Environmental Pollution 237 (2018) 803e813

Contents lists available at ScienceDirect

Environmental Pollution
journal homepage: www.elsevier.com/locate/envpol

Nationwide ground-level ozone measurements in China suggest
serious risks to forests*
Pin Li a, b, Alessandra De Marco c, d, Zhaozhong Feng a, b, *, Alessandro Anav c, d,
Daojing Zhou e, Elena Paoletti a, d
a

State Key Laboratory of Urban and Regional Ecology, Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences, Shuangqing Road 18,
Haidian Distract, Beijing, 100085, China
College of Resources and Environment, University of Chinese Academy of Sciences, Shijingshan Disctrict, Beijing 100049, China
c
ENEA Casaccia, Via Anguillarese 31, Rome, Italy
d
National Research Council, Via Madonna del Piano 10, 50019 Sesto Fiorentino, Italy
e
Institute of Geographic Sciences and Natural Resources Research, Chinese Academy of Sciences, Beijing, 100101, China
b

a r t i c l e i n f o

a b s t r a c t

Article history:
Received 13 July 2017
Received in revised form
31 October 2017
Accepted 1 November 2017
Available online 8 November 2017

We processed hourly ozone (O3) concentrations collected in 2015 and in 2016 by a network of 1497
stations across China, with the main aim of assessing the risk that present ambient O3 exposure is posing
to Chinese forests. Our results indicate that the values of the metrics AOT40 (the accumulated hourly O3
concentrations above 40 ppb during daylight hours) recommended as European Union standard, and
W126 (the sum of weighted hourly concentrations from 8:00 to 20:00) recommended as USA standard
for forest protection, exceeded the critical levels (5 ppm h across 6 months for AOT40 and 7e21 ppm h
over 3 months for W126) on average by 5.1 and 1.2 times, respectively. N100 showed on average 65
annual exceedances of 100 ppb as hourly value. The 12-h and 24-h averages showed a small difference,
suggesting high concentrations also at night. Risk was higher for the northern temperate climate than for
the southern tropical and sub-tropical climates, and overall for the northern regions than for the
southern regions. Higher risk occurred in the non-urban areas than in the urban areas in northern, southwest and north-west China, whereas risk was higher at urban areas in eastern and southern China. The
overall results of this ﬁrst nationwide assessment suggest a signiﬁcant risk for forests over the entire
China and warrant for urgent measures for controlling O3 precursor emissions and establishing standards
of protection.
© 2017 Elsevier Ltd. All rights reserved.
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1. Introduction
China is the most populous country in the world and has
experienced explosive economic growth and profound social
transformation since the 1970s; in the last decades, China became
the larger emitter of air pollutants worldwide (Lefohn et al., 2017;
 re
 et al., 2015;
Liu and Diamond, 2005; Liu et al., 2014; Que
Richter et al., 2005; Wang et al., 2017). Tropospheric ozone (O3) is
a strong oxidant gas pollutant, which is formed by reactions among
primary pollutants, namely nitrogen oxides, volatile organic

*

This paper has been recommended for acceptance by Dr. Hageman Kimberly Jill.
* Corresponding author. State Key Laboratory of Urban and Regional Ecology,
Research Center for Eco-Environmental Sciences, Chinese Academy of Sciences,
Shuangqing Road 18, Haidian Distract, Beijing, 100085, China.
E-mail address: fzz@rcees.ac.cn (Z. Feng).
https://doi.org/10.1016/j.envpol.2017.11.002
0269-7491/© 2017 Elsevier Ltd. All rights reserved.

