1.0044)

respiratory 1.0046 (1.0023–1.0070)

3. Results Analysis
3.1. Spatial and Temporal Distribution of AVGDMA8 O3 Concentrations

Figure 2 displays changes in the spatial–temporal patterns of AVGDMA8 O3 concen-
trations across the urban areas of the YRD for 2015 and 2019. Overall, the data reveal
that in 2015, O3 concentrations ranged from 36.7 µg/m3 in Chuzhou (Anhui Province) to
103.3 µg/m3 in Yancheng (Jiangsu Province), with a regional mean of 76.6 ± 17.5 µg/m3

(mean ± standard deviation). By 2019, the range narrowed to 74.4 µg/m3 in Lishui
(Zhejiang Province) to 99.6 µg/m3 in Yangzhou (Jiangsu Province), while the mean concen-
tration increased to 89.7 ± 6.3 µg/m3. These results indicate a marked rise in the average
O3 levels over the five years. Notably, cities with initially lower concentrations experienced
more pronounced increases than those with higher baseline values, leading to a significant
narrowing of the overall concentration range.

http://ghdx.healthdata.org/gbd-results-tool
https://www.stats.gov.cn/sj/ndsj/
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Figure 2. Spatiotemporal distribution of AVGDMA8 O3 concentrations across the YRD in 2015
and 2019.

Regarding regional variation, the cities with the highest AVGDMA8 O3 levels in 2015
included Yancheng (103.3 µg/m3), Taizhou (103.3 µg/m3), Yangzhou (100.7 µg/m3), Yixing
(97.9 µg/m3), Nantong (97.4 µg/m3) in Jiangsu Province, and Shanghai (96.4 µg/m3). By
2019, the cities with the highest concentrations were Yangzhou (99.6 µg/m3), Huaibei
(98.7 µg/m3), Suqian (97.9 µg/m3), Suzhou (Anhui) (97.8 µg/m3), and Lianyungang
(97.7 µg/m3), with most of these elevated values concentrated in Jiangsu Province (northern
YRD). The relatively severe pollution in these areas may be attributed to dense industrial
activity and high vehicular emissions in southern Jiangsu and northern Zhejiang. Throw in
the fact that prevailing westerly winds often push polluted air into Shanghai [38]. Overall,
O3 levels across the YRD urban cluster exhibited a steady rise, with the spatial distribution
gradually shifting from a previous “east-high, west-low” gradient to a “north-high, south-
low” pattern.

In terms of absolute increases, cities such as Chuzhou (Anhui), Tianchang (Jiangsu),
Wuhu (Anhui), and Suzhou (Anhui) experienced the most significant rises in O3 concentra-
tions, with increases of 57.7 µg/m3, 57.7 µg/m3, 45.3 µg/m3, and 40.7 µg/m3, respectively.
Anhui Province, straddling the central and lower stretches of the Yangtze and Huai Rivers
and located at the heart of the bustling YRD, has undergone rapid economic growth, along
with accelerated industrialization and urbanization in recent years. Consequently, atmo-
spheric photochemical pollution in the province has become increasingly severe. Given the
current challenges posed by O3 pollution, it is particularly urgent to implement targeted
mitigation strategies for Anhui Province.

3.2. Spatial and Temporal Distribution of 4DMA8 O3 Concentrations

Figure 3 shows the 4DMA8 O3 distribution across time and space in YRD urban
zones for 2015 and 2019. The 4DMA8 metric, defined as the fourth-highest 8-h average
O3 concentration during the warm season, serves as a key indicator for assessing short-
term exposure. As an essential measure of surface-level O3 pollution severity, 4DMA8
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emphasizes the high-concentration segment of the distribution, which is typically closely
linked to local emissions.

Figure 3. Spatiotemporal distribution of 4DMA8 O3 concentrations across the YRD in 2015 and 2019.

