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Abstract

Differences of surface ozone levels between urban and non-urban areas provide a good indicator of local ozone formation regimes.
However, trends in the urban vs. non-urban ozone differences over the past decades are unclear. Here, we construct 6361 pairs
of urban and non-urban ozone measurement sites to assess the trends worldwide. We find that urban vs. non-urban ozone
differences have greatly narrowed in the summers of Northern mid-latitude countries over 1990-2020. Analyses of satellite
measurements of ozone precursors and statistical predictions driven by meteorology show that, the reduction in anthropogenic
emissions of nitrogen oxides, which weakened the titration of ozone over urban areas, is probably the dominant driver of
the narrowing difference. Climate change partly contributes to the narrowing trend. Our results indicate that surface ozone
concentrations and ozone formation regimes become increasingly similar over urban and non-urban areas, and this shall be

considered in future air pollution controls.
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Key points

*  Global pairs of urban and non-urban ozone observation sites are constructed.

e Urban vs. non-urban ozone differences have substantially narrowed in summers
of many Northern mid-latitude regions over 1990-2020.

* Anthropogenic emission controls of nitrogen oxides have led to closer ozone

formation regimes at the urban and non-urban areas.
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Abstract

Differences of surface ozone levels between urban and non-urban areas provide a
good indicator of local ozone formation regimes. However, trends in the urban vs.
non-urban ozone differences over the past decades are unclear. Here, we construct
6361 pairs of urban and non-urban ozone measurement sites to assess the trends
worldwide. We find that urban vs. non-urban ozone differences have greatly narrowed
in the summers of Northern mid-latitude countries over 1990-2020. Analyses of
satellite measurements of ozone precursors and statistical predictions driven by
meteorology show that, the reduction in anthropogenic emissions of nitrogen oxides,
which weakened the titration of ozone over urban areas, is probably the dominant
driver of the narrowing difference. Climate change partly contributes to the narrowing
trend. Our results indicate that surface ozone concentrations and ozone formation
regimes become increasingly similar over urban and non-urban areas, and this shall be

considered in future air pollution controls.
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Plain language summary

Surface ozone is a key air pollutant affecting human and vegetation health and its
levels may differ largely over urban and non-urban areas. In the traditional view,
surface ozone concentrations were found to be lower over urban than nearby non-
urban areas, which can be explained by higher anthropogenic emissions of nitrogen
oxides and thus stronger titration of ozone over urban areas. In the past decades,
global emissions of ozone precursors have changed substantially. However, trends in
the urban vs. non-urban ozone differences are still unknown. Here, we find that urban
vs. non-urban ozone differences have greatly narrowed in summers of North America,
Europe, Korea, and Japan over 1990-2020 and even narrowed to nearly zero over
some cities. We demonstrate that the narrowing difference is dominantly driven by the
anthropogenic emission control of nitrogen oxides, which weakened the titration of
ozone over urban areas and led to similar ozone formation conditions over urban and
non-urban areas. Climate change also slightly contributes to the narrowing trend at
some cities, such as Berlin and Tokyo. The narrowing ozone differences between
urban and non-urban areas indicate that future air pollution control policies shall also

pay attention to non-urban areas.
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1. Introduction

Surface ozone is a major air pollutant that harms human health and ecosystems (Feng
et al., 2019; Jerrett et al., 2009; Turner et al., 2016). It is mainly produced from the
photochemical oxidation of volatile organic compounds (VOCs) and carbon
monoxide (CO) in the presence of nitrogen oxides (NOx). Countries across the world,
especially in North America, Europe, and East Asia, have established nationwide
observational networks to monitor ozone air quality (Cooper et al., 2014; Wang et al.,
2017). Using these observations, the recent Tropospheric Ozone Assessment Report
(TOAR) showed that surface ozone concentrations declined significantly in eastern
North America and Europe from 2000 to 2014, and meanwhile increased notably in
South Korea and Japan (Chang et al., 2017; Lefohn et al., 2018). Starting in 2013,
China greatly expanded the ozone observation network, from which the observed
surface ozone levels over most Chinese sites have shown rapid increases during

2013-2019 (Lu et al., 2020).