compounds, carbon monoxide and methane. Satellite measurements of tropospheric O3 showed that concentrations over China
increased by about 7% between 2005 and 2010, mostly due to a 21%
rise in Chinese emission of precursors (Verstraeten et al., 2015).
Ozone concentrations exceeding the ambient air quality standard
of 100 ppb as hourly value (The Ministry of Environmental
Protection of China, 2012) have been observed in China's major
metropolitan agglomerations such as Jing-Jin-Ji, the Yangtze River
delta, and the Pearl River delta (Wang et al., 2017). Such high O3
concentrations are expected to cause harmful effects on agricultural crops, forest productivity and human health (Feng et al., 2014,
2015; Li et al., 2017; Paoletti et al., 2007a; Sicard et al., 2016a; Wang
et al., 2017; Wittig et al., 2009).
Knowledge on forest responses to O3 pollution in China is
limited to the results of experimental studies (e.g. Li et al., 2016;
Yuan et al., 2016; Zhang et al., 2012). To date, O3 risk assessment
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to vegetation in China at nationwide level has been carried out by
modelling crop responses (e.g. rice, Tang et al., 2013, 2014; wheat),
as large-scale data from ground-level monitoring of O3 and its
precursors were not available in earlier years. In 2012, China
adopted the new Ambient Air Quality Standard (The Ministry of
Environmental Protection of China, 2012) and started regularly
measuring hourly O3 values at a large number of air quality stations
distributed at urban and non-urban sites across the country.
Many O3-exposure metrics are widely used in the European
Union and United States to summarize risk to vegetation (Paoletti
et al., 2007b; Lefohn et al., 2017). Such assessments in China from
nationwide air monitoring networks are lacking although some
pieces of information on AOT40 at some sites are now available
(Tian et al., 2016; Lefohn et al., 2017). Here, we aggregated in-situ
hourly O3 concentrations from a nationwide network, with the
main aim of assessing the risk that present ambient O3 exposure is
posing to Chinese forests. We selected the most widely used O3
metrics to protect forests in North America and Europe (Paoletti
et al., 2007b), i.e., the growing season average of hourly values
(M24), the growing season average of daily 12 h (M12), the USA
secondary standard for the protection of ecosystems (W126) and
the EU standard for the protection of vegetation (AOT40, as adapted
to forests by CLRTAP, 2015), as well as N100 (the number of 1-h
concentrations exceeding 100 ppb over the growing season). Stomatal O3 ﬂux was not used because of missing stomatal conductance parameterization for local species and regional
meteorological data like soil moisture, although it has been
developed for O3 risk assessments in Europe (LRTAP, 2015). We
postulated that potential O3 impacts varied depending on the site
location because O3 formation is seriously affected by local environmental conditions; in particular, it is stimulated by high air
temperature, solar radiation, air layer mixing and air stagnation
(Butkovic et al., 1990). At a regional scale, the surface O3 concentration in China strongly differs by latitude and longitude (large
range) and bio-geographical zone, e.g. the peak month of surface O3
changed from October in the Pearl River Delta (Wang et al., 2009),
to May in the Yangtze River Delta (Wang et al., 2001a), and to June
in the North China Plain (Ding et al., 2008; Feng et al., 2015; Wang
et al., 2011).
In addition, forest types differ in their responses to O3 with
evergreen broadleaf and conifer species usually considered more
O3 tolerant than deciduous broadleaf species (Anav et al., 2011;
Calatayud et al., 2010; Li et al., 2016, 2017; Wittig et al., 2007,
2009). China's forests span over tropical, subtropical and
temperate climate zones from south to north (Fang et al., 2001).
Such broad climatic gradient supports diverse forest types ranging
from evergreen broadleaf species in the southern tropical forests to
deciduous broadleaf species in the central temperate forests to
coniferous species in the northern boreal forests (Fig. 1). It is
therefore of interest to assess O3 risk in climatically-different zones
of China. It is also well known that urban sites experience lower O3
levels than nearby rural sites (Paoletti et al., 2014), in particular due
to fast O3 titration by nitrogen monoxide (Madronich, 2014; Querol
et al., 2016; Sicard et al., 2016b). Similar patterns between urban
and rural areas were also found in several Chinese cities (Tong et al.,
2017; Xu et al., 2011), but a comprehensive assessment of the
magnitude of this response across China and an assessment of the
risk to forests are missing.
China has implemented several large-scale afforestation and
forest conservation programs and has undergone rapid forest
expansion since 1990s (Zhang et al., 2017), resulting in the largest
annual net increment of forest area (FAO, 2010). In particular,
China's growing economy associated with increasing demand for
forest products has brought huge pressure on forests (Liu and
Diamond, 2005; Xu and White, 2004) with impacts on the global