Overall, 4DMA8 O3 levels in the YRD exhibited a moderate increase between 2015
and 2019. In 2015, the regional mean was 171.4 ± 33.9 µg/m3, with concentrations ranging
from 85.3 µg/m3 to 235.7 µg/m3. By 2019, the average had risen to 187.6 ± 17.6 µg/m3,
accompanied by a narrowed concentration range of 142 to 217 µg/m3.

At the city level, approximately 73% of the cities in the YRD (32 out of 44) exhibited a
positive trend in 4DMA8 O3 concentrations between 2015 and 2019. Notably, Tianchang
(Jiangsu) and Chuzhou (Anhui) experienced increases exceeding 100 µg/m3, while Wuhu
(Anhui) recorded a substantial rise of 95.7 µg/m3. In addition, Bozhou, Chizhou, and
Huangshan—all located in Anhui Province—showed increases greater than 50 µg/m3.

In 2015, the cities with the highest 4DMA8 O3 levels were Zhenjiang (235.7 ± 14.6 µg/m3)
and Nantong (223.4 ± 9.7 µg/m3), both in Jiangsu Province. By 2019, Changzhou exhibited
the highest 4DMA8 concentration, increasing from 199 ± 7.5 µg/m3 to 217 ± 24 µg/m3. It is
noteworthy that in 2015, only four cities recorded 4DMA8 values above 200 µg/m3, whereas
by 2019 this number had risen to eleven towns, most of which were situated in the north
of the YRD region. The results align with the observations of Huang et al. [39], indicating
that across cities in the YRD, average O3 concentrations climbed from 149 µg/m3 in 2015 to
166 µg/m3 in 2017. During the same period, the mean rate of standard exceedance grew
from 9.3% to 12.1%, while the share of days dominated by O3 as the principal pollutant
escalated from 32.3% to 46.4%.

Studies have shown that O3 levels in the YRD exhibit a clear north-south trend. You
see higher concentrations up north, while the southern parts of the region tend to have
lower values. This is likely due to the breakneck economic growth happening in the
northern YRD. Since 2016, regions such as Zhejiang have implemented stringent measures
to control VOC emissions, including the imposition of VOC emission charges and the
promotion of low-VOC-content solvents, which have mitigated the upward trend in O3

concentrations [39].
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3.3. Trends in DMA8 O3 Concentrations

Figure 4 illustrates the absolute trends and regional variations in DMA8 O3 concentra-
tions. The data show that DMA8 O3 levels in the YRD region generally rose from 2015 to
2019, with a mean annual rise of 2.9 ± 3.5 µg/m3.

 

Figure 4. Trend in DMA8 O3 concentrations across the YRD.

At the provincial level, Anhui Province experienced the most pronounced increase, with
an annual growth rate of 6.1 ± 2.2 µg/m3/year, substantially exceeding the regional average.
In Jiangsu Province, O3 concentrations exhibited a moderate upward trajectory, averaging
an annual growth of 1.8 ± 2.9 µg/m3/year, indicating persistent challenges in air pollution
control. In contrast, Zhejiang Province and Shanghai Municipality exhibited slight declining
trends, with average rates of −0.2 ± 1.2 µg/m3/year and −0.3 µg/m3/year, respectively.

At the city level, between 2015 and 2018, DMA8 O3 concentrations increased across
all cities in Anhui Province. The most substantial rises were observed in Chuzhou
(9.4 ± 1.9 µg/m3/year), Wuhu (9.3 ± 3.3 µg/m3/year), Chizhou (8.7 ± 2.3 µg/m3/year),
and Anqing (8.5 ± 2.0 µg/m3/year). In contrast, several southern cities in the YRD ex-
hibited slight declining trends, including Zhoushan (−1.9 ± 2.1 µg/m3/year) and Jiaxing
(−1.4 ± 2.2 µg/m3/year) in Zhejiang Province, as well as Nantong (−1.1 ± 0.8 µg/m3/year)
in Jiangsu Province.