Surface ozone and its environmental effects may differ greatly over urban and
non-urban areas because of different anthropogenic activities, meteorological
conditions, and ecological environment (Jaffe et al., 2007; P. Li et al., 2018; Sillman
et al., 1999). Urban vs. non-urban ozone differences reflect the non-linear sensitivity
of ozone formation to local emissions of its precursors. As found in Europe and North
America, surface ozone concentrations tended to be lower over urban than nearby
non-urban areas, which can be explained by higher anthropogenic NOx emissions and
thus stronger titration of ozone over urban areas (Akimoto et al., 2015; Derwent &
Hjellbrekke, 2013; Paoletti et al., 2014; Zhang et al., 2004). Recently, Gao et al.
(2020) reported lower ozone concentrations over urban than suburban areas in
Beijing-Tianjin-Hebei of China in 2015-2018. In the past decades, emissions of 0zone
precursors have changed substantially over the globe (Hoesly et al., 2018). Although
Fleming et al. (2018) using five quantitative ozone metrics relevant for human
exposure suggested that the trends of urban and non-urban ozone in North America
and Europe were broadly similar during 2000-2014, how the urban vs. non-urban
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ozone differences evolve under the emission changes is unclear. In this study, using
observations from the China National Environmental Monitoring Center (CNEMC),
the United States (US) Environmental Protection Agency (EPA), European
Environment Agency (EEA) and TOAR, we will present a global comparison of
ozone concentrations and trends between the urban and non-urban areas during 1990—

2020.

Surface ozone trend is determined by both anthropogenic and non-anthropogenic
processes (Wilson et al., 2012). Reductions in anthropogenic emissions drove a
negative trend in surface ozone over the eastern US during 1991-2010 (Cooper et al.,
2012; Strode et al., 2015). Emission controls in Europe also lowered the peak ozone
concentrations during 1995-2014 (Yan et al., 2018). Meteorology can impact surface
ozone trends by altering natural emissions of ozone precursors (Lin et al., 2017),
ozone chemical production and loss (Andersson et al., 2007), atmospheric transport
(Nagashima et al., 2017), and dry deposition (Lin et al., 2020). Recent studies
suggested that surface ozone increases over some regions in China during 2013-2017
induced by meteorological variability could have an equal or even greater importance
than emission changes (M. Li et al., 2021; Liu & Wang, 2020). Here, using a
generalized multiple linear regression (GMLR) model driven by meteorological
variables that are highly correlated with surface ozone variability, we will further
diagnose the anthropogenic and meteorological contributions to the surface ozone

trend with a focus on the urban vs. non-urban ozone differences.

2. Data and methods

2.1. Surface ozone observations

Surface ozone measurements from TOAR covering the globe 1990-2014 (Schultz et
al., 2017a, b; https://toar-data.org/surface-data/), CNEMC covering China 2013-2020

(https://quotsoft.net/air/), EPA covering the US 2013-2020

(https://ags.epa.gov/agsweb/airdata/download_files.html), and EEA covering Europe

2013-2020 (https://www.eea.europa.eu/data-and-maps/data/agereporting-9) were used

5/23


https://toar-data.org/surface-data/
https://quotsoft.net/air/
https://aqs.epa.gov/aqsweb/airdata/download_files.html
https://www.eea.europa.eu/data-and-maps/data/aqereporting-9

130

135

140

145

150

155

in this study. The measurements were combined over the TOAR and CNEMC
observation sites (Text S1). By matching the locations of the observation sites, ozone
data from EPA and EEA were used to expand the temporal coverage of the
observations over the TOAR sites in the US and Europe to 2020. We calculated the
daily maximum 8-hour average (MDAS) ozone at each TOAR and CNEMC
observation site at each day, and focused on monthly mean MDAS ozone
concentrations in boreal summer (June—August). Only measurements from the sites
with at least 6-year continuous June—August monthly records were used (Text S1). We
then selected 5258 sites out of 11679 total monitoring sites. Trends in surface ozone
were calculated by the slopes of the linear regression (Text S1) and were reported
with p values. Following the recommendation of the American Statistical Association
(Wasserstein et al., 2019), we do not treat p<0.05 as a ‘bright-line’ of statistically
significance or meaningful (Chang et al., 2020; Cooper et al., 2020; Tarasick et al.,
2019; Gaudel et al., 2019).

