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ABSTRACT: China’s nationwide ozone monitoring network initiated in
2013 has observed severe surface ozone pollution. This network, combined
with the recent Tropospheric Ozone Assessment Report (TOAR) data set,
offers a more comprehensive view on global surface ozone distribution and
trends. Here, we report quantitative estimates of the warm-season (April−
September) surface ozone trends and resulting health impacts at Chinese
cities in 2013−2019. Both the parametric and nonparametric linear trends for
12 ozone metrics relevant to human health and vegetation exposure are
derived. We find that all ozone metrics averaged from Chinese urban sites
have increased significantly since 2013. The warm-season daily maximum 8-h
average (MDA8) ozone levels increased by 2.4 ppb (5.0%) year−1, with over
90% of the sites showing positive trends and 30% with trends larger than 3.0
ppb year−1. These rates are among the fastest trends, even faster in some
Chinese cities, compared with the urban ozone trends in any other region worldwide reported in TOAR. Ozone metrics reflecting
the cumulative exposure effect on human health and vegetation such as SOMO35 and AOT40 have increased at even faster rates
(>10% year−1). We estimate that the total premature respiratory mortalities attributable to ambient MDA8 ozone exposure in 69
Chinese cities are 64,370 in 2019, which has increased by 60% compared to 2013 levels and requires urgent attention.

1. INTRODUCTION
Short-term and long-term exposures to ambient ozone, a
damaging air pollutant, can contribute to risks of respiratory or
circulatory mortality1−4 and also induce plant cell death and
yield reductions.5,6 In urban regions, ozone is generated rapidly
from the sunlight-driven oxidation of carbon monoxide (CO)
and volatile organic compounds (VOCs) in the presence of
nitrogen oxides (NOx = NO + NO2). Urban ozone levels in
the United States and Europe have been decreasing or leveling
off since the 1990s, dominantly attributed to stringent emission
controls of anthropogenic ozone precursors.7−11 The sparsity
of observations before 2013 has hindered our understanding of
the historical ozone evolution in China. Some limited
measurements at individual surface sites12−18 and more
recently satellite retrievals19 have unveiled notable ozone
increases since the 1990s or 2000s.
The Chinese nationwide air quality monitoring network that

became available in 2013 provides the first chance to
understand surface ozone levels nationwide in China. This
network, combined with the recent Tropospheric Ozone
Assessment Report (TOAR) that has archived ozone
observational networks in the United States, Europe, Japan,
and South Korea up to 2014,20,21 offers a comprehensive view
of the surface ozone in the northern midlatitudes. Lu et al.22

showed that present-day (2013−2017) urban surface ozone
levels in China were significantly higher than those in other
regions reported in TOAR. They also found that ozone levels

in China for 2016−2017 were higher than those for 2013−
2014, likely driven by chemical or meteorological pro-
cesses.23−26 However, quantitative analyses on the trend and
health impact were not conducted at that time, and neither
were addressed in other following studies. Here, with the 7-
year (2013−2019) continuous measurements, a robust trend
analysis and comparison to global urban ozone trends becomes
feasible, using the recent proposed statistical method applied
to ozone trend calculation.27 Such an analysis is very important
for assessing the effectiveness of recent emission control
measures in China. It also completes and advances our
understanding of global ozone trends gained from TOAR in
which the data in China were limited.
This study presents a quantitative analysis of the warm-

season (April−September) surface ozone trend in China from
2013 to 2019 and comparisons to global urban ozone trends
reported in TOAR.28 The trends are calculated for sites with
continuous observations in the 7-year period based on monthly
ozone anomalies following the method adopted by Cooper et
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al.27 We analyze both the parametric and nonparametric linear
trends for a variety of ozone metrics recommended by TOAR.4

We further estimate the 2013−2019 changes in premature
mortality attributable to ambient ozone exposure in Chinese
cities.