economy (Hu et al., 2015b) and air quality (Verstraeten et al., 2015).
The roles that forests play in climate change mitigation, biodiversity conservation, air and water quality provision and forest product production are increasingly awarded, and are attracting the
global interest in O3 impacts (Proietti et al., 2016; Sitch et al., 2007).
Quantifying the potential impacts of O3 on Chinese forests is thus of
interest to policy makers and forest ecology worldwide.
Our speciﬁc aims were: (1) to assess the O3 risk to: (i) urban and
non-urban forests; (ii) temperate, sub-tropical and tropical forests;
and (iii) different geographic regions of China; and (2) to discuss
which metrics are the most suitable for the protection of forests in
China.
2. Materials and methods
2.1. Database collection and categories
From 2013, the Ministry of Environmental Protection of China
has adopted National Ambient Air Quality Standard released in
2012 (NAAQS-2012) and publicized hourly air quality monitoring
data of six major pollutants (PM2.5, PM10, O3, SO2, NO2 and CO) at
each monitoring station in a national web platform (http://113.
108.142.147:20035/emcpublish/). There are 1497 stations along
with 190 cities since 2014. Due to download restrictions on the
ofﬁcial Chinese urban air quality web platform, PM25.in as the
third-party source was used following to Rohde and Muller (2015).
PM25.in is a direct mirror of data from the 1497 stations in China's
national network. In this paper, we collected hourly air monitoring
data from January 2015 to December 2016 of all air quality monitoring stations across China (Table 1). All instruments were run,
corrected and maintained by the third-party to assure the monitored data quality. Consistency, quality control, and validation
checks were applied to the raw data prior to further analysis in
order to reduce the impact of outliers, badly calibrated instruments,
and other problems. Following a data quality control with selection
of data below a cut-off threshold of 300 ppb and above 0 ppb,
stations with a minimum data capture of 85% over the index timewindow, as recommended by Querol et al. (2016), were processed
(Table 1). Station distribution is shown in Fig. 1.
We divided the stations into three types of category: (i) urban
and non-urban stations; (ii) temperate, subtropical and tropical
climates; (iii) geographic zones, i.e., northern China (NC), northeast China (NE), eastern China (EC), southern China (SC), southwest China (SW) and north-west China (NW) (Fig. 1). To assign
the stations to the urban or non-urban category, the boundaries of
Chinese cities were deﬁned according to China's ofﬁcial deﬁnition
of their administrative areas (Chan, 2007). In this study, urban land
was deﬁned as areas dominated by human-made surfaces (e.g.,
roads and buildings), including residential, commercial, industrial,
and transportation space within the administrative boundary,
following the deﬁnitions and practices of previous studies (Zhao
et al., 2016). Urban land can therefore be considered interchangeable with impervious surface or the built environment. Landsat
Thematic Mapper remote sensing images covering China at
1:100,000-scale from the national land-use database for 2010 (Liu
et al., 2014) were used to obtain the information on urban and
non-urban land. The database was provided by Data Center for
Resources and Environmental Sciences, Chinese Academy of Sciences (RESDC) (http://www.resdc.cn). It is worth noting that the
non-urban category includes both suburban and rural areas.
To assign the stations to one of the three climatic zones of China,
we calculated the Kira's warmth index (WI) (Fang and Li, 2002) as
P
follows: WI (oC month) ¼
(te5), Where t is > 5  C average
monthly temperature, obtained from World Climate database
(www.worldclim.org) with a spatial resolution of 30 s (c.
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Fig. 1. Location of air quality stations in 2015e2016 across urban and non-urban stations, three climate zones (temperate, sub-tropical and tropical) and six geographic regions (NC:
northern China, NE: north-east, EC: eastern China, SC: southern China, SW: south-west and NW: north-west), shown on the background of China's actual forest distribution
(Chinese Academy of Sciences, 2001), where the evergreen type corresponds to the subtropical and tropical climate zones and the deciduous type corresponds to the temperate
climate zone.