2.2. Classification of paired urban and non-urban sites

We constructed global urban-suburban and urban-rural pairs of ozone observation
sites to examine the urban vs. non-urban ozone differences and their trends in each
city. First, we identified the urban and non-urban sites in the ozone datasets used in
this study by adopting the classification method in TOAR (Schultz et al., 2017a). A
site was classified as an urban site when it met the following criteria: (1) the
population density > 1000 people km™2, (2) nighttime lights within a 25 km radius of
the monitoring site reach the maxima of the brightness index (set as the value of 63 in
the light dataset) (3) nighttime lights at the observation site > 60. Using the
classification approach (Table S1), we classified 1568 out of 5258 sites as urban sites
over the globe, 385 out of 1703 sites in North America, 307 of 1619 sites in Europe,
824 of 1810 sites in East Asia, 366 of 839 sites in China, and 454 of 959 sites in
Korea and Japan (Table S2).

For each urban site, we paired the site with a suburban site that was located
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within a 50 km radius of the urban site, and also paired a rural site with a searching
distance of 100 km. Finally, we mapped 4152 urban-suburban and 2209 urban-rural
pairs over the globe based on the classified 1568 urban, 813 suburban, and 624 rural
sites (Figure S1). Regionally, there were 329 urban-suburban and 441 urban-rural
pairs in North America, 1374 and 1099 pairs in Europe, 2444 and 342 pairs in East
Asia, 165 and 9 pairs in China, and 2279 and 333 pairs in Korea and Japan (Table S2).
Some urban sites may pair with more than one non-urban sites, while some may not
pair with any non-urban site. The population and nighttime light datasets used in the

classification are described in Text S2.

Satellite observations of formaldehyde (HCHO) total column and nitrogen
dioxide (NO») tropospheric column were used to identify the ozone formation regimes
for both urban and non-urban sites in the study. The datasets were retrieved by the
Ozone Monitoring Instrument (OMI) and acquired from NASA’s Goddard Earth
Sciences Data and Information Services Center (GES DISC)

(https://earthdata.nasa.gov/eosdis/sips/omi-sips). The level-3 daily HCHO and NO»

products have a horizontal resolution of 0.1° latitude>0.1° longitude and 0.25°
latitudex0.25° longitude, respectively, with global coverage since 2005. Here the daily
HCHO and NO> column observations were sampled over each ozone monitoring site

at their resolutions.

2.3. Anthropogenic and meteorological contributions to surface ozone trend

We developed a GMLR model to quantify the contributions of changes in
meteorology and climate to the surface ozone trend at each observation site (Gong et
al., 2021; K. Liet al., 2019; Ziemke et al., 2019). We first applied a stepwise multiple
linear regression to evaluate the correlations between daily MDAS ozone and 7
meteorological variables, including temperature at 2 m, relative humidity at 2 m, total
cloud cover, total precipitation, zonal wind at 850 hPa, meridional wind at 850 hPa,
and wind speed at 850 hPa. Previous studies have reported significant linear
relationships among them in North America (Porter et al., 2015), Europe (Otero et al.,
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2016), and China (Han et al., 2020). Here, we further identified that the ozone-
meteorology linear regression slopes correlate with meteorological variables, which
reflects a quadratic relationship between them (Fu et al., 2015). For example, Figure
S2 shows strong correlations between ozone-temperature regression slopes and
meteorology using the sites with at least 15-year continuous observations. Such strong
correlations indicate that surface ozone is highly correlated with the square term of

temperature and the product of temperature and relative humidity (Pusede et al.,

2015).

Therefore, our GMLR model accounts for the squared terms for each predictor
and products of predictors as described by Equation (1):
7 7 7 7
i=1 i=1 ' '

where Y is the predicted value of surface ozone, b is the intercept term, X; and X;

are the meteorological variables, and «@;, f;, and y;; are regression coefficients. We
performed the GMLR at each observation site. The leave-one-out cross validation was
used to avoid overfitting (Han et al., 2020). The resulting GMLR explains 20%—40%
daily variations of surface ozone in North America, 40%—70% in Europe, and 30%—
40% in East Asia. Trend in the predicted ozone values can be then interpreted as the
contribution of changes in meteorology or climate to the observed trend. Trend in the
residual is estimated as that driven by non-meteorological conditions. In most
situations, it is also termed as anthropogenic contribution to the surface ozone trend
(K. Liet al, 2019). Differences in the contributions of anthropogenic or
meteorological factors to the ozone trend between urban and non-urban areas are used
to represent their contributions to the trends in urban vs. non-urban ozone differences.
Here we used the meteorological data from the ERAS reanalysis data

(https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/eraS) produced by

the European Centre for Medium-Range Weather Forecasts (ECMWF) available on

0.25° latitude =< 0.25° longitude resolution.