2. MATERIALS AND METHODS
Ozone Observation. The nationwide hourly ozone

observations in Chinese cities are obtained from the China
National Environmental Monitoring Center (CNEMC) net-
work (SI, http://106.37.208.233:20035/, access date March
10, 2020). We apply extensive data quality controls to remove
unreliable data outliers and to select sites with continuous
observations in 2013−2019 for trend analyzes (SI); 243 sites
in 69 cities shown in Table S1 and Figure S1 are used. To
provide a global view, we also use the warm-season surface
ozone trends in 2005−2014 periods at global ozone
monitoring sites archived in the TOAR data set (10.1594/
PANGAEA.876108, access date March 10, 2020).20,21

Ozone Metrics. We include a total of 12 metrics (Table
S2) to characterize ozone pollution and its impacts on human
health and ecosystems following the TOAR definition.4 These
metrics include standard statistics such as the fifth- (Perc5),
50th- (median), and 95th-percentile (Perc95) level, daytime
and nighttime averages, and daily maximum 1-h (MDA1) and
8-h averages (MDA8). MDA1 and MDA8 are used for
assessing ozone air quality and in cohort studies examining the
responses of human health to ozone exposure.1−3 NDGT70
(total number of days with MDA8 > 70 ppb) and SOMO35
metrics (sum of daily MDA8 ozone over 35 ppb) are used to
estimate the acute or cumulative health exposure.4 AOT40 and
W126 metrics estimate ozone damages to natural vegetation.4

We derived all metrics from the hourly measurements (those
have been filtered by data quality control procedures)
following the TOAR data completeness requirements and

procedures. Metrics are calculated both for April−September
aggregation (in consistent with TOAR) and for each month
(for trend analyses).

Trend Analyses. A recent study on long-term global ozone
trends by Cooper et al.27 shows that trends calculated from
monthly averages can be less accurate than those from monthly
anomalies when there are missing data.27 They proposed a
method based on monthly anomalies for ozone trend analysis,
which has been previously used to calculate trends in time
series of variables with seasonal cycles and autocorrela-
tion.29−31 Following their method, we calculate trends based
on the anomalies of monthly mean ozone metrics rather than
the April−September averages. The monthly anomalies of each
ozone metric are derived as the difference between the
individual monthly mean values and the 2013−2019 monthly
means. The parametric linear trends are calculated using the
generalized least-squares method with autoregression27
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where yt represents the monthly anomaly, t is the monthly
index from April 2013 to September 2019 (i.e., from 1 to 42),
b denotes the intercept, k is the linear trend, α and β are
coefficients for a 6-month harmonic series (M ranges from 1 to
6) to account for potentially remaining seasonal signals in yt,
and Rt = ρRt−1+ ϵt accounts for autocorrelation with ϵt
representing a normal random error series. Trends and p-
values are reported with a 95% confidence level. We also use
the nonparametric Mann−Kendall (M-K) test32 and Theil−-
Sen estimator33,34 to calculate the magnitude and significance
of trends, which has been applied in TOAR and other ozone
trend studies.4,9,12,16

Premature Respiratory Mortalities Attributable to
Ozone Exposure. We estimate the total premature
respiratory mortalities attributable to ambient ozone exposure

Figure 1. April−September surface ozone in China in 2013−2019. (a) Spatiotemporal distributions of April−September averaged MDA8 ozone.
Numbers (N) denote available sites for each year. (b) Ozone diurnal cycles and (c) probability density functions (PDF) of daily MDA8 ozone in
April−September from 2013−2019 at 243 Chinese sites. The dark thick red lines represent the ozone levels averaged for 2017−2019, and dark
thick blue lines represent values averaged for 2013−2016. Ozone levels for the individual years are shown by the light thin lines.
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at 69 Chinese cities from 2013−2019, based on the exposure−
response relationship used in the most recent Global Burden of
Deceases (GBD) study35 and described in Seltzer et al.36 as

l
m
ooo
n
ooΔ =

[ ] ≤

[ ] − [ ] >
x

0 (if Ozone TMREL)

Ozone TMREL (if Ozone TMREL)

β= ΔHR exp( Y)

β= − − ΔAF 1 exp( x)

Δ = × ×y AFMort Popo

Here, we use both the April−September mean MDA1 and
MDA8 ozone metrics according to two cohort studies.1,2