1 km  1 km; Hijmans et al., 2005) based on site coordinates. WI
values of 45e180, 180e240 and > 240 correspond to temperate,
subtropical and tropical climates, respectively. The dominant forest
types in these three climates are deciduous broadleaf and evergreen conifer species, evergreen broadleaf species and rainforest,
respectively (Fang and Li, 2002). Stations were assigned to one of
the six geographic regions marked by administrative borders that
represent areas with different industrial, population and environmental characteristics. For example, EC and SC regions have higher
population densities and are undergoing rapid economic development, while NC and NW regions are relative arid and have only a
small portion of forest cover (Fang et al., 2001).
2.2. Ozone metrics
Selected metrics representative of potential O3 impacts on forests were calculated as follows: (i) AOT40, accumulated O3 concentrations over an hourly threshold of 40 ppb during the daylight
hours (8:00 to 20:00) over the annual growing season (Mills et al.,
2011); (ii) W126, a non-threshold index, was described as the
sigmoidal weighted sum of the hourly concentrations from 8:00 to
20:00 over the growing season, we calculated W126 as follows:
W126 ¼ S wi  Ci, where each concentration Ci is weighted by a
sigmoidal function wi ¼ 1/[1 þ M  exp ( A  Ci/1000)], M ¼ 4403,
A ¼ 126, to assign greater emphasis to the higher concentrations
(Lefohn et al., 1988); (iii) N100, i.e. the number of hourly concentrations exceeding 100 ppb over the growing season; (iv) M12,
mean of the hourly values from 8:00 to 20:00 over the growing
season; and (v) M24, mean of hourly values over the growing

season. For the three climatic zones, we used different growing
season time-windows, namely April 1st to September 30th for the
temperate zone (CLRTAP, 2015) and year-long for the tropical and
sub-tropical zones (Paoletti et al., 2007b).
2.3. Statistics
Data were tested for normal distribution by the KolmogorovSmirnov one-sample D test (p > 0.05). As all metrics were normally distributed, relationships among them were tested by Pearson simple linear correlation. One-way ANOVA followed by Tukey's
Honestly Signiﬁcant Difference (HSD) test or Student-t test were
applied to identify signiﬁcant differences within each one of the
three categories. All statistical analyses were conducted in MATLAB
for Windows (Version, 2009a; The MathWorks, nc., USA) and the
software PASW (Predictive Analytics Suite Workstation) Statistics
18.0 (IBM Inc., USA).
3. Results
The average of the selected O3 exposure metrics, i.e., AOT40,
W126, N100, M12 and M24, were 25600 ppb h, 33800 ppb h, 65 h,
39.4 ppb, and 33.4 ppb, respectively, during two years across all
sites (Fig. 2). These ﬁve metrics were highly signiﬁcantly correlated
with each other in both years (Table 2).
All the metrics suggested a higher risk to temperate forests than
to sub-tropical and tropical forests in both years (Fig. 2). AOT40,
W126 and M24 in 2016 showed a signiﬁcantly higher risk in subtropical forests than in the tropical forests (p < 0.001, Fig. 2).
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Table 1
Number of air quality stations used for the calculation of the ﬁve metrics used in this
study and divided in three categories: (i) urban and non-urban stations; (ii)
temperate, subtropical and tropical climates; and (iii) northern China (NC), northeast China (NE), eastern China (EC), southern China (SC), north-west China (NW)
and south-west China (SW), for the year 2015 and 2016. AOT40 is the accumulated
hourly O3 concentrations above 40 ppb during daylight hours. W126 is the sum of
weighted hourly concentrations from 8:00 to 20:00. N100 is the number of 1-h
concentrations exceeding 100 ppb. M12 and M24 are the mean of the hourly
values from 8:00e20:00 and all the day, respectively. All metrics were calculated
over the forest growing season (AprileSeptember for temperate stations and yearlong for tropical and sub-tropical stations).
Year