8/23


https://www.ecmwf.int/en/forecasts/datasets/reanalysis-datasets/era5

215

220

225

230

235

240

3. Results and discussion

3.1. Differences of urban and non-urban ozone levels and their trends in North
America, Europe, Korea, and Japan

Figure 1 compares the surface MDAS ozone concentrations among urban, suburban,
and rural areas in North America, Europe, and East Asia in boreal summer. Values are
calculated over 2013-2020 in China and over 2000-2014 in the other regions. Surface
ozone levels tend to be lower at urban areas than suburban and rural areas in North
America and Europe, with some exceptions, e.g., in the Southeast US where urban
ozone levels are higher than rural ozone. Regional mean ozone levels are the lowest at
urban areas and the highest at rural areas in North America, Europe, Korea, and Japan.
Regional mean urban ozone levels are higher than suburban levels for the paired sites
in China, which will be discussed in Section 3.3. By analyzing the ozone trends
(Figure S3), we can see that MDAS ozone levels over urban, suburban, and rural areas
have all decreased substantially in North America and Europe from 2000 to 2014,
while weaker trends can be seen over urban than suburban and rural areas. On the
contrast, surface MDAS8 ozone concentrations have increased in Korea and Japan over
20002014, with stronger trends over urban than suburban and rural areas (Figure
S3). Such trends in surface ozone indicate that the differences among urban, suburban,

and rural ozone over these regions have narrowed from 2000 to 2014.

Narrowing of the ozone differences is a robust feature when extending the time
period to 1990s—2010s. Figure 2 shows that the urban vs. suburban and urban vs. rural
summer mean ozone differences in North America, Europe, Korea, and Japan have
narrowed on decadal scale from 1990 to 2020. Urban vs. suburban and urban vs. rural
MDAS ozone differences respectively narrowed from 3.0 to 0.2 ppbv and from 4.3 to
0.8 ppbv in North America. In Europe, urban MDAS ozone increased slightly from
1990s to 2010s. This is consistent with the results in Lu et al. (2018), which identified
weak trends in seasonal mean MDAS ozone while decreasing trends in other ozone
exposure metrics, including 4AMDAS, NDGT70, and AOT40 in Europe over 1990—
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2014. The urban vs. suburban and urban vs. rural MDAS ozone differences in Europe
respectively narrowed from 3.9 to 1.4 ppbv and from 9.0 to 4.2 ppbv from 1990s to
2010s. In Korea and Japan, regional mean urban MDAS ozone increased by 6.0 ppbv
from 1990s to 2010s while the urban vs. suburban differences narrowed from 4.2 to

0.7 ppbv.

3.2. Drivers of the trends in the differences of urban and non-urban ozone levels
in North America, Europe, Korea, and Japan

Using the GMLR, we separate the contributions from climate and anthropogenic
changes to the trends in the differences of urban vs. non-urban ozone levels. Changes
in anthropogenic sources show dominant contributions to the narrowing differences
over 1990-2020 with varying contributions from changes in climate. The GMLR
model predicts small climatic effects on the 1990-2020 inter-decadal changes of
regional mean ozone over the northern mid-latitude regions, except for Europe, where
the climatic contributed trend in the urban vs. non-urban ozone differences is distinct

(Figure 2).

Here we examine the urban-suburban and urban-rural ozone differences at 14
representative cities worldwide, as shown in Figures 3 and S4, including three cities in
North America, four in Europe, six in East Asia, and one in Australia. Most of the
cities show narrowing of the urban vs. non-urban ozone differences except of the
cities in China as will be discussed in the next section. We use the satellite observed
HCHO over NO; column ratios (FNR) to further identify the anthropogenic drivers of
the narrowing differences. We define the contrast of FNR (CFNR) as the ratio of
urban vs. non-urban FNR, so that CFNR values of close to 1 indicate similar ozone
formation regimes over urban and non-urban areas. Figure 4 shows the results over

four cities and additional cities are shown in Figures S5-S6.