MDA1 and MDA8 at city levels are calculated by averaging
available monitoring sites within each city. TMREL represents
the theoretical minimum risk exposure level, which is 33.3 ppb
for April−September MDA11 and 29.1 ppb for April−
September MDA82 (Table S3). Δx is ozone exposure relative
to TMREL. β is the exposure−response factor derived from
the reported hazard ratio (HR) to incremental changes in
ozone exposure (ΔY, 10 ppb for both metrics). HR values for
respiratory diseases are 1.040 (95% confidence interval (CI):
1.013, 1.067) for MDA11 and 1.08 (1.06, 1.11) for MDA82

(Table S3). AF is the attributable fraction representing the
disease burden attributable to ozone exposure. yo is the
baseline mortality rate for respiratory diseases for all ages and
genders obtained from the GHDx (Global Heath Data
Exchange) database (available for 2013−2017, and values of
2017 are used afterward). GHDx only provides national yo

values for mainland China, and we apply the provincial
information on yo values as shown in Figure S2 following Gao
et al.37 Pop is population at an individual city for year 2017
obtained from the government annual report. The product of
AF, yo, and Pop yields the number of premature respiratory
mortalities at an individual city (ΔMort).

3. RESULTS AND DISCUSSION
Figure 1 shows the MDA8 ozone values averaged from April−
September at all available sites for each year in 2013−2019.
Locations and definitions of the key regions are shown in
Figure S1 and Table S1. Sites with ozone levels exceeding 60
ppb are widely distributed in eastern and central China and the
Sichuan Basin (SCB) where intensive anthropogenic emissions
are located. Distinct exacerbation of ozone pollution can be
seen from 2013 to 2019. In years before 2015, sites with
MDA8 ozone greater than 60 ppb are concentrated near the
North China Plain (NCP) and the Yangtze River Delta (YRD)
megacity clusters. Since 2016, ozone hot spots extend
westward to the Fenwei Plain (FWP) and southward to the
central Yangtze River Plain (CYR). The percentage of sites
with April−September mean MDA8 ozone higher than 60 ppb
increases from 11.1% in 2013 to 35.7% in 2017 and further to
49.2% in 2019. There are 150 out of 1369 (11%) sites in 2019
with the April−September mean MDA8 ozone higher than 75
ppb, approximately the Chinese grade II national air quality
standard.
We analyze the surface ozone trends in China from 2013−

2019 at the 243 sites with continuous observations in these 7-
year period. Figure 2 and Figure S3 present the time series of
the anomalies of the monthly mean ozone metrics averaged

Figure 2. Trends of the different ozone metrics and premature respiratory mortalities due to ozone exposure from April−September 2013−2019 at
243 Chinese ozone monitoring sites (Table S1, Figure S1). (a)−(d) Time series of the average (black dots, left axis) and anomaly (red circle, right
axis) of four monthly mean ozone metrics (Median, MDA8, NGDT70, AOT40; others are shown in Figure S3) from April 2013 to September
2019. Gray shading represents the range of mean value ± the 50% standard deviation across all sites for each month. The solid line represents the
linear fitted curve. The absolute annual linear trend, Theil−Sen trend, and percentage of annual trend (% per year, calculated as the linear trend
divided by the 2013 mean values) are shown inset. The numbers denotes the warm-season averaged/aggregated values of each metric. (e) Annual
trend in percentage (% per year) for all 12 ozone metrics. (f) Changes in total premature respiratory mortalities due to ozone exposure in April−
September 2013−2019 at 69 Chinese cities based on the Jerrett et al.1 cohort study using the MDA1 metric (J2009 cohort study, gray bars) and the
Turner et al.2 cohort study using the MDA8 metric (T2016 cohort study, purple bars).
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from the 243 sites, and Figures S4−S5 show their spatial
patterns. We find that ozone levels at Chinese cities are
increasing at all selected percentiles. Ozone levels at the fifth,
50th, and 95th percentiles increase at, respectively, 0.4 (7%),
1.7 (7%), and 2.8 (4%) ppb year−1 (all with p < 0.05) averaged
from these sites based on the linear trend estimate (Figure 2
and Figure S3). More than 90% of the 243 sites show increases
in the median and Perc95 ozone levels (and 60% with p <
0.05) (Table S4 and Figures S4−S5). The parametric linear
trend estimates are consistent with the M-K test and Theil−
Sen trend estimates. Additional analyses for ozone trends in
2014−2019 at 728 available sites show similar magnitudes and
spatial patterns of the positive trend (Table S5).
We can also see significant increases in both the daytime and