Category

AOT40

W126

N100

M12

M24

2015

Urban
Non-urban
Temperate climate
Subtropical climate
Tropical climate
NC region
NE region
EC region
SC region
NW region
SW region

822
524
732
440
174
165
153
377
343
127
181

822
524
732
440
174
165
153
377
343
127
181

810
516
734
421
171
174
140
385
345
119
163

822
524
732
440
174
165
153
377
343
127
181

795
501
687
438
171
159
140
368
336
115
178

2016

Urban
Non-urban
Temperate climate
Subtropical climate
Tropical climate
NC region
NE region
EC region
SC region
NW region
SW region

846
560
779
443
184
170
160
393
352
143
188

846
560
779
443
184
170
160
393
352
143
188

783
506
714
409
166
170
129
390
341
109
150

846
560
779
443
184
170
160
393
352
143
188

829
553
757
442
183
168
154
387
352
136
185

Signiﬁcantly higher risks were observed in 2016 than in 2015 in the
temperate and sub-tropical climates (Fig. S1). The O3 concentration
in temperate, sub-tropical and tropical zones exceeded the AOT40
critical level for forest protection (5000 ppb h with 6 months
duration; CLRTAP, 2015) by 4.45, 3.86 and 3.34 folds, respectively.
Similarly, the W126 critical level, recommended for protection of
the most sensitive forest species, i.e., 23000 ppb h month1, was
exceeded in China at overall (þ22.6%), temperate (þ33.7%), subtropical (þ13.3%), but not at tropical (1.7%) zones.
There were signiﬁcant difference in the O3 metrics among the
six geographical regions of China (Fig. 3). In detail, AOT40 and
W126
were
consistent
in
suggesting
the
order
NC ¼ EC  SC > NE  NW  SW, while M12 and M24 suggested an
increased risk in NE and NW. N100 exacerbated the differences
along the order NC > EC > NE  SC > NW¼SW. Differences between
the two years were signiﬁcant only in EC, SC, NW and partly NC
(Fig. 2S). The AOT40 values averaged by the two years exceeded the
critical level recommended for forest protection by 461%, 363%,
467%, 431%, 338% and 308% in the six geographical regions NC, NE,
EC, SC, NW and SW, respectively. On the other hand, the W126
averages across the two years in the four geographical regions
exceeded the critical level in NC (þ38.7%), NE (þ9.4%), EC (þ39.5%)
and SC (þ27.0%), but not in NW (0.2%) and SW (7.9%).
When all the urban and non-urban stations of China were
averaged, no signiﬁcant differences were found in all O3-exposure
metrics, except the case of N100, showing signiﬁcantly higher
values in the urban areas than those in the non-urban areas in both
years (Fig. 4). However, when the comparison was further carried
out in each geographical region, the difference was signiﬁcant between urban and non-urban areas. Higher O3 risk (M12, M24 and/
or N100) was observed in urban areas than in non-urban areas in EC
(Fig. 5c) and SC (Fig. 5d); whereas O3 risk (M12 and M24) was lower