In Anhui Province, the simultaneous growth in economic output and motor vehicle
ownership has contributed to increased emissions of O3 precursors. According to the
Anhui Statistical Yearbooks from 2016 to 2018, the province’s gross domestic product (GDP)
rose from 2.41 trillion yuan in 2016 to 2.70 trillion yuan in 2017 and 3.00 trillion yuan in
2018, corresponding to year-on-year growth rates of 12% and 11.1%, respectively. This
sustained economic expansion is a key factor driving the marked rise in O3 levels. At
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the same time, the number of registered motor vehicles in Anhui Province also increased,
rising from 10.46 million in 2016 to 12.28 million by 2018, and further up to 13.19 million in
2019—resulting in year-on-year increases of 17.4% and 7.4%, respectively.

Overall, 73% of cities in the YRD exhibited increasing trends in O3 concentrations,
with 27% experiencing annual increases exceeding 5 µg/m3. In contrast, only 23% of
cities—primarily located in eastern Jiangsu and northern Zhejiang—showed declining
trends. This disparity may be associated with the pace of economic development and the
stringency of emission control policy implementation across different regions.

3.4. Long-Term Premature Mortality

Previous epidemiological studies have consistently demonstrated a strong link be-
tween prolonged O3 exposure and various health complications, particularly respira-
tory illnesses, chronic obstructive pulmonary disease (COPD), and cardiovascular disor-
ders [33,40]. Drawing on the relative risk assessments published by Turner et al. [33]. This
study aimed to put a number on the premature deaths caused by prolonged ozone exposure
between 2015 and 2019, looking at deaths from all causes as well as those specifically due to
respiratory and cardiovascular issues. Figure 5 graphically depicts the geographical spread
of the five-year average mortality rate attributable to O3 exposure for each disease category
across cities in the YRD region.

 

Figure 5. Spatial distribution of the five-year mean mortality attributable to long-term O3 exposure
in the YRD.

Across all cities in the YRD, during five years of observation, it was projected that
prolonged contact with O3 was responsible for an estimated 35,806 fatalities in the towns
within the YRD region. This tally included 22,058 deaths tied to cardiovascular issues
and 6656 instances associated with respiratory problems. Among the towns, Shanghai
recorded the highest average annual O3-related all-cause mortality, with 4615 deaths
(95% CI: 2340–8960), followed by Suzhou in Jiangsu Province with 1597 deaths (95% CI:
800–3100), Yancheng with 1428 deaths (95% CI: 720–2770), and Xuzhou with 1410 deaths
(95% CI: 710–2730). The top-ranking cities for cardiovascular and respiratory mortality mir-
rored the pattern observed for all-cause deaths, reflecting their high population density and
intensive industrial activity, which contribute to elevated O3 exposure and, consequently,
greater health burdens.

In terms of spatial distribution, the five-year average of deaths associated with pro-
longed O3 exposure was 833 per city, including 513 from cardiovascular diseases and 155
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from respiratory illnesses. These data indicate that the impact on cardiovascular mortality
is the most pronounced, accounting for approximately 76.8% of total deaths. In contrast,
the contribution from respiratory mortality, although smaller, remains a noteworthy public
health concern.

Regionally, cities in Jiangsu and Zhejiang provinces—such as Hangzhou and
Ningbo—generally exhibited higher mortality burdens, likely driven by rapid urbaniza-
tion, increased vehicular emissions, and elevated intensities of O3 precursor emissions.
Although smaller cities like Huangshan, Suzhou (Anhui), and Tongling reported lower
absolute mortality counts, their smaller populations result in relatively high per capita
mortality rates. Consequently, these cities also warrant attention in terms of health risks
and should be prioritized in future air quality monitoring and mitigation strategies.

3.5. Short-Term Premature Mortality

Figure 6 illustrates the geographic pattern of the average five-year mortality rates
linked to brief O3 pollution in the YRD. Throughout the study, short-term O3 exposure was
estimated to contribute to an annual average of 30,075 deaths from all causes, including
14,137 from cardiovascular diseases and 5448 from respiratory illnesses.