nighttime mean ozone levels at more than 90% of sites. The
averaged daytime mean ozone (2.1 ppb year−1, p < 0.05)
shows a larger trend in magnitude than the nighttime ozone
(1.3 ppb year−1, p < 0.05), leading to a larger ozone diurnal
contrast. As shown in Figure 1b, the mean April−September
mean ozone diurnal contrast increases from 36 ppb for 2013−
2016 to 43 ppb for 2017−2019. We find some exceptions with
reduced diurnal contrasts such as at the downtown site of
Shanghai megacity where nighttime ozone is highly sensitive to
NOx levels.

38 The ozone increases at all percentiles, and both
daytime and nighttime averages at most Chinese cities are
distinctly different from those in the United States and Europe,
where ozone levels are typically decreasing for daytime or high
ozone values (e.g., 95th percentile), but increasing for
nighttime or low values (e.g., fifth percentile) due to the
weakened ozone titration.7,8,39,40

The April−September mean MDA8 and MDA1 ozone levels
increase by 2.4 ppb year−1 (4%−5% year−1, p < 0.05) averaged

from all sites (Figure 2), with more than 90% of the sites
showing positive trends (Figure S4). The increases also exhibit
interannual variabilities, for example, years 2017 and 2019
showed MDA8 increases by more than 3 ppb compared to
their previous years. Regionally, the NCP (55 sites) and FWP
(Xi’an city, nine sites) regions show the largest increases in
MDA8 (3.3 and 4.1 ppb year−1, respectively) compared to
other regions (Table S6). These rates are remarkably fast from
a global perspective. Figure 3 compares the MDA8 ozone
values and trends for 2013−2019 at Chinese sites with those
urban and suburban sites archived in TOAR for 2005−2014.28
TOAR reports urban ozone increases in South Korea, Japan,
and South Europe, with only three sites showing MDA8 ozone
trends greater than 3 ppb year−1 in 2005−2014. These sites
have moderate MDA8 ozone levels of less than 50 ppb (Figure
3). By contrast, 85 of the 243 Chinese sites are experiencing
MDA8 ozone increases at more than 3 ppb year−1 from 2013
to 2019, with MDA8 at these sites typically higher than 60 ppb.
Even larger rates of more than 5 ppb year−1 are seen at some
sites in the NCP and FWP city clusters. Our analyses suggest
both higher ozone levels and faster increasing rates in China
than other regions in the world covered in the monitoring
networks.
We now assess the influence of increasing ozone exposures

on human health in China. As shown by MDA8 ozone
probability distribution functions (PDF) averaged from the
243 Chinese urban sites (Figure 1c), the accumulated
probability of a MDA8 ozone larger than 35 (70) ppb
increases from 83% (5.3%) in 2013−2016 to 94% (18%) in
2017−2019. As a result, the SOMO35 and NDGT70 ozone
metrics enhance at rates of 11.7% and 18.5% year−1, indicating
significant increases in the duration, magnitude, and frequency

Figure 3. Comparison of April−September mean MDA8 ozone concentrations (top panel) and trends (bottom panel) in Chinese urban sites and
TOAR sites. Mean MDA8 ozone values are averages from 2013−2019 for Chinese sites and 2010−2014 for other regions. Trends are estimated
using the Theil−Sen method from 2013−2019 for Chinese sites and from 2005−2014 for other regions. Both directions and colors of the vectors
indicate the ozone change rates in ppb year−1 as adapted with permission under a Creative Commons CC-BY license from ref 61.
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of hazardous ozone episodes in China. On the basis of the
warm-season MDA8 and MDA1 metrics, we find that the
2013−2019 mean premature respiratory mortalities attribut-
able to ambient ozone exposure from the 69 cities are 49,430
(95% CI: 34,350−64,610) and 32,690 (13,560−51,380).
Regionally, larger premature mortalities are shown in cities
in eastern China due to high ozone levels and a large
population and cities in the SCB due to a high baseline
mortality rate for respiratory diseases (Figure S2). These values
are comparable to previous observation-based estimates from
Chinese cities which used different ozone metrics and baseline
mortalities41 but lower than model-based estimates which
typically focused on larger domains.36,42,43 Nevertheless, both
metrics show that the ozone-induced premature respiratory
mortalities have increased significantly by about 60% (8.6%
year−1) from 2013 (38,710 for MDA8 and 26,760 for MDA1)
to 2019 (64,370 for MDA8 and 41,270 for MDA1) (Figure
2f). Additional analyses using the annual mean MDA8 metrics
yield similar trends (Table S3). These mortality increases can
be dominantly (93%) attributed to increases in ozone levels
with the rest to increases in the baseline mortality rate. The
effects of changes in population at these cities on ozone-
induced mortalities are not considered in our estimates.
As for metrics of vegetation exposure, AOT40 and W126