in urban areas than non-urban areas in NC (Fig. 5a), SW (Fig. 5e)
and NW (Fig. 5f). AOT40 and W126 were higher in the cities in EC in
2015 and in SC in 2016, while they were higher outside the cities in
NW in both years (Fig. 5). N100 was higher in the cities in EC in 2015
and in SC in 2016. When the comparison was further carried out in
each climatic zone, only N100 in the temperate climate showed
signiﬁcant differences, with higher values in the urban areas in
both years (Fig. 6).
4. Discussion
Monitoring O3 concentrations is instrumental to the validation
of atmospheric chemistry models and thus to add reliability to any
risk assessment. The novel data analysis presented here provides
useful insights to expand our understanding of O3 impacts on forest
ecosystems across China at both urban and non-urban locations. As
a large number of Chinese stations are not located into the forests,
we provide here an assessment of potential risks across different
climatic zones and geographical regions, which might be lower
than actual effects by O3 considering that O3 concentrations in
urban regions are usually lower than in suburb regions (Paoletti
et al., 2014).
4.1. Individual metrics
The exposure metrics AOT40 and W126, inﬂuenced by moderate
and high concentrations, are used in Europe and the USA, respectively, for the protection of forests against O3 negative impacts.
AOT40 is the legislative standard for vegetation protection in
Europe (Directive 50/2008/EC) and has been adapted to forests by
CLRTAP (2015), with a critical level of 5000 ppb h across 6 months
(April to September). W126, has been proposed as secondary
standard for assessing risk to ecosystems from O3 exposure in the
USA (USEPA, 2013; Federal Register, 2015), with a critical level of
7000e21000 ppb h over 3 months. In our assessment, we used two
major growing-season time windows for all metrics, i.e. six months
(April to September) for temperate climate forests and all-year
round for subtropical and tropical forests. The former timewindow is used in the temperate climates of Europe (CLRTAP,
2015), while the latter time window has been proposed for Mediterranean climates where vegetation is physiologically active all
along the entire year (Paoletti et al., 2007b), similar to tropical-type
climates. AOT40 has been used widely during the last two decades,
not only in Europe but also in South America (Moura et al., 2014)
and Asia (Hoshika et al., 2011; Hu et al., 2015a), as it shows a good
relationship with relative biomass of many forest species (Karlsson
et al., 2004; Hu et al., 2015a) when environmental factors are not
limiting (Anav et al., 2016; De Marco et al., 2016). Our results
indicated that the O3 concentration in most parts of China have
exceeded the critical level of both AOT40 and W126 in each climatic
zone or geographical region, suggesting a potential signiﬁcant risk
to Chinese forests. These results conﬁrm the only one previous
record of AOT40 for forests at an individual site in China, with
values around 26000-49000 ppb h in Beijing city-surroundings
(Wan et al., 2013). Notably, our W126 values are the ﬁrst records
ever in China.
M12 and M24 summarize O3 averages over daylight hours
(M12), which is more relevant to plant physiological activity, and
over the 24 h (M24). M12 is included as index for vegetation protection in the Tropospheric Ozone Assessment Report (TOAR)
database, a recent International Global Atmospheric Chemistry
(IGAC) project gathering O3 data from all over the world (Chang
et al., 2017). It was widely used in the past to relate crop exposure to O3 with reduction in crop yield (e.g. Legge et al., 1995).
Interestingly, there was limited difference between M12 and M24
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Fig. 2. The comparison of ﬁve O3 metrics (mean ± standard error) across temperate, subtropical and tropical zones in 2015 and 2016 in China. Statistical differences are denoted by
different letters in each graph (one-way ANOVA, Tukey test, p < 0.05).
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Table 2
Level of correlation coefﬁcient (r) and signiﬁcance (p) of Pearson correlations among
the ﬁve O3 metrics across the two years. For the acronyms, see Table 1.

