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g r a p h i c a l a b s t r a c t
� Emissions changes caused shifts in dis-
tributions of O3 hourly concentrations.

� At most EU and US sites, high and
low concentrations shifted toward
the center.

� In China concentrations shifted up-
wards and metrics increased or
showed no trend.

� Trends in metrics were not always in
same direction as regional emissions
changes.

� Trends in mean or median values do
not reflect trends in some effects
metrics.
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The impacts of surface ozone (O3) on human health and vegetation have prompted O3 precursor emission
reductions in the European Union (EU) and United States (US). In contrast, until recently, emissions have
increased in East Asia and most strongly in China. As emissions change, the distribution of hourly O3

concentrations also changes, as do the values of exposure metrics. The distribution changes can result in
the exposure metric trend patterns changing in a similar direction as trends in emissions (e.g., metrics
increase as emissions increase) or, in some cases, in opposite directions. This study, using data from 481
sites (276 in the EU, 196 in the US, and 9 in China), investigates the response of 14 human health and
vegetation O3 exposure metrics to changes in hourly O3 concentration distributions over time. At a
majority of EU and US sites, there was a reduction in the frequency of both relatively high and low hourly
average O3 concentrations. In contrast, for some sites in mainland China and Hong Kong, the middle of
the distribution shifted upwards but the low end did not change and for other sites, the entire distri-
bution shifted upwards. The responses of the 14 metrics to these changes at the EU, US, and Chinese sites
were varied, and dependent on (1) the extent to which the metric was determined by relatively high,
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moderate, and low concentrations and (2) the relative magnitude of the shifts occurring within the O3

concentration distribution. For example, the majority of the EU and US sites experienced decreasing
trends in the magnitude of those metrics associated with higher concentrations. For the sites in China, all
of the metrics either increased or had no trends. In contrast, there were a greater number of sites that
had no trend for those metrics determined by a combination of moderate and high O3 concentrations. A
result of our analyses is that trends in mean or median concentrations did not appear to be well asso-
ciated with some exposure metrics applicable for assessing human health or vegetation effects. The
identification of shifting patterns in the O3 distribution and the resulting changes in O3 exposure metrics
across regions with large emission increases and decreases is an important step in examining the linkage
between emissions and exposure metric trends. The results provide insight into the utility of using
specific exposure metrics for assessing emission control strategies.

© 2016 Elsevier Ltd. All rights reserved.
1. Introduction

Surface ozone (O3) is a secondary pollutant detrimental to hu-
man health and vegetation (CLRTAP Convention, 2015; REVIHAAP,
2013; US EPA, 2013; US EPA, 2014a). In an attempt to reduce O3

levels, many countries have implemented strategies directed at
reducing emissions of O3 precursors (nitrogen oxides (NOx) and
volatile organic compounds (VOCs)). Scientists and regulators use a
variety of exposure and dose metrics to establish standards for the
protection of human health and vegetation, and to evaluate the
effectiveness of mitigation strategies.

Substantial reductions in O3 precursors have occurred in the
United States (US) and European Union (EU) over the past several
decades (Vautard et al., 2006; Torseth et al., 2012; Xing et al., 2013;
Lu et al., 2015; Lamsal et al., 2015; Monks et al., 2015; Duncan et al.,
2016). The United States Environmental Protection Agency (US EPA)
began to regulate O3 with the promulgation of a ground-level Na-
tional Ambient Air Quality Standard (NAAQS) in 1971, with subse-
quent revisions in 1979, 1997, 2008, and 2015. Following
promulgation of the 1997 O3 standard, the US EPA issued a NOx
State Implementation Plan (SIP) Call, which reduced regional
summertime NOx emissions from power plants and other large
stationary sources by 57% in 22 Eastern US states. In addition, the
US EPA established national rules that substantially reduced NOx
and VOC emissions from on-road mobile sources by 53% and 77%
between 1990 and 2014, respectively (US EPA, 2015). Overall, NOx
and VOC have decreased in the US by 52% and 39% from all sources
since 1990 (US EPA, 2015). Similarly, the European Union 28 (EU-
28) countries also targeted NOx and VOC emissions, which were
reduced by 54% and 59%, respectively between 1990 and 2013 (EEA,
2015). The emission reductions across EU countries result in part
from national ‘emission ceilings’ specified in the 1999 Gothenburg
Protocol to abate acidification, eutrophication and ground-level O3
(UNECE, 1999, 2013), within the UNECE Convention on Long-Range
Transboundary Air Pollution (UNECE, 1979; Maas and Grennfelt,
2016).

In contrast, emissions have increased in East Asia (Streets et al.,
2001; Granier et al., 2011), andmost strongly in China (Streets et al.,
2001; Richter et al., 2005; Ohara et al., 2007; Mijling et al., 2013;
Kurokawa et al., 2013). In China, anthropogenic NOx emissions
rose from about 11.0 million tons (Mt) in 1995 to 26.1 Mt in 2010,
driven by the fast growth of energy consumption, with a high
annual increase rate reaching up to 5.9% (Zhao et al., 2013). How-
ever, there is evidence that NOx emissions peaked in China around
2010e2011, and have started to decrease (Zhao et al., 2013; Duncan
et al., 2016; Krotkov et al., 2016). The National Bureau of Statistics of
the People's Republic of China (http://data.stats.gov.cn/) reports
that annual NOx emissions in mainland China decreased from
24.04 Mt in 2011 to 20.78 Mt in 2014. Annual VOC emissions in
China have also increased (e.g., from 6.8 Mt in 1980 to 17.2 Mt in
2003 (Ohara et al., 2007)). The evidence for regional NOx and VOC
emissions trends in more recent years is mixed (Multi-resolution
Emission Inventory for China; Wang et al., 2015; De Smedt et al.,
2015; Sun et al., 2016). Over the Pearl River Delta (PRD) region,
total NOx and VOCs emissions also increased during the
2000e2009 period (i.e., 96% and 58%, respectively) (Lu et al., 2013),
but decreased by 28% and 65%, respectively in Hong Kong (located
within PRD) between 1997 and 2014 due to implementation of local
government control policies (http://www.epd.gov.hk/).

Changes in the magnitude of national and regional emissions
described above, as well as any long-term changes in international
emissions, climate, and inter-annual meteorological variability, can
drive shifts in the distributions of hourly surface O3 concentrations.
While VOC emission reductions generally lead to corresponding
decreases in O3, the response of O3 to NOx reductions is more
variable as NOx participates in both O3 formation and destruction
chemical pathways. Many studies have characterized the O3 pro-
duction efficiency (OPE), defined as the number of O3 molecules
produced by each NOxmolecule (Liu et al., 1987), for different times
and locations. OPE generally increases as total VOC/NOx ratios, VOC
reactivity, and UV insolation increase (Lin et al., 1988; Liu et al.,
1987; Sillman, 1990; Sillman et al., 1990; Walcek and Yuan, 1995).
Conversely, in conditions where the VOC/NOx ratio is low or where
there is relatively little UV insolation (VOC limited or NOx saturated
conditions), NOx can result in net destruction of O3. VOC limited
conditions often also coincide with lower O3 concentrations due to
low chemical production of O3 (i.e., resulting from low amounts of
UV or less reactive VOC) and substantial O3 destructions from NOx
scavenging. Consequently, the impacts of NOx reductions on O3
concentrations may be spatially and temporally varying, leading to
O3 increases at times and locations where O3 is low (e.g., at night,
during winter, during summer days with less insolation, and at
times and locations with high magnitudes of fresh NO emissions)
and O3 decreases at times and locations where O3 is high (e.g., in
the afternoon, during summer days with the highest UV fluxes, and
at locations downwind of large NO sources). As a result, when NOx
emissions are reduced, low O3 concentrations often shift upwards,
while high concentrations shift downward (US EPA, 2014a).

Changes in the distributions of hourly average O3 concentrations
can result in changes in themagnitude of exposuremetrics used for
assessing human health and vegetation effects. However, trend
patterns in O3 exposure metrics may be in a similar direction as
emissions changes (e.g., metrics increase as emissions increase) or
may not (Karlsson et al., 2007; EEA, 2009; Tripathi et al., 2012; Li
et al., 2014; Paoletti et al., 2014; Simpson et al., 2014; Malley
et al., 2015; Sicard et al., 2016).

Over the past 20e30 years, substantial changes in O3 concen-
trations have been observed at many sites across the world, likely

http://data.stats.gov.cn/
http://www.epd.gov.hk/
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driven by a combination of the large emissions changes discussed
above (both locally and in upwind regions) and potentially by shifts
in various meteorological conditions. In this analysis, we aim to
better understand the relationship between exposure metrics,
hourly O3 concentration distributions, and emission changes. To
achieve this, we analyze the response of 14 human health and
vegetation O3 metrics to long-term changes in the hourly O3 con-
centration distribution, as measured at 481 monitoring sites in the
EU, US, and China. The sites represent a variety of conditions (e.g.,
site classification, altitude, proximity to emission sources, influence
of long-range transport, etc.), and the three regions have con-
trasting long-term trends in O3 precursor emissions. This allows the
assessment of the behavior of these metrics across a wide range of
conditions. The identification of shifting patterns in the O3 distri-
bution and the resulting changes in O3 exposure metrics across
regions with large emission increases and decreases is an impor-
tant step towards creating a universally applicable understanding
of the linkage between emissions and exposure metric trends. This
study further provides insight into the utility of using specific
exposure metrics for assessing emission control strategies.