values have been increasing at rates of 14.4% and 16.3% per
year−1 from 2013−2019, respectively, and both are doubled in
2019 compared to their 2013 levels (Figure 2 and Figure S3).
The large rates of AOT40 and W126 also reflect the
cumulative effects of an upward shift of ozone concentration
PDF (Figure 1c) that increases both the high end ozone levels
and the duration of daytime hourly ozone exceeding 40 ppb
(∼1-h extension in 2017−2019 relative to 2013−2016, Figure
1b). Regionally, large AOT40 and W126 increases are found in
NCP, CYP, and FWP regions, causing large ozone damages on
crop yield and primary productivity as reported in previous
studies.44−47

Identifying the drivers of rapid ozone increases since 2013 is
crucial for effectively controlling the ozone pollution in China.
Recent attempts have proposed a number of candidates, but a
consensus has not reached. The nationwide emission control
measures have decreased the anthropogenic NOx emission by
21% in 2017 compared to 2013, but VOCs emissions have
slightly increased.48 As ozone chemical productions in NCP
and YRD city clusters are likely VOC-limited or mixed-
sensitive,38,49−51 increases in VOCs emissions could have
enhanced ozone levels in these regions. While satellite
observations show general decreases of April−September
tropospheric NO2 columns from 2013 to 2019 (Figure S6),
two years, 2017 and 2019, which recorded the largest national
mean ozone enhancements relative to their previous years
(Figure 2b), observe increases in tropospheric NO2 columns,
and the causes are still unclear. Another potential chemical
driver of the ozone increases can be concurrent decreases in
the PM2.5 level

52,53 that may have weakened the aerosol sink of
hydroperoxy radicals and increased solar radiation.23,24,54 Li et
al.23 estimated that the combined effects of changes in
emissions and PM2.5 levels could lead to summertime MDA8
ozone enhancements of approximately 1 ppb year−1 in NCP
during 2013−2017, which was insufficient to explain the
observed trend (∼3.3 ppb year−1) as revealed in this study.
Recent studies have also identify the important roles of
weather patterns controlling ozone pollution epi-
sodes55−58,58−60 and meteorological contributions to the

ozone increases via physical and chemical processes.25,26 Lu
et al.26 found that meteorology rather than anthropogenic
emission change was the dominant factor in driving the ozone
increase in 2017 compared to 2016, reflecting strong influences
of meteorological patterns on the interannual variability of
surface ozone in China.
We conclude that there are widespread and rapid surface

ozone increases in Chinese cities during 2013−2019. More
than 90% of the 243 urban sites show positive trends using
various ozone metrics, and about 60% of the sites show trends
with p < 0.05. Metrics such as MDA1, MDA8, Perc95, and
4MDA8 which focus on the mean or the high ozone pollution
episodes increase by about 2.4−2.7 ppb year−1. Metrics such as
SOMO35, AOT40, and W126 that estimate the cumulative
exposure effects of ozone to human health and vegetation have
been increasing at even faster rates (over 10% year−1). The
premature respiratory mortalities due to ozone exposure in
Chinese cities have increased by 60% in 2019 compared to
2013 levels. Recent studies based on chemical transport
models or statistical analyses have not been able to reproduce
such rapid increases in surface ozone in China since 2013.
Further studies are in urgent need to disentangle the
underlying chemical and meteorological drivers.
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