 

Figure 6. Spatial distribution of the five-year mean mortality attributable to short-term O3 exposure
in the YRD.

The highest burdens of cardiovascular mortality associated with short-term O3 expo-
sure were observed in four cities: Shanghai (1777 deaths; 95% CI: 670–2850), Suzhou
in Jiangsu Province (675 deaths; 95% CI: 250–1080), Hangzhou in Zhejiang Province
(574 deaths; 95% CI: 220–920), and Nanjing in Jiangsu Province (558 deaths; 95% CI:
210–890). The cities with the highest respiratory mortality followed similar rankings: Shang-
hai (684 deaths; 95% CI: 360–1040), Suzhou (260 deaths; 95% CI: 140–390), Hangzhou
(221 deaths; 95% CI: 120–330), and Nanjing (215 deaths; 95% CI: 110–320). Across most
cities, cardiovascular mortality accounted for approximately 71–72% of total short-term
O3-related deaths.

Although the overall mortality linked to acute O3 exposure is somewhat lower than
that resulting from prolonged exposure, it is characterized by greater severity and poses
more immediate pressure on healthcare systems. Shanghai remained the city with the
highest short-term all-cause mortality burden, with 3780 deaths (95% CI: 2080–5480). Other
cities with a high mortality burden included Suzhou (1437 deaths; 95% CI: 790–2080),
Hangzhou (1222 deaths; 95% CI: 670–1770), and Nanjing (1187 deaths; 95% CI: 650–1720).
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Across all cities, the five-year average per city was 699 all-cause deaths, comprising 328
from cardiovascular diseases and 127 from respiratory illnesses.

At the provincial level, Jiangsu Province exhibited the most significant burden of early
deaths linked to brief O3 exposure, with an annual average of 11,895 deaths, representing
40% of all short-term O3-related fatalities in the YRD (95% CI: 6540–17,240). Anhui Province
ranked second, with 7474 annual deaths stemming from O3-related issues, representing
24.9% of the regional total (95% CI: 4110–10,830).

4. Discussion
Using O3 concentration data collected from multiple cities across China’s YRD between

2015 and 2019, this study examined the evolving patterns of AVGDMA8 and 4DMA8 O3

levels. It also evaluated the influence of short-term and long-term exposure to O3 on
deaths resulting from all causes, cardiovascular disease, and respiratory conditions. The
results indicate a substantial increase in O3 concentrations across the majority of YRD cities.
However, current air pollution control efforts remain primarily focused on particulate
matter (PM2.5), with dedicated strategies for O3 mitigation receiving insufficient attention.
These findings highlight the growing urgency of implementing more effective O3 control
measures to protect public health in the area better.

Key contributors to the continually elevated O3 levels in the area include multiple
factors. First, O3 formation in this area is predominantly VOC-limited, suggesting that
reducing VOC emissions is essential for effective O3 mitigation, whereas reductions in NOx
emissions may unintentionally lead to higher O3 levels [5]. Recent bottom-up emission
inventories, combined with satellite-based formaldehyde observations, indicate an upward
trend in anthropogenic VOC emissions in eastern China, which has contributed to the
sustained rise in surface O3 concentrations [25,41]. Furthermore, the reduction in PM2.5

levels has increased surface solar radiation, thereby accelerating photochemical processes
and further enhancing O3 formation [25]. It is clear that we need to crack down on volatile
organic compound emissions in the area to address O3 pollution effectively.