2. Approach

First, patterns of changes in the hourly average O3 concentration
distributions across a diverse range of surface O3 monitoring sites
were characterized. Multi-year trendswere then calculated for a set
of exposure metrics used for assessing human health and vegeta-
tion effects. The relationships between exposure metric trends and
the changing O3 distribution patterns were described and the un-
derlying causes for these relationships were investigated.

2.1. Site selection, trend time period, and data processing

We assessed trends over sufficient time periods (i.e., with a
minimum of 20 years) so that the trend signal would bemore easily
distinguishable from the inter-annual O3 variability. The specific
criteria used to determine inclusion of EU and US sites in this
analysis are detailed in Section 2.1.1 and 2.1.2 below. However, as
noted above all sites included in these regions had a monitoring
record of at least 20 years. While this criterion allowed inclusion of
a large number of EU and US sites, a lack of data for several of the
sites in China resulted in using data over a shorter time period to
characterize trends. While data quality protocols may be different
among the three regions, the quality of the data in each database
met the requirements established by each country/region. In
addition, the time period over which trend analyses were con-
ducted also varied between sites to make use of the maximum
monitoring record at each site. At many sites this approach allowed
the assessment of changes in O3 concentration distribution, and
response of health and vegetation metrics to be undertaken over a
period with larger changes in O3 precursor emissions than would
have been possible using a fixed time period applied across all sites.

2.1.1. EU
Publicly available O3 time series data were obtained from the EU

AirBase data repository (http://www.eea.europa.eu/data-and-
maps/data/aqereporting) for all sites with continuous, year-round
measurements covering at least 20 years (1994e2013). The last
year of record in the EU database included in our analyseswas 2013.
Monitoring sites which collected data as far back as 1981 were
included in the study. In total, 276 sites in 11 European countries
met this criterion and were included in the analysis (Fig. 1a and
Table 1). At 87% of these sites, the longest gap in O3 measurements
was less than 1 year, but sites with longer data gaps were included
to maximize the number of sites. Less than 8% of sites had more
than 2 years with missing data. The sites in AirBase, with a suffi-
cient time period, were not evenly distributed across the EU, and
there were few sites selected in southern and Eastern Europe. The
terminology used to classify sites in the EU is based on an assess-
ment of the ‘type of area’ and the ‘type of station’. The former refers
to the environment on the scale of several kilometers and is
assigned urban (continuously built up urban area), suburban
(largely built up urban area but building density is lower than ur-
ban area), or rural. The type of station refers to the impact of nearby
emissions, and is characterized as traffic (site located in close
proximity to a major road), industrial (close proximity to an in-
dustrial source), or background (i.e., does not fulfill criteria for
traffic or industrial and pollutant concentrations that are repre-
sentative of the average for the type of area (European Commission,
2013; JRC-AQUILA, 2013)). Different combinations of area type and
station type therefore result in different classifications (e.g., rural
background, suburban background, urban background, urban
traffic, and urban industrial). Table 1 provides a summary of the
numbers in each category.

2.1.2. US
The US EPA maintains the Air Quality System (AQS) database

(www.epa.gov/aqs), which contains air pollutant concentration
data reported by state, local, and tribal agencies. Hourly O3 con-
centration data are currently reported to AQS from over 1200 O3

monitoring sites nationwide. For the purpose of this analysis, the
following criteria were used to select sites: (1) sites that collected
data with a minimum of 20 years (1995e2014) but including those
sites initiating monitoring as far back as 1980; (2) sites that
collected data year-round over the entire period; and (3) sites that
did not experience large data gaps in the monitoring record with
more than one large data gap of up to 1 year in length.

The second criterion was applied because many O3 monitoring
sites in the US do not operate year-round. Since the distribution of
O3 values and their response to emissions changes vary by season
(Cooper et al., 2010; Simon et al., 2015; Clifton et al., 2014), trends at
partial-year monitors may not be fully representative. In addition,
several of the exposure metrics evaluated in this analysis are
calculated using varying 3- and 6-month periods making it
important to include only monitoring sites collecting data year-
round.

US sites covered urban, suburban, and rural locations as defined
by Simon et al. (2015) using the 2006 National Land Cover Database
(NLCD). The majority of “urban” monitors in the subset of US sites
were located in California. In order to include more urban monitors
across the US, the first criterion was relaxed to include some urban
sites whose data records began as late as 1995.With this relaxation,
12 urban sites were added to the analysis (i.e., two in Colorado, two
in Illinois, four in Pennsylvania, three in Texas, and one in Louisi-
ana). A total of 196 monitoring sites across the contiguous US were
included in the study (Fig. 1b and Table 2).

In the US, O3 data are reported to the AQS at 1 ppb precision.
However, historically some state and local monitoring agencies
reported O3 data to the AQS at 10 ppb precision. A large fraction
(~40%) of the sites included in the analysis used the 10 ppb
reporting convention until the mid-1990s. In order to allow all
hourly O3 data to be classified into 5 ppb bins (see Section 2.3),
artificial scatter was added to the 10 ppb precision data. For each
monitoring site, we identified any months for which all hourly O3
concentration values ended in 0. For those months, a random value
drawn from a Discrete Uniform distribution with a minimum of
-5 ppb and a maximum of 5 ppb was added to each hourly O3
concentration. Supplement Appendix D describes an analysis
which examined the impact of the low precision data and associ-
ated artificial scatter data on trends in O3 exposure metrics. While

http://www.eea.europa.eu/data-and-maps/data/aqereporting
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Fig. 1. Map of (a) EU, (b) US, and (c) mainland China and Hong Kong, China sites selected for the study.
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the change from low to higher precision reporting had a small
impact on the exposure metric trends, the artificial scatter did not
create additional bias in these trends.

2.1.3. China
For this analysis, we report trends from three sites in mainland

China and six sites in Hong Kong (Special Administrative Region)
(Fig. 1c and Table 3). Hourly average O3 data collected over an
extended period (i.e., greater than 20 years) in China are scarce.
Besides monitoring sites in Hong Kong, only one site in mainland
China collected data over a 20-year period (i.e., Mt. Waliguan,
Qinghai Province, 1994e2015). Two additional sites from mainland
China (Shangdianzi, Beijing, Capital City and Longfengshan, Hel-
ongjiang Province) were included in the study (Fig. 1c). Although
the Mt. Waliguan site began monitoring in 1994, data capture
considerations resulted in trends analyses being performed over
the 2000e2015 period. Similarly, for the Longfengshan site,
although data existed for 2005, the 2006e2015 period was used in
the trends analyses.
The Mt. Waliguan site, established in 1994, is situated at the
northeastern edge of the Tibetan Plateau (Xu et al., 2016). It is a
global baseline sitewithin theWorld Meteorological Organization's
Global Atmosphere Watch (WMO/GAW) network. Surface O3 at the
site is highly representative of free-tropospheric O3 (Ma et al.,
2002) and is often influenced by stratosphere-to-troposphere
transport (STT) events (Ding and Wang, 2006; Zhu et al., 2004).
Air masses from the west are dominant at Mt. Waliguan and are
associated with the highest O3 concentrations (Wang et al., 2006).
The site is far frommajor cities, such as Xining (90 km) and Lanzhou
(260 km) in the eastern sector. During the summer, surface O3
concentrations may be subject to regional anthropogenic in-
fluences from the eastern sector (Wang et al., 2006; Xue et al.,
2011). According to China's national statistics (http://data.stats.
gov.cn/), NOx emissions in Qinghai province, in which Mt. Wali-
guan is located, are small (0.134 Mt in 2014) but increasing; in
Gansu province, east of Qinghai, NOx emissions peaked at about
0.481 Mt in 2011 and decreased to 0.418 Mt in 2014.

Shangdianzi is a regional GAW site, located approximately

http://data.stats.gov.cn/
http://data.stats.gov.cn/


Table 1
Number of EU sites in each trend type category subset by EU AirBase classification. Values in parentheses indicate the percent of sites in each classification that fall into each
category.

Trend Type RBa RIa SBa SIa STa UBa UIa UTa Total

0 (No Trend) 11
(11%)

1
(2%)

1
(50%)

13
(5%)

1a 23
(23%)

4
(80%)

36
(55%)

4
(44%)

36
(53%)

2
(100%)

13
(59%)

118
(43%)

1b 34
(33%)

7
(11%)

1
(11%)

5
(7%)

1
(5%)

48
(17%)

1c 1
(1%)

1
(0.4%)

2 12
(12%)

1
(20%)

12
(18%)

2
(22%)

22
(32%)

7
(32%)

56
(20%)

3 12
(12%)

7
(11%)

2
(3%)

1
(5%)

22
(8%)

4 5
(5%)

5
(2%)

X 1
(1%)

2
(3%)

1
(1%)

4
(1%)

Incomplete 3
(3%)

1
(1%)

2
(22%)

1
(50%)

2
(3%)

9
(3%)

Total 102 5 66 9 2 68 2 22 276

a RB, rural background; RI, rural industrial; SB, suburban background; SI, suburban industrial; ST, suburban traffic; UB, urban background; UI, urban industrial; UT, urban
traffic.

Table 2
Number of US sites in each trend type category from the scatter dataset (see Sup-
plement Appendix D) by degree of urbanization. Values in parentheses indicate the
percent of rural, suburban, or urban sites that fall into each category.