Based on the trends of urban MDAS ozone, we categorize the cities with
narrowing differences of urban and non-urban ozone into two groups: one group with
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decreasing trend or slight changes in urban MDAS ozone and one group with
increasing trend in urban MDAS ozone. The first group includes Los Angeles,
Montreal, Boston, and Zurich, and the second group includes Berlin, Madrid, and
Tokyo (Figure 3). In Los Angeles of the US, urban vs. rural MDAS ozone differences
narrowed at a rate of 0.91 ppbv yr ! from 2001 to 2015 (Figure S4). HCHO columns
increased over both urban and rural areas from 2005 to 2020, while NO; tropospheric
columns over Los Angeles city decreased at a rate of 2.6 times stronger than that over
its rural areas from 2005 to 2020. Similar features can be seen in other cities of the
first group. Effective emission controls have been implemented in these cities, in
particular reducing NOy emissions and ambient levels and thus weakening the ozone
titration in urban areas. The urban vs. non-urban contrasts in the NOx concentration
have been narrowed, leading to more closer ozone formation regimes as evidenced by

the trend of CFNR in Figure 4.

For the second group, e.g., in Berlin of Germany, urban MDAS ozone
concentrations increased at 0.53 ppbv yr~! from 1990 to 2020, with comparable
contributions from changes in climate (51%) and anthropogenic sources (49%).
Increase in surface air temperature, decrease in surface humidity, and decrease in
wind speed are likely the key climatic factors for the urban ozone increase in Berlin
(Table S3). In Madrid of Spain, urban MDAS ozone concentrations increased
remarkably (0.99 ppbv yr ') from 1997 to 2011, associated with rapid decreases in
NO; columns and small changes in HCHO columns over 2005-2020 (Figure S5).
These ozone increases were likely attributed to anthropogenic NOx emission
reductions under the VOC-limited ozone formation regime (Querol et al., 2016).
Urban MDAS ozone concentrations have also increased in Seoul and Tokyo in recent
years (Figure 3). In spite of surface ozone increases over these cities, narrowing of
urban vs. non-urban differences can be seen, with changes in climate contribute 3%-
29% of the narrowing (Figure S4). The dominant driving factor can also be attributed
to the rapid declines of NOx emissions in urban areas, which have narrowed urban vs.
non-urban NO; column differences while changes in HCHO columns are
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indistinguishable.

3.3. Differences of urban and non-urban ozone levels in China

We now analyze the recent ozone increases in China over 2013-2020 from the urban
vs. non-urban perspective. China was observed as a global hot spot of present-day
surface ozone pollution with greater human and vegetation exposure than other
developed regions of the world (Lu et al., 2018). Figure S3 shows that the national
mean surface MDAS ozone concentrations at both urban and suburban sites have
increased greatly from 2013 to 2020, with rates of 2.59 and 2.55 ppbv yr ',
respectively. Over some areas, the surface MDAS ozone increasing rate reaches as
high as ~6.0 ppbv yr ! (Figure S7). In the North China Plain (114°E-119°E, 36°N—
40°N), where the ozone levels are high (Figure 1), urban MDAS ozone increased by
21.8 ppbv from 2013 to 2020. Applying the GMLR, we estimate that anthropogenic
and meteorological factors respectively contribute to 57% and 43% of the ozone
increase over paired urban sites in the North China Plain. The results are consistent
with previous studies (K. Li et al., 2019; M. Li et al., 2021), emphasizing the
important role of meteorological changes. We also identify that surface MDAS ozone
increased at most of the rural sites in China over 2013-2020, which is contributed by

both anthropogenic and meteorological factors (Figures S3 and S7).