In terms of spatial distribution, numerous national and international studies have
demonstrated that the health effects of O3 exposure exhibit considerable spatial hetero-
geneity [42–44]. Consistent with these findings, our analysis revealed pronounced intercity
differences in O3 concentrations and their temporal trends across the YRD. For instance,
central cities such as Nanjing, Xuzhou, and Shanghai exhibited significantly higher O3-
attributable mortality rates compared with several prefecture-level and county-level cities.
This uneven distribution likely reflects a combination of interrelated factors. First, regional
disparities in the intensity of O3 precursor emissions. Although high levels of industrializa-
tion generally characterize the YRD, cities vary significantly in terms of industrial structure,
energy consumption patterns, and vehicle ownership, resulting in uneven spatial distribu-
tions of NOx and VOC emissions that directly affect local O3 formation potential. Second,
the area’s tropical monsoon climate, coupled with the urban heat island phenomenon,
exacerbates the regional and seasonal fluctuations in O3 pollution levels. Additionally,
as a secondary pollutant, O3 is mainly produced through photochemical interactions be-
tween NOx and VOCs. The connection between O3 levels and their precursors tends to be
non-linear [45], and the sensitivity of O3 formation to specific precursors varies by region,
determining the dominant O3 pollution regime in each area. These findings highlight the
necessity for future mitigation strategies to adopt region-specific control measures while
strengthening large-scale, coordinated regional management frameworks to effectively
address O3 pollution in the YRD.

In the present health risk assessment, the assignment of relative risk values carries
inherent uncertainty. Given the shortage of comprehensive long-term cohort studies
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on O3 exposure in China, a bulk of prior investigations have used RR estimates from
Jerrett et al. [40], Turner et al. [33], and Lim et al. [34] to gauge long-term O3-related deaths
occurring prematurely. The choice of RR source can dramatically influence the outcomes.
For instance, Wang et al. [46] conducted a comparison between the projected figures for
premature respiratory mortality, using the RR values from Turner et al. [33] and those
derived from Jerrett et al. [40]. What they found was that the estimate based on Jerrett
et al.’s 6mMDA1 metric and RR values resulted in an estimated 114,000 deaths, which is
39% lower than the 186,000 deaths calculated according to Turner et al.’s methodology.
Similarly, Malley et al. [47] estimated that O3-related deaths in China were 154,000 (95%
CI: 59,900–248,000) when applying Jerrett et al. [40]’s RR values, whereas the estimate
increased to 316,000 (95% CI: 230,000–403,000) when using Turner et al. [33]’s RR values.
Therefore, it is crucial in the future to establish location-specific and population-tailored O3

exposure–response functions or coefficients for China, which will boost the precision of our
long-term health effect evaluations.

The assessment of health risks associated with O3 is also contingent upon the selection
of threshold values. At present, there is no definitive theoretical explanation for the
determination of O3 thresholds. The World Health Organization (WHO) suggests 35 ppb as
the baseline level for O3. In the present study, the threshold was established based on the
observed health risk levels in long-term epidemiological investigations by Turner et al. [33]
and Lim et al. [34]. Using a similar methodological framework, Lu et al. [48] adopted
29.1 ppb as the TMREL and estimated that, from 2013 to 2019, exposure to ambient O3

(based on the MDA8 metric) was associated with an average of 49,430 premature respiratory
deaths (95% CI: 34,350–64,610) annually in 69 Chinese cities. Malley et al. [47] reported that,
in 2016, with a cutoff of 26.7 ppb, the projection for respiratory deaths tied to ozone exposure
in China stood at 316,000 (95% CI: 230,000–403,000), whereas increasing the threshold to
31.1 ppb reduced the estimate to 274,000 (95% CI: 198,000–351,000). Notably, Zhan et al. [49],
in a comprehensive health impact assessment for YRD, establishing 75.2 µg/m3 as the
critical exposure level. This figure is lower than our study suggests, mainly because they
used a higher threshold. By contrast, research by Yang et al. [50] calculated approximately
32,000 ozone-related premature deaths per year in the YRD between 2013 and 2018, a value
that aligns pretty well with the outcomes of our research.