Trend Type Rural Suburban Urban Total

0 (No trend) 5 (6%) 0 (0%) 0 (0%) 5 (3%)
1a 31 (36%) 44 (76%) 44 (86%) 119 (61%)
1b 26 (30%) 11 (19%) 5 (10%) 42 (21%)
1c 4 (5%) 0 (0%) 0 (0%) 4 (2%)
2 4 (5%) 1 (2%) 2 (4%) 7 (4%)
3 7 (8%) 1 (2%) 0 (0%) 8 (4%)
4 9 (10%) 1 (2%) 0 (0%) 10 (5%)
7 1 (1%) 0 (0%) 0 (0%) 1 (<1%)

Total 87 58 51 196

Table 3
Sites in China used in the study.

Site Years in Study Land Usea Elevation (m) Trend Type

Mainland
Mt. Waliguan 2000e2015 GB 3810 7
Shangdianzi 2004e2015 RB 294 7
Longfengshan 2006e2015 RB 310 X
Hong Kong
Central/Western 1990e2015 U 16 8
Kwai Chung 1990e2015 U 13 8
Tap Mun 1998e2015 R 11 X
Tai Po 1998e2015 S 25 8
Yuen Long 1995e2015 S 25 8
Hok Tsui 1994e2015 R 60 X

a GB, global baseline; RB, regional background; U, urban; R, rural; S, suburban.
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100 km northeast of the urban center of Beijing. The 30 km radius
surrounding the site contains only small villages with a sparse
population and insignificant anthropogenic sources. The observa-
tions of pollutants at Shangdianzi reflect the regional-scale air
quality of North China (Lin et al., 2008; Xu et al., 2009a). However,
the site is often impacted by pollution transported from the North
China Plain (NCP), particularly in the summer (Lin et al., 2008; Ge
et al., 2012). In the NCP, total NOx emissions have been large for
many years; a maximum of 2.348 Mt was reached in 2011 that
decreased to 1.946 Mt in 2014 (http://data.stats.gov.cn/).

Longfengshan is a regional background GAW site in Northeast
China. It is located on top of a hill on the eastern edge of the
Northeast China Plain, bordering on the Changbai Mountains (Xu
et al., 1998). The site may be impacted by biomass burning emis-
sions (i.e., biofuels and open burning after harvest). Previous
studies (Xu et al., 1997, 2009b) suggest that air masses from the
cities of Harbin (140 km northwest), Jilin (130 km southwest), and
Changchun (200 km southwest) can arrive at Longfengshan, with
those from the southwest sector causing enhanced concentrations
of reactive gases at the site.

For the six Hong Kong sites, hourly average O3 data were ob-
tained from the Hong Kong Polytechnic University (HKPU) for the
Hok Tsui station and the Hong Kong Environmental Protection
Department (HKEPD) for the other stations (data available at http://
www.aqhi.gov.hk). The Hok Tsui station (operated by the HKPU
since 1994) was established to monitor changes in the composition
of background air and to investigate the chemistry and transport of
air pollution in subtropical Asia (Wang et al., 2009). Hok Tsui is
upwind of Hong Kong's urban areas most of the time. Pollution-
laden continental flow from the north, in conjunction with the
stable and warm weather, contributes to the O3 maximum in
autumn (i.e., September, October, and November). The Tap Mun
station is a rural air quality monitoring station on the Grass Island
northeast of Hong Kong. The site is not affected by local residential
and road traffic emissions but is influenced by transported
anthropogenic emissions. Central Western and Kwai Chung are
urban stations that are significantly influenced by local residential
and traffic emissions. Tai Po and Yuen Long are located in suburban
areas of the New Territory, which is adjacent to Shenzhen, a
megacity in China. The two stations are influenced by local resi-
dential and traffic emissions and pollutions transported from
mainland China.
2.2. Statistical tests

Analyses were conducted on a site-by-site basis. An important
consideration in selecting statistical tests for assessing trends was
the requirement that the same statistical methods be applied
across all sites. The large amount of data to be characterized

http://data.stats.gov.cn/
http://www.aqhi.gov.hk
http://www.aqhi.gov.hk


A.S. Lefohn et al. / Atmospheric Environment 152 (2017) 123e145128
precluded a detailed review of the data from every site to deter-
mine (1) an appropriate analytical functional form that fit the data
and (2) whether a regression approach (e.g., linear or non-linear)
would satisfy the assumptions associated with its use. Conse-
quently, the nonparametric Mann-Kendall (M-K) test (Mann, 1945)
and the Theil-Sen (T-S) estimator (Theil, 1950a, 1950b; 1950c; Sen,
1968) were selected because they require no assumptions
regarding functional form or statistical distribution for the data and
are resistant to outliers. In addition, these methods do not require
consideration of whether trends are linear or non-linear. The T-S
estimator was used to determine the magnitude and direction of
the trend for a given time period (i.e., annual, monthly, hour of
day); the M-K test was used to determine the significance of each
trend using a significance threshold of p < 0.05. The software used
to perform the statistical tests was R (R Development Core Team,
2008; R Core Team, 2016; Jassby and Cloern, 2016).

2.3. Characterizing distribution changes in hourly ozone

To characterize trends in hourly O3 concentrations, O3 values
were grouped into 5 ppb bins for each site (i.e., 0 � O3 < 5,
5 � O3 < 10, 10 � O3 < 15, etc.) (Fig. 2a) and the number and per-
centage of hourly O3 observations contained in each bin by year
was tabulated. For all time periods with less than 75% data
completeness, results were not presented. The M-K and T-S esti-
mator described above were then used to determine the multi-year
trends in the frequency of hourly O3 concentrations falling into
each bin.

The T-S estimator is the median of the slopes between all
possible pairs of data points. Therefore, in cases where more than
70% of the data points are zero, the slope must by definition be zero
since over half of the pairwise slopes are zero. However, because
the M-K test is not based on the T-S estimator itself, but on deter-
mining the presence of a monotonically increasing or decreasing
sequence, there were cases when a T-S slope of zero was associated
with a significant trend. For example, in a time series of length 35
years, where the first 10 values are monotonically decreasing and
the last 25 values are zero, the M-K test will result in a significant
trend and the T-S slope will be zero. In the US data analyzed, this
type of pattern occurred quite often for high O3 concentration bins
at the beginning of the time series. As emissions controls were
implemented in the US, the frequency of the high O3 values
decreased and in many cases did not occur after the beginning of
the time series. In these cases, the significant M-K result represents
a real physical process, but the T-S estimator did not permit a
determination of the magnitude and sign of the trend. To address
this issue, a second step in the analysis was implemented only for
cases inwhich the initial T-S slope estimatewas zero. In those cases,
a weighted moving average time-series was calculated from the
original frequency values. The weighting function is the standard
Normal density (i.e., a Normal density with a mean of 0 and a
standard deviation of 1; see Supplemental Appendix E for details
and an example of this calculation). The T-S slope was then calcu-
lated from the weighted moving average time series, and the value
determined from the moving average replaced the original T-S
slope. Regardless of which method was applied to determine the T-
S slope estimate, the M-K test was conducted using the original
time series.

The patterns of changes in hourly average O3 concentration
distributions were separated into ten distinct ‘trend type’ cate-
gories. The classification of sites into trend types provides a way to
generalize how metrics respond to similar patterns of change
across the O3 distribution. For each site, we identify what portion of
the distribution of hourly average concentrations has shifted. In the
description of the trend type patterns, we discuss high, middle, and
low O3 concentrations, which do not refer to absolute concentra-
tions but rather describe relative changes in the distribution at any
particular site. For characterizing patterns of change for the dis-
tributions, the trend types (the algorithm procedures applied for
identifying trend types are described in Supplement Appendix B)
are described as follows:

� Trend Type 0: No trend.
� Trend Type 1: Both ends of the distribution shift toward the
center. (Decreasing frequency of high and low concentrations).

� Trend Type 2: Low end shifts upward but high end does not
change. (Decreasing frequency of lowconcentrations; increasing
frequency of middle concentrations).

� Trend Type 3: High end shifts downwards but no change at
lower end (Decreasing frequency of high concentrations;
increasing frequency of middle concentrations).

� Trend Type 4: Entire distribution shifts downwards (Decreasing
frequency of high concentrations, increasing frequency of low
concentrations).

� Trend Type 5: The distribution shifts from the center toward
both the high and the low ends of the distribution. (Increasing
frequency of high and low concentrations).

� Trend Type 6: The middle of the distribution shifts downward
but the high end does not change. (Increasing frequency of low
concentrations, decreasing frequency of middle concentrations).

� Trend Type 7: The middle of the distribution shifts upward but
the low end does not change. (Increasing frequency of high
concentrations, decreasing frequency of middle concentrations).

� Trend Type 8: Entire distribution shifts upwards. (Increasing
frequency of high concentrations, decreasing frequency of low
concentrations).

� Trend Type X: Complex trends that do not fall into any of the
categories listed above. It is not possible to categorize portions
of the O3 distribution into “low”, “middle”, and “high” for this
trend type because the directions of the trends shift more than
two times across the distribution (see Fig. 7 and Supplement
Appendix A Figs. A.1 and A.2).

Because relative shifts of low and high hourly concentrations
within the Trend Type 1 distribution can influence the median
concentration, Trend Type 1 sites were further grouped into three
subcategories based upon trends in the median concentration: (1)
“1a” sites had increasing trends in the median; (2) “1b” sites had no
trend in the median; and (3) “1c” sites had decreasing trends in the
median.