For paired urban and non-urban sites, the ozone differences in China are more
mixed than in North America, Europe, Korea, and Japan (Figure 1). Urban MDAS
ozone levels are higher than suburban levels at 56% of the Chinese urban-suburban
pairs in summer 2013-2020, leading to a national mean difference of 1.7+2.8 (50% of
the standard deviation) ppbv. Only 9 urban-rural pairs are identified in China, and we
find lower urban MDAS8 ozone than rural ozone, with a mean difference of —4.8+3.0
ppbv. Figure 3 compares the urban and non-urban ozone at the four Chinese cities:
Beijing, Guangzhou, Hangzhou, and Lanzhou. Urban minus suburban MDAS ozone
differences are, respectively, 3.5+3.2, 1.442.0, 5.143.0, and 4.2+4.9 ppbv in the four
cities (Table S4). None obvious trends in the urban vs. suburban and urban vs. rural
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ozone differences have been observed at these cities over 2013—-2020, except for
Lanzhou (Figures 3 and S4). However, in two cities (Beijing and Guangzhou), there
are observational evidence that the urban vs. non-urban NO; column differences have
narrowed with insignificant changes in the HCHO column differences, leading to
closer ozone formation regimes over their urban and suburban areas (Figure 4 and
Figure S6). The strong surface ozone increases over different station types of area
indicate that ozone air pollution shows an increasing regional-scale feature, and both
urban and non-urban areas require attention in mitigating the severe ozone pollution

in China.

4. Summary

Based on datasets from TOAR, CNEMC, EPA, and EEA, we have constructed 4152
urban-suburban and 2209 urban-rural pairs of ozone measurement sites from the
selected 1568 urban, 813 suburban, and 624 rural sites. We find that urban ozone
tends to be lower than suburban and rural ozone in Northern Hemispheric developing
regions, and their differences have substantially narrowed over 1990-2020. We
demonstrate that the narrowing differences are dominantly driven by the decreases of
anthropogenic NOx emissions. The reduction in NOx weakened its titration of ozone
over urban areas, and led to closer formation regimes in cities and their surrounding
non-urban areas. Changes in climate also partly drive the narrowing differences in
some cities, such as Berlin and Tokyo. Urban vs. suburban ozone differences in China
over 2013-2020 suggests no clear changes while ozone formation regimes over some
urban and non-urban areas also become close. More non-urban observation sites are
called in the future expansion of the ozone observation network in China. As surface
ozone concentrations and formation regimes become similar over urban and non-
urban areas, future air pollution control measures shall pay increasing attention to

non-urban ozone levels and broader regional scales.
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Figure 3. Global comparison of surface MDAS ozone concentrations and trends
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in boreal summer. The central panel shows global distribution of the paired sites, and
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Figure 4. OMI observed boreal summer mean NO; tropospheric columns (left
panels), HCHO columns (middle panels), and urban vs. non-urban contrasts of
HCHO/NO:2 ratios (CFNR, right panels) in four cities worldwide (Los Angeles,
Berlin, Tokyo, and Beijing) from 2005 to 2020. Linear regression lines are shown for
urban (U) in red, suburban (S) in green, and rural (R) in green, urban vs. suburban
(U/S) CFNR in orange, and urban vs. rural (U/R) CFNR in purple. The linear

regression slopes and p values are shown inset.
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Text S1. Ozone data and trend analysis

Surface ozone measurements from TOAR, CNEMC, EPA, and EEA were used in this
study. Measurements from TOAR, EPA, and EEA were combined over the TOAR
observation sites. TOAR global surface ozone dataset covers the time period of 1970—
2015 (Schultz et al., 2017a). Considering the density of the stations, TOAR
observations since 1990 were used. Ozone data from EPA and EEA were used to
expand the temporal coverage of ozone observations over the TOAR sites in the US
and Europe to 2020 by matching the locations of observation sites with TOAR. Ozone
dataset from CNEMC covers the time period of 2013-2020. We calculated the MDA8
0zone concentrations over each site at each day in universal time (UTC). We used the
European Union definition of the daily 8-hour window starting from 17 UTC of the
previous day, and additionally, a MDAS8 value is saved only if at least 18 out of the 24
8-hour averages are valid for each day. A monthly mean is saved only when at least

23 days in that month have valid MDAS values.

We estimated the trend in surface ozone with the linear regression model as the

following:

M 2nM
>+6sin(T>+Rt (51)

where y is the monthly mean ozone concentration, t is a monthly index from

21
yt=a+,3t+)/cos<

January 1990 to December 2020, o is a constant, § is a linear trend, y and § are
coefficients for a 3-month harmonic series of seasonal cycle (M=1, 2, 3), and R, =
pR:_; + &, which accounts for autocorrelation with &, representing a normal
random error series. Trends estimated by the method are not disproportionately
affected by outliers as the time series are comprised of long-term monthly values

(Cooper et al., 2020).