AOT40
W126
N100
M12

W126

N100

M12

M24

0.992***

0.770***
0.811***

0.753***
0.746***
0.573**

0.685***
0.665***
0.491**
0.969***

***indicates p < 0.001, ** indicates p < 0.01.

in our database, suggesting relatively high O3 concentrations also at
night. Similar phenomena was also found in Sicard et al. (2016a).
Within contrast, other studies reported that M12 was higher than
M24 in certain areas across China such as Yangtze River Delta
(Wang et al., 2001a), North China Plain (Wang et al., 2006), Pearl
River Delta (Wang et al., 2001b). Synoptic studies at individual
Chinese sites revealed anomalous nocturnal high O3 episodes,
likely due to transport of O3 rich air mass (Shan et al., 2008), as high
concentrations are usually expected at daytime and low concentrations at late night and early morning (Tu et al., 2007). The other
possibility of high nighttime O3 concentration is related with a
weak variation between day and night (i.e. nighttime maxima) due
to complicated atmospheric motion and environmental factors at
night, e.g. reservoir layer, height of the planetary boundary,
biogenic VOC emissions, NOx titration effect, and nitrate radicals
chemistry (Sicard et al., 2016b).
An O3 metric for vegetation protection usually focuses on
accumulated effects including low O3 concentration. However,
acute exposure by high O3 concentrations may absolutely lead to
more severe damage to plants than chronic and low O3 exposure
(Gillespie et al., 2011). N100 is determined by the number of high
hourly average O3 concentrations, indicating frequency of O3 peaks
across the growing season. Our results indicated that N100 values
were higher at urban area, suggesting more frequent spikes in the
cities than at non-urban locations. This is consistent with higher O3
peaks in the cities and industrialized areas than at background
stations in Mediterranean Europe (Querol et al., 2016; Sicard et al.,
2016b). When calculated over the time windows selected for this
study, the average N100 value over China in the two years was 65 h.
Out of all indices, N100 showed the largest variation among
different climates, different regions as well as urban and non-urban
stations among those we investigated.

4.2. Overall effects of urban environment, climate and region
The majority of metrics did not signiﬁcantly differ when urban
and non-urban stations were compared with all the data averaged
together. This result is surprisingly different from what we expected considering that lower O3 levels are usually found in urban
areas compared to rural sites (Lefohn et al., 2017; Madronich, 2014;
Paoletti et al., 2014; Querol et al., 2016; Sun et al., 2016). It is well
known that the elevated nitrogen monoxide levels in the cities
stimulate O3 titration (Tong and Leung, 2012), while the emission of
volatile organic compounds from the rural vegetation favors O3
formation (Li et al., 2015). When individual urban stations are
compared with nearby rural stations, in fact, O3 concentrations and
metrics are lower in the cities (Paoletti et al., 2014). Notably, it is
likely that many non-urban stations in our database are located
close to the urban and polluted areas and thus they may be exposed
to high NOx levels transported from the cities (Verstraeten et al.,
2015). Previous reports, however, suggested limited differences
between urban and rural O3 levels in China, likely due to regional
pollution (Ran et al., 2012; Yang et al., 2014). Furthermore, recent