2.4. Human health and vegetation exposure metrics

From those human health and vegetation metrics included in
the Tropospheric Ozone Assessment Report (TOAR) research pro-
gram (http://www.igacproject.org/sites/all/themes/bluemasters/
images/TOAR_ListOf_Metrics.pdf), 14 were selected for analysis in
this study. A full description of the calculation method for each
exposure metric, including data capture criteria, is provided in
Supplement Appendix C. We explored how each of the exposure
metrics responded to changes over time at each of the sites
analyzed. These 14 metrics were calculated for each year that met
the data completeness requirement. These yearly values were used
to construct a time series for each exposure metric and the T-S
slope was calculated with significance based on the M-K test at the
p < 0.05 level. Across all sites, the trend of each of the exposure
metrics was compared to the trend type category that was deter-
mined using methods described in Section 2.3.

An additional data completeness protocol was implemented to
guarantee that sufficient data were available over the entire time

http://www.igacproject.org/sites/all/themes/bluemasters/images/TOAR_ListOf_Metrics.pdf
http://www.igacproject.org/sites/all/themes/bluemasters/images/TOAR_ListOf_Metrics.pdf


Fig. 2. Theil-Sen trend (%/year) (1990e2013) at Berlin, Germany (EU AirBase ID: DEBE034): for (a) O3 concentrations in each bin and (b) 6 human health and 8 vegetation O3

metrics. For this study, p < 0.05 is used to determine significance using the Mann-Kendall test. This site is Trend Type 1a.
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series. For M-K and T-S slope estimates, the fraction of missing
slopes associated with the first and last fifths of the data were
calculated as described by Schertz et al. (1991) so that the appro-
priateness of slope estimates could be assessed and results flagged.

The change in the frequency of absolute hourly O3 concentra-
tions influences the change in themagnitude of an exposuremetric.
Therefore, we identify those metrics that are mostly influenced by
different portions of the O3 distribution, specifically the (1) high
concentrations, (2) moderate and high concentrations, (3) moder-
ate concentrations, and (4) all concentrations (i.e., low, moderate,
and high). The 14 exposure metrics are grouped as follows:

2.4.1. Exposure metrics influenced by high hourly average O3

concentrations

� annual 4th highest daily max 8-h O3 concentration (A4MDA8)
based on the US EPA protocol used in the 2008 8-h standard (US
EPA, 2014b) (human health).

� annual max daily 8-h O3 concentration (AmaxMDA8) based on
the US EPA protocol used in the 2008 8-h standard (US EPA,
2014b) (human health).

� annual max daily 1-h average concentration (AmaxMDA1) (US
EPA, 2014b) (human health).

� 4th highest W90 (A4W90) (5-h accumulation as described in
Lefohn et al., 2010a) (human health).

The A4MDA8 metric is used by the US EPA to assess attainment
of the O3 NAAQS over a 3-year period.

2.4.2. Exposure metrics influenced by moderate and high
concentrations

� SOMO35 (Daily maximum 8-h concentrations used to deter-
mine SOMO35were calculated as described in European Council
Directive, 2008/50/EC) (human health).

� 12-h W126 3-month (US EPA, 2014b) (vegetation).
� 12-h W126 6-month (US EPA, 2013) (vegetation).
� 24-h W126 3-month (US EPA, 2013) (vegetation).
� 24-h W126 6-month (US EPA, 2013) (vegetation).
� 12-h AOT40 3-month (European Council Directive, 2008/50/EC)
(vegetation).

� 12-h AOT40 6-month (European Council Directive, 2008/50/EC)
(vegetation).

The seven exposure metrics associated with moderate and high
concentrations within a distribution all constitute cumulative
exposuremetrics calculated either as a sum or weighted sum across
months.

2.4.3. Exposure metrics primarily influenced by moderate
concentrations

� Daily 12-h (0800e1959h) average averaged over 3-months
(Avnery et al., 2011; Van Dingenen et al., 2009) (vegetation).

� Daily 12-h (0800e1959h) average averaged over 6-months
(vegetation).
2.4.4. Exposure metric influenced by the low, moderate, and high
concentrations

� SOMO10 (Dailymaximum 8-h concentrations used to determine
SOMO10 were calculated as described in European Council
Directive, 2008/50/EC) (human health).
While in this study we do not assign an absolute concentration
range specific to the term “high,” “moderate,” and “low,”we discuss
in Section 4.3 how quantitative differences in absolute concentra-
tions influence the statistical significance of changes that occurred
in the exposure metrics across sites. For ease in summarizing the
results of our analyses in the main part of our paper, we focused on
the following 6 exposuremetrics: (1) A4MDA8, (2) SOMO35, (3) 12-
h AOT40 3-month, (4) 12-h W126 6-month, (5) daily 12-h
(0 800e1959h) average averaged over 6-months, and (6)
SOMO10, which demonstrate the range of behavior observed for
the entire set of 14 metrics and cover metrics relevant for both
human health (A4MDA8, SOMO35, SOMO10) and vegetation effects
(AOT40, W126, daily 12-h). Across the 14 metrics, and even the
subset of 6 metrics, there are similarities in the trend behavior of
some of the exposure metrics as the hourly average concentrations
change within distributions. Because the relevance for assessment
and quantification of O3 human health and vegetation impacts has
been separately demonstrated for each of the metrics, we include
analysis of the behavior pattern of the trends for all 14 effects
metrics in Supplement Appendix A.

3. Results

The response of the 14 metrics over time is associated with
which part of the hourly O3 concentration distribution changes.
Therefore, a change in the distribution of hourly O3 at a specific site
may be associated with different responses for different metrics. As
a result, different conclusions may be reached concerning effects
assessments and emission control strategies. In Section 3.1, we
describe the patterns of shifting hourly average O3 concentrations
that have occurred at the EU, US, and Chinese sites and assign each
specific pattern to a specific trend type category identified in Sec-
tion 2.3. We then focus on the behavior of those metrics described
in Section 2.4 influenced by shifts in the (1) high, (2) moderate and
high, (3) moderate, and (4) low, moderate, and high concentration
ranges to better understand the relationship between the metrics
and the shifts that occur over time within the various parts of the
distributions.

3.1. Changes in the distribution in hourly average concentrations

Tables 1 and 2 summarize the trend type assignments for the
276 EU and 196 USmonitoring sites, respectively. Trend Type 1 (i.e.,
compression of the high- and low-end concentrations within the
distribution, shifting more O3 concentrations toward the center)
was themost predominant trend pattern (60% of EU sites (167)) and
84% of US sites (165)). Figs. 2 and 3 illustrate the pattern of changing
hourly average concentrations associated with Trend Type 1 for
sites at Berlin, Germany (1990e2013) and Beltsville, MD USA
(1989e2014), respectively. For both sites, the median (i.e., 50th
percentile) concentrations increased and so they were character-
ized as Trend Type 1a (see Section 2.3). The majority of the EU and
US Trend Type 1 sites were classified as Trend Type 1a (increasing
median); almost 30% were classified as Trend Type 1b (no trend in
the median). For the EU sites, a substantial number had only
increasing low-end concentrations (i.e., Trend Type 2; 56 sites) or
only decreasing high-end concentrations (i.e., Trend Type 3; 22
sites). The remaining 11% of sites were split between Trend Types 0,
1c, 4, X, and Incomplete. The 15% of US sites that were not Trend
Type 1a or 1b were split between Trend Types 0, 1c, 2, 3, 4, and 7.
Not all sites experienced significant changes in their distributional
patterns. Thirteen sites in the EU and five sites in the US exhibited
no trends (i.e., Trend Type 0).

Table 3 describes the land use characteristics and summarizes
the trend types for the three sites in mainland China and six sites in
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Hong Kong. Trends at the nine sites were different from the trends
exhibited at EU and US sites, likely reflecting the substantially
different emissions environment and also possibly being more
influenced by inter-annual variability due to the shorter monitoring
time periods at several of the sites. All nine of these sites were
characterized as either Trend Types 7, 8 or X (i.e., complex trends
that could not be categorized). At Mt. Waliguan (Fig. 4a), there was
an absence of concentrations below 25 ppb between 2000 and
2015. The trend pattern showed a decreasing frequency of hourly
average O3 concentrations in the 35 and 45 ppb bins, with an
increasing frequency in the 55 and 60 ppb bins. The trend type
assigned to these patterns (2000e2015) was Trend Type 7 (i.e., the
middle of the distribution shifts upward but the low end does not
change). This assignment demonstrates a somewhat arbitrary
distinction between Trend Type 2 and Trend Type 7 when a cutoff
(35 ppb) is used to distinguish between the “low end” and middle
of the distribution (Fig. 4a). A Trend Type 2 assignment could have
resulted if a lower cutoff concentration were used. At the Shang-
dianzi site (2004e2015), the middle of the distribution shifted
upward but the low end did not change (Fig. 5a). The algorithm
described in Supplement Appendix B resulted in Trend Type 7
assignment, but decreasing trends in the frequency of concentra-
tions between 20 and 35 ppb share some of the characteristics of a
Trend Type 8 site. The assignment of this site to Trend Type 7 rather
than to Trend Type 8 relied on the decision to classify decreases in
the frequency of the 20e35 ppb concentrations as changes in
moderate (for Trend Type 7), rather than low (Trend Type 8) con-
centrations. At the Longfengshan site, the mid-range concentra-
tions shifted downward, resulting in an increasing frequency of low
concentrations. However, there was one high concentration bin
(115e120 ppb), which exhibited a decreasing trend (Fig. A.1). This
site was characterized as Trend Type X.

For the six Hong Kong sites, four of the sites (i.e., Central
Western, Kwai Chung, Tai Po, and Yuen Long) were characterized as
Trend Type 8 (entire distribution shifts upwards), as illustrated in
Fig. 6a for the Central Western site. The Hok Tsui and Tap Mun sites
exhibited a complex trend type because of both increasing and
decreasing trends in moderate O3 concentration bins (Fig. 7a and
Fig. A.2a, respectively).