Text S2. Population and nighttime light data
For the classification of urban and non-urban ozone observation sites, we used the

population density dataset of the Gridded Population of the World, Version 4
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55

60

(GPWv4) at a horizontal resolution of ~5 km for 2015 accessed from the
Socioeconomic Data and Applications Center (SEDAC) at Columbia University

(https://sedac.ciesin.columbia.edu/data/set/gpw-v4-population-density-revl1/data-

download). The nighttime light dataset was the version 4 Defense Meteorological
Satellite Program (DMSP) Operational Linescan System (OLS) product at a
horizontal resolution of ~1 km for 2013 downloaded from the National Oceanic and

Atmospheric Administration (NOAA) Earth Observation Group (EOQG)

(https://ngdc.noaa.gov/eog/dmsp/download V4composites.html).
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Table S1. Classification scheme of urban and non-urban sites.

Station category Rule

Number of sites

(1) Population density = 1000 people km >

Urban (2) Nighttime lights = 60

(3) Nighttime lights within a 25 km radius of the

monitoring site = 63

3302

(1) 200 < Population density < 1000 people km >

Suburban (2) Nighttime lights < 60

(3) Nighttime lights within a 5 km radius of the

monitoring site > 25

1815

(1) Population density < 200 people km™>

(2) Nighttime lights within a 5 km radius of the

Rural o
monitoring site < 25

(3) NO; column < 8x10'> molec cm >

1447

Unclassified All others

5115
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65 Table S2. Station information of the urban-suburban and urban-rural pairs in regions

and cities worldwide. Trends in urban vs. non-urban ozone over Los Angeles are

examined using observations over 2001-2015, as the location of the rural observation

sites changed in 2001.
Number of pairs Number of sites Period
Urban-suburban Urban-rural Urban  Suburban Rural Years

Globe 4152 2209 1568 813 624

North America 329 441 385 152 341 1990-2020
Europe 1374 1099 307 407 240 1990-2020
East Asia 2444 342 824 245 32

China 165 9 366 92 5 2013-2020
Korea 200 122 170 9 6 1990-2014
Japan 2079 211 284 143 17 19902014
Los Angeles 0 31 14 1990-2015
Montreal 11 76 11 1990-2013
Boston 26 19 6 1990-2020
Madrid 0 76 27 19972011
Paris 11 1 9 2001-2012
Zurich 36 17 4 1990-2020
Berlin 56 105 5 1990-2020
Seoul 173 22 86 20012014
Tokyo 326 0 19 1990-2013
Sydney 0 21 7 1994-2014
Beijing 7 0 7 2013-2020
Lanzhou 2 1 3 2013-2020
Guangzhou 10 0 11 2013-2020
Hangzhou 7 0 7 2013-2020
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70  Table S3. Trends in air temperature at 2 m (T2m), relative humidity at 2 m (RH2m),

and wind speed at 850 hPa (WS850) in cities worldwide over the available

observation period in boreal summer.

T2m (°C per decade) RH2m (% per decade) WS850 (m/s per decade)
Urban Suburban Rural Urban Suburban Rural Urban Suburban Rural
Los Angeles 0.6 0.7 -5.4 7.3 0.0 —0.0
Montreal 0.1 0.4 0.2 1.1 0.5 1.5 —0.3 —0.7 —0.3
Boston 0.4 0.2 0.6 0.2 1.6 -2.3 —0.2 —0.1 —0.2
Madrid 0.2 —0.7 -3.1 -2.6 —0.0 —0.3
Paris —0.7 —0.7 -1.1 -2.5 -3.3 -1.0 1.2 1.1 1.6
Zurich 0.1 0.2 1.1 0.5 -0.3 -1.3 —0.1 —0.1 0.2
Berlin 0.6 0.6 0.5 -1.3 -1.4 -0.8 —0.3 —0.3 0.3
Seoul 1.0 2.0 0.7 1.2 -3.4 0.7 -0.3 —0.3 0.3
Tokyo 0.4 0.4 -0.3 0.6 0.3 0.4
Sydney —0.1 0.0 0.7 0.8 0.4 0.4
Beijing 0.4 1.2 3.8 —0.7 0.2 0.3
Lanzhou —0.6 -0.9 -1.6 4.7 4.1 21.8 1.3 0.6 —0.8
Guangzhou 0.5 0.5 4.5 4.6 0.4 0.5
Hangzhou -0.2 -0.3 12.5 13.0 0.6 0.7
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75 Table S4. Mean urban vs. suburban and urban vs. rural MDAS ozone differences (in

ppbv) in cities worldwide over the available observation period in boreal summer in

each decade.