Significant discrepancies in premature mortality estimates can also result from dif-
ferences in data sources [51–53]. According to GBD study, ambient O3 exposure was
responsible for an estimated 152,000 to 254,000 annual premature mortality due to COPD
during 2010–2015 to ambient O3 exposure [3,54]. According to the Seventh National
Population Census, the YRD accounts for approximately 16.3% of China’s total popula-
tion [55]. Based on this proportion, the GBD’s nationwide estimates correspond to roughly
24,776–41,402 premature deaths in the YRD, a range that is broadly consistent in magnitude
with this study’s estimate of 35,806 all-cause premature deaths (95% CI: 18,130–69,540). To
further validate the robustness of our results, we compared them with domestic studies
employing chemical transport models. Based on epidemiological evidence, Lin et al. [56]
and Liu et al. [57], employed a consistent threshold of 75.2 µg/m3. They leveraged the
WRF-CMAQ atmospheric chemical transport model, configured with a spatial resolution of
36 km, to simulate surface O3 concentrations. They estimated COPD mortality attributable
to O3 at 89,391 (95% CI: 32,226–141,649) in 2014 and 71,900 (95% CI: 55,341–80,280) in 2015,
respectively. Employing the NAQPMS atmospheric model, Wang et al. [46] estimated that,
between 2013 and 2017, O3 exposure in China was responsible for roughly 186,000 (95%
CI: 129,000–237,000) respiratory illnesses and 125,000 (95% CI: 42,000–204,000) cardiovas-
cular disease deaths. These studies highlight the substantial uncertainty associated with
risk assessments based on O3 data simulated by chemical transport models. By compar-
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ison, measured O3 concentrations generally yield lower health risk estimates than those
derived from chemical transport models or satellite observations. This underscores the
critical importance of selecting an appropriate O3 data source when conducting health
risk assessments.

In contrast to earlier research, what truly sets this study apart is its meticulous analysis
of the mortality risks tied to both brief and prolonged O3 exposure in the YRD, thereby ad-
dressing the current underrepresentation of short-term effects in the literature. In addition,
this study not only assessed all-cause mortality but also separately estimated the mortality
burden from cardiovascular and respiratory diseases, providing a scientific basis for tar-
geted and refined public health interventions. Despite our efforts to ensure methodological
rigor and data integration, this research still has several limitations. First, the selection of
the exposure–response coefficient (β) involves a degree of uncertainty. Although previous
studies have demonstrated consistency in exposure–response relationships, variations in
population health status across regions may introduce bias. Second, this study applied
uniform RR values and TMREL without making adjustments according to the particular
demographic and health traits of the local community. Finally, the mortality data were
derived from city-level statistical yearbooks, and individual-level exposure assessments
were not possible, which may have introduced some degree of error in the estimates. Future
research should integrate regional epidemiological data to refine RR estimates and conduct
comprehensive uncertainty and sensitivity analyses, thereby enhancing the robustness and
policy relevance of health risk assessments.

5. Conclusions
The present study identified a marked increase in surface O3 concentrations through-

out the YRD during the period 2015–2019 and evaluated the corresponding health effects
associated with both long-term and short-term O3 exposure. The findings indicated that
over the 2015–2019 period, AVGDMA8 O3 concentration escalated from 76.6 ± 17.5 µg/m3

to 89.7 ± 6.3 µg/m3, while 4DMA8 concentration rose from 171.4 ± 33.9 µg/m3 to
187.6 ± 17.6 µg/m3. Overall, the region experienced a continuous rise in O3 levels, with
an average annual increase of 2.9 ± 3.5 µg/m3 over the five years. It is estimated that
prolonged O3 exposure accounted for roughly 35,806 cases (95% CI: 18,130–69,540) all-cause
premature deaths, including 22,058 (95% CI: 7580–42,270) cardiovascular deaths and 6656
(95% CI: 0–14,000) respiratory deaths. In addition, short-term O3 exposure was associ-
ated with an estimated 30,075 (95% CI: 16,550–43,600) all-cause deaths, 14,137 (95% CI:
5330–22,710) cardiovascular deaths, and 5448 (95% CI: 2840–8129) respiratory deaths. Fur-
thermore, the findings indicate that provinces with larger populations are experiencing
more rapid increases in O3 levels. These provinces should be prioritized as key targets for
implementing stringent air pollution regulations aimed at mitigating the growing public
health impacts.
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