3.2. Trends in exposure metrics and the relationship to trend type
categories

The trend type distribution shifts described in Section 3.1 affect
the trends of the human health and vegetation exposure metrics
identified in Section 2.4. For example, Fig. 3 illustrates the rela-
tionship between changes in O3 concentration distribution and the
6 human health and 8 vegetation exposure metrics at a site at
Beltsville, Maryland between 1989 and 2014 (classified as Trend
Type 1a). A second example of changes in the O3 concentration
distribution and the response of human health metrics is shown in
Fig. 2 for a site in Berlin, Germany. Both Figs. 2 and 3 illustrate the
phenomenon that metrics defined to assess the same O3 impact
(i.e., human health or vegetation), under the same changing pat-
terns of O3 concentrations, can exhibit differing, and opposing
changes in their magnitude. For example, at the Berlin site, be-
tween 1990 and 2013, the magnitude of the human health metrics
could be concluded to have decreased, not changed, or increased
depending on the specific metric used to quantify the effect. Sec-
tions 3.2.1e3.2.4 describe general patterns in the relationship be-
tween O3 distribution trend types across all the sites analyzed and
trends for the 14 exposure metrics.

3.2.1. Exposure metrics associated with high concentrations
The majority of sites analyzed in the EU and US experienced
reductions in the high-end of the O3 distributions (Trend Types 1, 3,
and 4), and therefore decreasing trends in the magnitude of the
four exposure metrics (A4MDA8, AmaxMDA8, AmaxMDA1, and
A4W90) were mostly impacted by the changes in these higher
concentrations (Tables 4 and 5, Table A.1 and A.2). There were no
sites in the US and only 2 sites in the EU that experienced increasing
trends in any of these metrics. At both EU and US sites, Trend Types
1a, 1b, 1c, 3, and 4 were most often associated with decreasing
trends in these metrics, while Trend Types 0, 2, and 7 were more
likely to be associated with no trend and in rare cases, increasing
trends.Within each category, the EU sites experienced substantially
fewer occurrences of significant trends than the US sites (Tables 4
and 5, Table A.1 and A.2). The reasons for this observation are dis-
cussed in Section 4.

In contrast, the A4MDA8, AmaxMDA8, AmaxMDA1, and A4W90
metrics either increased or had no trends at the Chinese sites
(Table 6 and Table A.3). For Mt. Waliguan (Trend Type 7) and
Longfengshan, there were no trends in these four exposure metrics
(Fig. 4b and Fig. A.1b, respectively). For the site at Shangdianzi, the
Trend Type 8 changes (i.e., entire distribution shifts upwards)
resulted in increasing trends in the A4MDA8, AmaxMDA8, and
A4W90 exposure metrics, but no trend in AmaxMDA1 (Fig. 5b). At
five of the Hong Kong sites, all four exposuremetrics increased (e.g.,
Figs. 6b and 7b); there were no trends calculated in any of these
metrics at the Tap Mun Trend Type X site (Fig. A.2b).

3.2.2. Exposure metrics associated with moderate and high
concentrations

The seven metrics (SOMO35, 3-month 12-h W126, 6-month 12-
hW126, 3-month 24-hW126, 6-monthy 24-hW126, 3-month 12-h
AOT40, and 6-month 12-h AOT40) either decreased or had no trend
at most EU and US sites analyzed, although some metrics increased
at a small number of sites in both regions. Decreasing trends
occurred more for the 6-month compared to the 3-month vegeta-
tion metrics. The 3-month season (defined to be representative of
the wheat growing season in different climate zones) specifications
are detailed in http://www.igacproject.org/sites/all/themes/
bluemasters/images/TOAR_ListOf_Metrics.pdf. In many regions in
the EU and US, this season occurs earlier in the year when regional
photochemical O3 productionmakes a smaller relative contribution
to O3 concentrations, and therefore is less likely to decrease in
response to local or regional NOx emissions reductions compared
to the fixed 6-month season (AprileSeptember). Sites with Trend
Types 1b, 1c, 3, and 4 were more likely to have decreasing trends in
these seven metrics than Trend Type 1a and 2 sites. In the US, these
trend types (i.e., 1b, 1c, 3, and 4) had predominantly decreasing
trends with a smaller number of sites experiencing no trend, while
in the EU, no trend was most common for sites with these trend
types. Most Trend Type 1a sites in the EU had no trend for these
metrics, while in the US Trend Type 1a sites were predominantly
decreasing for somemetrics and had no trends for others. Similar to
the metrics focused on the higher concentrations (Section 3.2.1),
there were fewer significant trends in these metrics across the EU
sites analyzed than the US sites (Tables 4 and 5, and Table A.4-A.9).

The results at the 9 Chinese sites for these metrics were varied
(Table 6 and Table A.10-A.12). For the Mt. Waliguan site, only the
SOMO35 exposuremetric increased with no trend for other metrics
(Fig. 4b). The increase in the SOMO35 metric appears to be caused
by increases in themiddle of the distribution because no significant
trends occurred above 70 ppb. In contrast, at the Shangdianzi site
(Trend Type 7), all seven of the exposuremetrics increased (Fig. 5b).
At Longfengshan, the 3-month 12-h W126, 24-h W126, and AOT40
metrics exhibited decreasing trends (Fig. A.1b), while the other four
metrics experienced no trend. The 3-month accumulation period
for this site was MarcheMay. The month of April experienced

http://www.igacproject.org/sites/all/themes/bluemasters/images/TOAR_ListOf_Metrics.pdf
http://www.igacproject.org/sites/all/themes/bluemasters/images/TOAR_ListOf_Metrics.pdf


Fig. 3. Theil-Sen trend (%/year) (1989e2014) at Beltsville, Maryland (EPA AQS ID: 240339991-1) for (a) O3 concentrations in each bin and (b) 6 human health and 8 vegetation O3

metrics. For this study, p < 0.05 is used to determine significance using the Mann-Kendall test. This site is Trend Type 1a.
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decreasing trends in the mid-concentrations with shifts downward
into the lower values; this may be associated with the decreasing
trends for the 3-month metrics. At four of the Hong Kong sites
(Central Western, Hok Tsui, Kwai Chung, and Yuen Long), all seven
exposuremetrics increased (Table 6 and Table A.10-A.12). The Tai Po
site experienced increasing trends in the SOMO35, 6-month 12-
hW126, 6-month 24-h W126, 3- and 6-month AOT40 metrics, but
no trend for the 3-month 12-h W126 and 3-month 24-h W126
metrics. No significant trends were calculated for any of the seven
metrics at Tap Mun (Fig. A.2b).



Fig. 4. Theil-Sen trend (%/year) (2000e2015) at Mt. Waliguan, China for (a) O3 concentrations in each bin and (b) 6 human health and 8 vegetation O3 metrics. For this study,
p < 0.05 is used to determine significance using the Mann-Kendall test. The site is Trend Type 7.

A.S. Lefohn et al. / Atmospheric Environment 152 (2017) 123e145 133
3.2.3. Exposure metrics associated primarily with moderate
concentrations

The 6-month and 3-month 12-h (0800e1959h) average expo-
sure metrics did not show significant trends at most EU and US sites
with Trend Types 1a, 1b, 2, and 3 (Tables 4 and 5, Table A.8 and A.9).
For the EU sites analyzed, there were more increasing than
decreasing trends, although there was no trend at the majority of
sites for both metrics (Table 4 and Table A.8). For the US sites, there
were more decreasing than increasing trends for the 6-month 12-h
metric; for the 3-month 12-h metric, there were more sites with



Fig. 5. Theil-Sen trend (%/year) (2004e2015) at Shangdianzi, China for (a) O3 concentrations in each bin and (b) 6 human health and 8 vegetation O3 metrics. For this study, p < 0.05
is used to determine significance using the Mann-Kendall test. The site is Trend Type 7.
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increasing than decreasing trends. There were a substantial num-
ber of sites with no trend for both metrics (Table 5 and Table A.9).
The tendency for the 3-month 12-h metric to increase at more sites
than the 6-month 12-h metric may be associated with the fact that
many of the 3-month averaging periods included mainly spring
months. During the summer months, there are more decreasing
high O3 concentrations compared to spring months that possibly
could influence the decreasing trends identified in the 6-month 12-
h metric.

The two 12-h metrics are associated with the mid-range



Fig. 6. Theil-Sen trend (%/year) (1990e2015) at Central Western, Hong Kong, China for (a) O3 concentrations in each bin and (b) 6 human health and 8 vegetation O3 metrics. For
this study, p < 0.05 is used to determine significance using the Mann-Kendall test. The site is Trend Type 8.
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concentrations within the hourly average concentration distribu-
tion. These metrics are equally impacted by all daytime values.
Therefore, the increases in the more frequent low O3 concentra-
tions have a proportionally larger impact on these metrics than
other metrics associated with vegetation effects. Hence, the 3-
month 12-h mean metric had increasing trends at more sites
than any other metric. Sites classified as Trend Types 1a and 2 were
most likely to have increasing trends in the 12-h metrics at the EU
and US sites (Tables 4 and 5, Table A.8 and A.9). The increasing
annual median concentration for Trend Type 1a sites was generally



Fig. 7. Theil-Sen trend (%/year) (1994e2015) at Hok Tsui, Hong Kong, China for (a) O3 concentrations in each bin and (b) 6 human health and 8 vegetation O3 metrics. For this study,
p < 0.05 is used to determine significance using the Mann-Kendall test. Trend type at this site was characterized as not matching the algorithms described in Supplement Appendix
B (Trend Type X).
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associated with increasing trends calculated in the 12-h metrics.
However, even among the Trend Type 1a sites, where there is a
compression of both ends of the distribution and the annual me-
dian concentration increases, more sites had no trends than
increasing trends for these metrics (Tables 4 and 5, Table A.8 and
A.9). As anticipated, for Trend Type 2 sites (shifting of the con-
centrations upwards), increasing trends occurred in the two 12-h
metrics at many sites.