studies found that surface O3 concentrations have decreased at
rural sites while have increased in the cities in Europe and USA
(Colette et al., 2012; Wilson et al., 2012; Sicard et al., 2013; Simpson
et al., 2014; Paoletti et al., 2014).
NOX emissions in China peaked around 2010e2011 and then
diminished due to a new national programme to reduce NOx
emissions (China State Council, 2011). However, to our knowledge,
few controls have been placed on VOC emission in China. Rather,
anthropogenic VOC emissions have continued to increase (Wang
et al., 2014). Therefore, in urban sites, the reduction in NOX emissions tends to decrease the NOX titration effect during photochemical O3 episodes, while the peak O3 concentrations in nonurban areas decline. Inversely, in non-urban regions (i.e. under
“NOX-limited” condition), the rise of VOC concentrations has no or
small effect on O3 production despite reduced NOX emission (Kang
et al., 2004; Pusede and Cohen, 2012; Sicard et al., 2016b). It can be
inferred that continuous NOX emissions control in China since 2011
might result in increased O3 concentrations but decreased peak O3
concentrations in urban areas, and also decreased O3 concentrations in non-urban areas. These facts could explain the similarity
between the O3-based metrics of urban and non-urban environments, but at present cannot be conﬁrmed, and an analysis of
meteorological and environmental factors, including O3 precursors
and exact location of the stations, may be able to decipher the
reasons of this unexpected behavior. It can be concluded, however,
that O3 pollution is posing a serious risk to Chinese forests at both
urban and non-urban locations.
Under similar levels of O3 precursors, tropical climate may be
considered a favorable environment to O3 formation because of
high temperature and solar radiation, which promote the photolysis and thus favor O3 production (Butkovic et al., 1990). However,
higher values in all O3 metrics were obtained at temperate stations
where the growing season is shorter (6 months) compared to
tropical and sub-tropical stations (the whole year), suggesting that
O3 concentrations were very high in the temperate area. The fact
that the rainfall amount and cloudy days in subtropical and tropical
regions are much higher than in temperate regions (Ding and Chan,
2005), could limit the O3 formation. Less intense emissions of
precursors and stronger vertical dilution also play a role on low O3
in (sub-) tropical regions (Wang et al., 2009). In coastal regions of
South China, such as Hong Kong, Guangzhou and Hainan, summer
monsoon which brings clean air from the South China Sea, also
contributes to low O3 levels in summer (Wang et al., 2001b, 2007,
2009; Wu and Chan, 2001). Furthermore, O3 is expected to increase water availability in the soil due to reduced water use via
transpiration from vegetation (Sitch et al., 2012), and in turn, the
variation of water availability plays a potential role in changing
stomatal O3 uptake among temperate, tropical and sub-tropical
regions. Additionally, tropical and sub-tropical forests are dominated by evergreen broadleaf and needle species, that are more O3
tolerant than the deciduous species in the temperate climate (Li
et al., 2017). We thus conclude that O3 risk to temperate forests of
China is more severe than in the tropical and sub-tropical areas.
Such a higher risk to temperate forests is certainly due to the higher
O3 pollution in the more industrialized and populated centralnorthern regions than in the southern regions.
4.3. The best metrics for the protection of Chinese forests
As all the metrics calculated here were well correlated with each
other, we conclude that anyone of these metrics may be successfully used for the protection of forests in China. It is also likely that
the correlations were very high because all metrics computed here
depend only on O3 concentration. In fact, the higher the O3 pollution, the better the correlations among O3 indices, as found by
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Fig. 5. Comparison of the ﬁve O3 metrics (means ± standard error) at urban and non-urban stations across the six geographical regions of China in 2015 and 2016. a, northern China
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hours, ppb and ppb, respectively. Asterisk denotes a signiﬁcant difference (Student-t, p < 0.05).
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comparing years at different level (Paoletti et al., 2007b). The
weakest correlations were with N100, suggesting that it is important to develop dose-responses to properly quantify the O3 impacts
on vegetation.
So far, AOT40-based dose response relationship has been
developed for the impacts of O3 on the biomass or light-saturated
photosynthesis rate of forest trees in China (e.g., Gao et al., 2017;
Hu et al., 2015a; Shang et al., 2017; Xu et al., 2018). In addition,
AOT40 should calculate the O3 concentrations above the plant
canopy during daylight hours (Grunhage et al., 1999). However, in
reality, the measurement height at monitoring stations varies
widely; possibly bringing some deviation from the risk for forests.
Meanwhile, AOT40 does not consider biological and environmental
factors affecting stomatal O3 uptake. As O3 damage is more affected
by the amount of O3 entering the leaf via the stomata than by O3

concentrations in the air (Paoletti and Manning, 2007), a stomatal
O3 ﬂux is assumed to be a more suitable index for O3 risk assessment for vegetation (Anav et al., 2016; Mills et al., 2011). More
research is thus needed for translating risk assessment into an
evaluation of actual impacts.
In addition, notably, the current national stations are mainly
sited in cities and their surrounding regions, so that using the
current O3 concentrations to assess those remote forest areas may
cause some potential uncertainty of risks. More monitoring stations
are needed in rural areas and major forest regions for minimizing
the uncertainty.
5. Conclusions
We present here the ﬁrst nationwide calculations of the O3
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metrics AOT40 and W126 for Chinese forests based on actual
measurements. The large exceedances of both O3 metrics over the
entire country suggest a signiﬁcant risk for Chinese forests and
warrant for urgent measures for controlling O3 precursor emissions
and for a stringent forest-speciﬁc secondary standard. Further
research should aim at determining Chinese tree species' susceptibility to damage from O3, and develop empirical standards for
Chinese forests.
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