Urban—suburban Urban—rural
1990s 2000s 2010s 1990s 2000s 2010s
Los Angeles -11.8 -5.7
Montreal -9.5 —4.2 -2.3
Boston —4.1 —2.6 —2.2 —-10.8 —6.0 —2.3
Madrid -17.5 -12.4 -3.3
Paris -1.8 —2.7 —2.2 0.4
Zurich 7.6 —4.8 —4.5 -18.3 —-12.1 —9.8
Berlin -13.1 =71 -1.3 -11.0 —8.4 0.3
Seoul -3.8 —4.1 0.9 -1.9
Tokyo —8.8 —2.6 -0.5
Sydney =7.2 7.3 -5.4
Beijing 3.5
Lanzhou 4.2 —7.4
Guangzhou 1.4
Hangzhou 5.1

7114



80
Figure S1. Paired urban (in red), suburban (in green), and rural (in blue) ozone
observation sites over the globe. The grey dots indicate the observation sites that are

not used in the examination of urban vs. non-urban ozone differences in this study.

85
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Figure S2. Correlation coefficients (R) between the surface MDAS ozone vs. 2-m
temperature (T2m) regression slope (Sor) and 2-m temperature (a—c), 2-m relative
humidity (RH2m) (d—f), and wind speed at 850 hPa (WS850) (g—i) in North America
(NAM), Europe (EUR), and East Asia (EAS) in summer. The observations with over

15-year continuous records are used in the calculation.
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Figure S3. Trends in urban MDAS8 ozone concentrations (a—c), urban vs. suburban
MDAS ozone differences (d—f), and urban vs. rural MDAS ozone differences (g—i) in
boreal summer in North America (NAM), Europe (EUR), and East Asia (EAS).
Values are calculated over 2000-2014 in North America, Europe, and Korea and
Japan (K&J), and over 2013-2020 in China (CHN). Box-whisker plots (25%
percentile, median, 75" percentile, and lines above/below the box denote 95%/51

percentiles) with triangles indicating the regional means are shown inset.
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Figure S4. Trends (ppbv yr !) in urban vs. suburban (U-S, in brown) and urban vs.

rural (U-R, in purple) ozone differences over cities worldwide in boreal summer. The

central panel shows the global distribution of paired sites. The number of sites and

available observation period are shown in Table S2. Numbers in the brackets show the

contributions of changes in climate to the trends in urban vs. non-urban ozone

110

differences as estimated by the GMLR model.
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Figure S5. Trends in OMI observed boreal summer mean NO; tropospheric columns
115  (left panels), HCHO columns (middle panels), and urban vs. non-urban contrasts of
HCHO/NO: ratios (CFNR, right panels; also see Section 3.2 in the main text) in five
cities (Montreal, Boston, Madrid, Paris, Zurich) from 2005 to 2020. Linear regression
lines are shown for urban (U) values in red, suburban (S) values in green, and rural
(R) values in green, urban vs. suburban (U/S) CFNR in orange, and urban vs. rural
120  (U/R) CFNR in purple. The linear regression slopes and p values are shown inset.
CFNR values of close to 1 indicate similar ozone formation regimes between urban

and non-urban areas.
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Figure S6. The same as Figure S5, but for cities: Seoul, Sydney, Lanzhou,

125  Guangzhou, and Hangzhou.
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Figure S7. Comparison of surface MDAS ozone concentrations and trends (ppbv yr ')
over urban (U, in red), suburban (S, in green), and rural (R, in blue) areas in summer
in China during 2013-2020. The central panel shows the spatial distribution of paired

sites. Numbers in the brackets show the contributions of changes in meteorology to

the ozone trends as estimated by the GMLR model.
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