Table 4
Number of EU sites in each trend type category which had decreasing (Dec), no significant trend (NT), increasing (Inc), or incomplete (NA) trends in six O3 metrics (A4MDA8,
SOMO35, 3-month AOT40, 6-month 12-h W126, 6-month 12-h average, and SOMO10).

A4MDA8 SOMO35 3-mon. AOT40 6-mon. 12-h W126 6-mon. 12-h avg. SOMO10

Trend Type Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA

0 (No trend) 0 12 0 1 0 12 0 1 0 13 0 0 2 11 0 0 0 13 0 0 0 12 0 1
1a 59 57 0 2 18 96 2 2 4 110 3 1 44 73 0 1 2 82 34 0 1 72 43 2
1b 31 17 0 0 19 29 0 0 5 43 0 0 30 18 0 0 11 36 1 0 6 42 0 0
1c 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0 1 0 0 0
2 0 52 2 2 0 44 10 2 0 42 12 2 0 51 5 0 0 28 28 0 0 29 25 2
3 7 14 0 1 9 12 0 1 3 17 0 2 12 10 0 0 7 15 0 0 4 17 0 1
4 5 0 0 0 4 1 0 0 4 1 0 0 5 0 0 0 4 1 0 0 4 1 0 0

Total 103 152 2 6 51 194 12 6 17 226 15 5 94 163 5 1 25 175 63 0 16 173 68 6

Table 5
Number of US sites in each trend type category which had decreasing (Dec), no significant trend (NT), increasing (Inc), or incomplete (NA) trends in six O3 metrics (A4MDA8,
SOMO35, 3-month AOT40, 6-month 12-h W126, 6-month 12-h average, and SOMO10).

A4MDA8 SOMO35 3-mon.AOT40 6-mon.12-h W126 6-mon. 12-h avg. SOMO10

Trend Type Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA Dec NT Inc NA

0 (No trend) 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0 0 5 0 0
1a 99 19 0 1 53 56 9 1 30 70 18 1 88 25 4 2 40 64 15 0 34 62 22 1
1b 41 1 0 0 38 4 0 0 27 14 0 1 40 2 0 0 33 9 0 0 32 10 0 0
1c 3 0 0 1 3 0 0 1 4 0 0 0 3 0 0 1 4 0 0 0 3 0 0 1
2 1 6 0 0 0 4 3 0 0 2 5 0 0 5 2 0 0 3 4 0 0 4 3 0
3 8 0 0 0 7 1 0 0 4 4 0 0 7 1 0 0 6 2 0 0 7 1 0 0
4 10 0 0 0 10 0 0 0 9 1 0 0 10 0 0 0 9 1 0 0 10 0 0 0
7 0 1 0 0 0 1 0 0 0 0 1 0 0 1 0 0 0 1 0 0 0 1 0 0

Total 162 32 0 2 111 71 12 2 74 96 24 2 148 39 6 3 92 85 19 0 86 83 25 2

Table 6
Sites in mainland China and Hong Kong, China exhibiting decreasing (Dec), no significant trend (NT), increasing (Inc), or incomplete (NA) trend in six O3 metrics (A4MDA8,
SOMO35, 3-month AOT40, 6-month 12-h W126, 6-month 12-h average, and SOMO10).

Site (Trend Type) A4MDA8 SOMO35 3-mon. AOT40 6-mon. 12-h W126 6-mon. 12-h avg. SOMO10

Mainland
Mt. Waliguan (7) NT Inc NT NT NT Inc
Shangdianzi (7) Inc Inc Inc Inc Inc Inc
Longfengshan (X) NT NT Dec NT NT NT
Hong Kong
Central/Western (8) Inc Inc Inc Inc Inc Inc
Kwai Chung (8) Inc Inc Inc Inc Inc Inc
Tap Mun (X) NT Inc NT NT NT Inc
Tai Po (8) Inc Inc Inc Inc NT Inc
Yuen Long (8) Inc Inc Inc Inc Inc Inc
Hok Tsui (X) Inc Inc Inc Inc Inc Inc

A.S. Lefohn et al. / Atmospheric Environment 152 (2017) 123e145 137
Trends in the 12-h metrics varied among the Chinese sites. For
Mt. Waliguan, there was no trend in either metric (Fig. 4b). In
contrast, the 6-month 12-h metric (but not the 3-month metric)
increased at Shangdianzi (Fig. 5b) for which the distribution shifted
upwards and the median concentrations increased. For Long-
fengshan, the 3-month 12-h metric decreased and there was no
trend in the 6-month 12-h metric (Fig. A.1b). For four of the Hong
Kong sites (CentralWestern, Hok Tsui, Kwai Chung, and Yuen Long),
the 3- and 6-month 12-h average metrics increased (Table 6 and
Table A.12). The 6-month daily 12-h average metric increased at Tai
Po, but not the 3-month daily average 12-h metric. No significant
trends were identified for either 12-h metrics at Tap Mun.

3.2.4. Exposure metric associated with low, moderate, and high
concentrations

For the EU sites, there were more sites with increasing trends
than sites with decreasing trends across all trend types for the
SOMO10 metric although most sites had no trend (Table 4).
Although substantial emissions reductions have occurred across
Europe, decreasing trends in the SOMO10 metric were infrequent.
Increasing trends were most common at Trend Type 1a and 2 EU
sites compared to other trend type sites. In the US, sites with Trend
Types 1b, 1c, 3, and 4 were more likely to experience decreasing
trends in SOMO10, although 29% of US Trend Type 1a sites also had
decreasing SOMO10 values (Table 5). For the US sites, the shifts
from the lower concentrations to the middle of the distribution
appeared to play less of a role than the reduction in the higher
concentrations in influencing decreasing trends in SOMO10. This is
in contrast to the EU sites, where the relative magnitude of the
opposing shifts from (1) low concentrations to moderate concen-
trations and (2) high concentrations to moderate concentrations
resulted more frequently in increasing SOMO10 values.

The SOMO10 exposure metric either increased or had no trend
at the Chinese sites. The increasing trend in SOMO10 at Mt. Wali-
guan may be associated with the upward shift in moderate con-
centrations (i.e., 30, 35, 40, 55, and 60 ppb bins) because no
significant trends occurred in the hourly concentrations above
70 ppb (Fig. 4b). At Shangdianzi, SOMO10 increased consistently
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with the upwards shift across the concentration distribution
(Fig. 5b). For Longfengshan, the SOMO10 metric had no trend
(Fig. A.1b). The SOMO10 metric increased for all six Hong Kong
sites.

4. Discussion and conclusion

4.1. Reasons associated with the predominant pattern of decreasing
higher concentrations and increasing lower concentrations (Trend
Type 1)

LowO3 concentrations increasing towardmoderate levels, while
the high concentrations decreased (i.e., Trend Type 1) was the most
common pattern identified at the EU and US sites. Decreases in the
frequency andmagnitude of high O3 episodes in the EU and US have
been reported in the literature (Butler et al., 2011; Cooper et al.,
2010, 2012; Hogrefe et al., 2011; Koumoutsaris and Bey, 2012;
Lefohn et al., 2010b; Sather and Cavender, 2012; Simon et al.,
2015; Sicard et al., 2016). In addition, while many investigators
have reported that low-end O3 concentrations have increased in
both regions (Chan, 2009; Chan and Vet., 2010; Cooper et al., 2010,
2012; Hogrefe et al., 2011; Koumoutsaris and Bey, 2012; Lefohn
et al., 2010b; Torseth et al., 2012; Simon et al., 2015; Sicard et al.,
2016; Wilson et al., 2012), some have reported no changes at
some sites (Vautard et al., 2006; Cooper et al., 2012; Wilson et al.,
2012; Simon et al., 2015).

Based on the scientific understanding of O3 processes described
in the Introduction, there are three main drivers that could
contribute to the compression of the O3 distribution: (1) changes in
local and regional anthropogenic precursor emissions (NOx and
VOC), (2) changes in O3 contribution from long-range transport,
and (3) changes in O3 due to trends in climate-driven natural
emissions and meteorology. While all three factors may contribute
to some degree to the shifting O3 distributions, both the increases
in low O3 and decreases in high O3 concentrations are consistent
with what would be expected from substantial regional NOx re-
ductions as has been documented previously. Specifically, modeling
studies have linked decreases in regional emissions to decreases in
high O3 episodes in the US (Tagaris et al., 2007; Gilliland et al.,
2008; Fiore et al., 2009; Xing et al., 2015) and EU (Jonson et al.,
2006; Vautard et al., 2006), as well as increases in low O3 con-
centrations at the same locations where high concentrations
decrease (Jonson et al., 2006; Hogrefe et al., 2011; Simon et al.,
2013, 2016; Downey et al., 2015). Additional evidence that
regional emissions reductions can increase low O3 concentrations
comes from studies of measured concentrations. For example,
Simon et al. (2015) reported that over a period of large US NOx
emissions reductions, increasing low O3 concentrations occurred to
a greater extent at more urbanized sites, indicating that reduction
in local NOx scavenging was increasing these low O3 concentra-
tions beyond any increases that occurred in regional background.
Jenkin (2008) reported that in the UK, increases in low-end O3
concentrations occurred to a greater extent at inland urban and
rural locations than at an upwind coastal location, concluding that
increasing low-end O3 was at least partly due to regional chemistry
changes from emissions reductions rather than increases in global
or regional background. In addition, both Simon et al. (2015) and
Sicard et al. (2016) reported more ambient increases in low O3

concentrations during winter, the time of year where NOx scav-
enging is most likely to be favored, than during summer when OPE
will be high. Below, we discuss the evidence that long-range
transport and climate change could also play a role in the preva-
lence of sites exhibiting a compression of the O3 distribution.

In many parts of Asia, O3 precursor emissions have increased
substantially (Monks et al., 2015). Observational and modeling
studies have demonstrated that O3 can be transported long dis-
tances across the Pacific and Atlantic oceans and can influence
ground-level O3 concentrations in the EU and US (Stohl and Trickl,
1999; Li et al., 2002; Jaffe et al., 2003; Derwent, 2008; TF HTAP,
2010; Lin et al., 2012; Langford et al., 2015; Derwent et al., 2015).
Additionally, observational studies have reported O3 concentration
increases in the free troposphere over the US since the mid-1990s,
although that increase appears to have slowed recently (Cooper
et al., 2010, 2012; Lin et al., 2015). The increase in free tropo-
spheric O3 is attributed to long-range transport fromAsia and to the
extent that it mixes down to the surface it could impact ground-
level concentrations. Monks et al. (2015) also reported that glob-
ally free tropospheric O3 is either increasing or remaining constant
depending on the location, which also supports the possibility that
long-range transport could contribute to increasing ground-level
O3 concentrations in some locations. Based on global modeling
simulations, Lin et al. (2012) showed O3 originating from Asian
emissions could periodically contribute over 5 ppb (MayeJune) to
ground-level MDA8 O3 concentrations at certain locations in the
Western US, but those contributions dropped off precipitously east
of the Rocky Mountains. Thus, while Asian emissions have
increased substantially over the time period of our study, their
impacts on O3 trends is anticipated to be limited mostly to the
Western US, with reduced impact on the Eastern US. While previ-
ous work suggests long-range transport is most likely to cause
enhanced O3 concentrations at high elevations in the US Inter-
mountain West (Lin et al., 2012), we observed no trends (i.e., Trend
Type 0) at five sites in this region (e.g., Grand Canyon National Park,
Arizona, 2073 m; Gothic, Colorado, 2915 m; Glacier National Park,
Montana, 976 m; Centennial, Wyoming, 3175 m; and Pinedale,
Wyoming, 2386 m). Derwent et al. (2013) found that at Mace Head,
a site on the west coast of Ireland, which frequently experiences air
masses with minimal European influence, the measured monthly
O3 concentrations during the arrival of these air masses were
observed to have increased between 1987 and 2008, before leveling
off and decreasing. The authors did not attempt to discern whether
these trends were due to changes in transport patterns, upwind
emissions, or climate/meteorological phenomena. The large de-
creases in US emissions make it unlikely that long-range transport
from the US to the EU is a key contributor to the upward shifts in
the lower concentrations observed at some EU sites. Model simu-
lations with increasing inflow from the USwere not consistent with
observations across Europe (Vautard et al., 2006). Overall, the evi-
dence for long-range transport significantly impacting trends
across the O3 distribution is mixed and indicates that to the extent
that long-range transport has affected trends, the impacts are not
ubiquitous.

Climate change also has the potential to impact O3 trends and
could be a contributing factor to the increasing low O3 concentra-
tions, as well as an offsetting factor to decreases in high O3 con-
centrations through changes in meteorology (e.g., UV insolation,
temperature, relative humidity, and transport patterns), emissions
(e.g., biogenics (Steiner et al., 2006; Zeng et al., 2008; Nolte et al.,
2008), wildfires (Vautard et al., 2007; Jaffe and Widger, 2012;
Keywood et al., 2013), and methane (Fiore et al., 2002; West
et al., 2006; Nolte et al., 2008; Clifton et al., 2014)), or frequency
andmagnitude of stratospheric intrusions (Zeng et al., 2008). There
have been a large number of studies that characterize potential O3

increases caused by future climate-driven meteorological changes
(Steiner et al., 2006; Tagaris et al., 2007;Wu et al., 2008; Zeng et al.,
2008; Nolte et al., 2008; Doherty et al., 2013; Fann et al., 2015).
Some investigations have looked at correlations between changing
meteorological parameters and O3 in the recent past (Camalier
et al., 2007; Leibensperger et al., 2008; Bloomer et al., 2009;
Oswald et al., 2015; Jhun et al., 2015). Many of these studies focus
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on future climate change. However, there is some evidence (e.g.,
Leibensperger et al., 2008) that climate change may have already
contributed to current O3 trends through one or more of these
pathways.

While we have not attempted for EU and US sites to definitively
attribute the drivers for the predominant changing O3 distribution
pattern (i.e., Trend Type 1) observed in this study, it is likely that the
decreases we observe in high O3 concentrations are largely driven
by the substantial decreases in local and regional precursor emis-
sions that have occurred over the past several decades in these
regions. Increases in the magnitude of the low O3 concentrations is
most likely caused by a combination of (1) decreasing NOx scav-
enging from these large emissions reductions, (2) increases in long-
range transport from Asia, and (3) meteorological and natural
emissions changes that have occurred due to climate. While we
cannot quantitatively assess which of these factors has had the
greatest impact on increases in the magnitude of the low concen-
trations, there is consistent modeling and observational evidence
that large regional NOx reductions lead to the types of spatial and
temporal patterns of increasing low O3 concentrations observed in
this study. In addition, long-range transport, when it does
contribute to enhancing O3 concentrations, is likely to have the
most impact on trends in the Western US, with less substantial
impact on trends in the Eastern US and Europe.

4.2. Implications of changes in mid-range concentrations

Various investigators have reported that the annual average and
seasonal average concentrations are rising at urban sites (e.g.,
Paoletti et al., 2014; Sicard et al., 2016), particularly during the
winter. In this study, as indicated in Section 3.1, the majority of the
EU and US sites exhibited Trend Type 1 characteristics and were
mostly classified as Trend Type 1a (increasing median). Thus, we
observed increasing trends in the annual median (i.e., 50th

percentile) of all hourly concentrations at many sites in the EU and
US, as indicated by the number of occurrences of Trend Type 1a
sites (Tables 1 and 2). While the mid-range concentrations at EU
and US sites generally corresponded to concentrations between 20
and 40 ppb, therewas amuchwider range of concentrations at sites
in China. Median concentrations at some sites in mainland China
were in the range 30e50 ppb, while in Hong Kong, median values
were generally below 20 ppb, and at some sites between 5 and
10 ppb. While EU and the US have experienced NOx emissions
reductions over decades, China has exhibited increases until
recently. These two factors indicate that the drivers of increasing
mid-range concentrations in the EU and US differ from those
causing increases in mid-range O3 concentrations in mainland
China and Hong Kong, China.

With substantial resources devoted to reducing air pollution,
policymakers, researchers, and the public anticipate that emissions
reductions will result in reduced risk to human health and vege-
tation. As indicated in this study, as well as by other investigators,
not all human health and vegetation exposure metrics behave in a
similar manner as emissions change. Depending upon the specific
exposure metrics selected for assessing the reduction of potential
human health and vegetation impacts, different conclusions could
be reached concerning the assessment of emission control strate-
gies. While decreasing trends were calculated in select human
health (e.g., A4DMA8 and SOMO35) and vegetation (e.g., W126 and
AOT40) metrics at some EU and US sites, this frequently coincided
with increasing annual median O3 concentrations (Tables 4 and 5).
In addition, mean concentrations have also been reported to be
increasing in the literature (Paoletti et al., 2014; Sicard et al., 2016).
Paoletti et al. (2014) compared O3 trends during the period
1990e2010, using monitoring data from urban and rural sites from
the European Environment Agency and the US Environmental
Protection Agency. Ozone annual averages increased at both urban
and rural sites, with a faster rate of increase for urban centers.
Besides increases in annual average concentrations, monthly
average concentrations also increase at some monitoring sites.
Fig. 8 illustrates the trend patterns for monthly average concen-
trations, annual SOMO35, and annual A4MDA8 exposure metrics at
an urban site in Suffolk County, New York. The monthly average
concentrations increased for seven (JanuaryeApril and Octo-
bereDecember) of the 12 months, while the two human health
metrics decreased. For assessing the effects of overall O3 changes
from anthropogenic emissions or climate-driven meteorology on
human health and vegetation, we caution against focusing solely on
trends using mean or median concentrations. Trends in mid-range
concentrations do not appear to be well associated with some
exposure metrics applicable for assessing biological effects.

4.3. Comparing EU and US trends in metrics and concentration bins

In this study, there were fewer sites with significant trends in
the exposure metrics in the EU than in the US. For example, at sites
assigned toTrend Type 1a (themost common assignment at US and
EU sites), 51% of the EU sites exhibited significant trends in the
A4MDA8metric compared to 84% for the US sites. Conversely, there
were more occurrences of decreasing trends in A4MDA8 at US sites
(i.e., 83% of Trend Type 1a sites) compared to EU sites (50% at Trend
Type 1a sites). This general pattern also held for the other metrics,
which were influenced to a substantial extent by high O3
concentrations.

For EU and US sites assigned to the same trend type category,
differences in the proportion of sites with decreasing trends in the
metrics coincided with differences in absolute concentrations and
trends across the O3 concentration distribution. The O3 distribu-
tions at US sites during the first 5 years of the trends period (i.e.,
before 1995) were in general shifted towards higher concentrations
than the O3 distributions at EU sites. As an example, Fig. 9 shows
that the magnitude of the maximum hourly average O3 concen-
trations in the first five years of the trend period was generally
greater at US sites than EU sites within each of the trend type
categories except for no trend. In addition, there was a substantially
larger percentage of US sites that exhibited decreasing trends over a
larger range of concentration bins compared to EU sites. For almost
all concentration bins above 35 ppb, a larger proportion of US sites
had decreasing trends in a specific bin than the EU sites, and almost
no EU sites had decreasing trends in bins above 120 ppb (Fig. 10).
Taken together, these findings indicate that in the 1980s and early
1990s, when O3 measurement records used in this analysis began,
O3 concentrations were generally higher at the US sites compared
to the EU sites analyzed. Over the past several decades, the fre-
quency of O3 concentrations in the highest O3 bins has decreased at
more of the US sites than the EU sites, whichmay be due to both the
different distribution of starting concentrations at the US and EU
sites analyzed, as well as differences in local and regional O3 pre-
cursor emission reductions over the measurement time periods.

Themagnitude of trends occurring at Trend Type 1a and 1b sites
was assessed based onwhether a site assigned to these trend types
exhibited significant trends in 95th, 98th, 99th and 100th percen-
tiles. Assessment of the trends in these percentiles determined
whether a significant trend in high O3 concentrations (a require-
ment for assignment to Trend Type 1a or 1b) was confined to a
change in the O3 concentrations occurring during a relatively small
number of hours (e.g., 1% of all hours in a year in the case of the 99th
percentile), or whether the change in high concentrations affected
a relatively larger number of hours with relatively higher O3 con-
centrations (i.e., 5% of all hours in the case of the 95th percentile).



Fig. 8. The Theil-Sen trend (%/year) in monthly average concentrations and the annual SOMO35 and 4th highest MDA8 human health metrics (A4MDA8) for an urban site for
1980e2014 in Suffolk County, New York (EPA AQS ID: 361030002-1). For this study, p < 0.05 is used to determine significance using the Mann-Kendall test.

Fig. 9. Comparison of the distribution across sites of the maximum hourly O3 con-
centrations in the first five years of the trend record in the US and EU for various trend
types.
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Table A.13 shows the proportion of Trend Type 1a and 1b sites with
simultaneous significant trends across the high percentiles for EU
and US sites separately. For the EU sites, the 95th, 98th, 99th and
100th percentiles all decreased at only 13% of the Trend Type 1a
sites compared to 65% of US sites. Thus, at US sites assigned toTrend
Type 1a and 1b categories, the change in high concentrations
affected a relatively larger number of hours with relatively higher
initial O3 concentrations than the EU sites. Sites which experienced
decreasing trends in high concentrations that included a larger
number of hours were substantially more likely to have decreasing
trends in the majority of exposure metrics; this occurred more
frequently across the US sites. The lower magnitude of the higher
concentrations and the lower number of hours associated with
decreasing trends in these concentrations for the EU sites appear to
contribute to the relatively smaller number of significant trends for
the various metrics compared with US sites assigned to the same
trend type category.

4.4. Exploration of causes of Chinese trends and policy implications

The changes in O3 concentration distribution at the Chinese sites
were most commonly associated with shifts towards higher con-
centrations, with the result that the metrics either increased in
magnitude or showed no trend. Although NOx emissions re-
ductions occurred over a short time frame toward the end of the
study period, mainland China and Hong Kong exhibited increasing
trends in many of the exposure metrics. Although speculative,
possible reasons for not observing significant trend reductions in
the exposuremetrics in Chinamay be associatedwith the need for a
longer period than six years (2010e2015) for emission changes to
influence the metric trend patterns. In addition, the scarcity of
monitoring stations could possibly contribute to lack of clear trend
patterns. Year-to-year variability of meteorology could be a large
factor in not observing decreases in the exposure metrics. In
addition, further reductions in NOx levels may be required before
decreasing trends are observed. At many of the Chinese sites, O3
formation is sensitive to VOCs rather than NOx; VOCs have been
increasing in mainland China (Ohara et al., 2007).

For assessing the effectiveness of emission controls in China
(and elsewhere) in the near-term, it is important to identify how



Fig. 10. Comparison of the proportion of all EU and US sites with decreasing trends in concentration bins above 35 ppb by trend type.
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metrics selected tomake such an assessment relate to those parts of
the O3 distribution that are influenced by changes in emissions
reductions. In addition, rather than focusing on an annual period
when identifying parts of the distribution initially affected, one
might wish to assess whether changes occur during specific
months. For example, unlike for the EU and US O3 monitoring sites,
where the highest concentrations generally occur during summer
months (EEA, 2013; US EPA, 2014a), in China, the peak month of
surface O3 differs by latitude and region, changing from October in
the Pearl River Delta to May in the Yangtze River Delta and to June
in the North China Plain (Wang et al., 2011). The Asian summer
monsoon results in reduced O3 concentrations during the months
of July and August.
4.5. Conclusions and recommendations

Understanding the relationship between exposure metrics
defined to assess O3 human health and vegetation impacts and
changes in the distribution of hourly O3 concentrations is necessary
to both identify effective methods to reduce these impacts, and to
evaluate the effectiveness of implemented mitigation strategies. In
this work, we calculated the response of 14 human health and
vegetation O3 metrics to long-term trends across the O3 distribu-
tion at 481 sites in the EU, US, and China. Specifically, sites were
categorized into different ‘trend types’ according to trends in
relatively low, moderate, and high hourly concentrations. Changes
in the magnitude of human health and vegetation metrics, which is
determined by different parts of the concentration distribution,
were then compared across different trend types to understand
how different changes in the concentration distribution affect
different metrics.

The focus of our analyses was to assess how changes in emis-
sions of O3 precursors affect the O3 distribution profile, subse-
quently how these changes affect trends in bins of data, and how
changes in the bins affects the human health and vegetation
exposure metrics. The time period selected for assessing trend
patterns is important. Studies using different (and particularly
shorter) time periods (e.g., 1990e2002 by Vautard et al., 2006;
Jonson et al., 2006, 1996e2005 by Wilson et al., 2012) to assess
trends in O3 concentrations may derive different results from
studies using longer time periods due to a larger influence of inter-
annual variability resulting from the shorter time period, and the
different extent towhich drivers of O3 variabilitymay have changed
over an assessment period. In our study, the minimum 20-year
period selected to assess trends at EU (i.e., data between at least
1994 and 2013) and US (1995e2014) sites helped to maximize the
ability to distinguish long-term trends from inter-annual vari-
ability. In studies performed by other investigators, subsets of these
periods have been selected.

In the EU and US, there have been substantial reductions in O3
precursor emissions over the last few decades, and at the sites
analyzed, the most common trend type calculated was the reduc-
tion in the frequency of both relatively high and low concentra-
tions, and the compression of the distribution towards the center.
This predominant pattern of temporal change at the EU and US sites
is consistent with large regional NOx emission reductions. The
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responses of the 14 metrics to this type of change in the O3 con-
centration distribution were varied. Those metrics determined to a
greater extent by relatively high concentrations were most likely to
have decreased, while the trends in metrics determined by com-
binations of moderate, low, and high concentrations were more
varied and were less frequently significant. The trend in the latter
metrics was dependent on the balance of opposing changes in the
high and low concentrations. The frequency of significant trends
was lower at EU sites, which was associated with the lower initial
magnitude of high concentrations, and a lower number of hours
associatedwith decreasing trends in high concentrations compared
to the US sites.

In contrast to decreasing emissions in the EU and US, emissions
of NOx have increased until recently inmainland China. Conversely,
in Hong Kong, there have been large reductions in local emissions
of both NOx and VOC since 1997. However, peak ambient O3 con-
centrations have not decreased due to the contribution of long-
range transport from increasing O3 levels from mainland China
(Xue et al., 2014). NOx emissions in China peaked around
2010e2011 and have since decreased (Duncan et al., 2016). Distri-
bution changes at sites in China were most commonly associated
with shifts towards higher concentrations.

The variety of trend patterns associated with this set of human
health and vegetation metrics indicates that, depending upon the
specific metrics selected for assessing emission control strategies,
different conclusions may be reached. The results presented in this
work emphasize the necessity to consider changes occurring across
the entire O3 distribution rather than focusing solely on mean or
median O3 concentrations. Trends that focus on mid-range con-
centrations may not be the most optimum indicators of overall
changes in anthropogenic emissions, biological effects, or climate-
driven meteorology. For assessing emission controls in China, the
recent reductions in O3 precursor emissions highlight the impor-
tance of understanding how changes in the patterns of O3 distri-
butions influence changes in the magnitude of O3 metrics. An
important aspect of our study is the universal applicability of the
relationships between patterns of O3 distribution changes and O3
exposure metric trends across countries which experience sub-
stantial increases or decreases in precursor emissions. The identi-
fication of changes in the O3 distribution and how these changes
influence O3 exposure metrics is an important step towards un-
derstanding the linkage between changes in drivers of O3 vari-
ability and changes in the magnitude of human health and
vegetation metrics.
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