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Figure S-1: Locations of stations in eastern North America.

The TOAR dataset identifies stations that are rural (green), urban (red) and unclassified (blue), using
an objective methodology based on satellite-detected nighttime lights, OMI tropospheric column NO2

and population density. Roughly one half of all stations in the database are characterized by one of
these labels. For the other half, the categorization is not robust, therefore these stations are labeled as
“unclassified".
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1Figure S-2: Boxplots of intercepts (ppb) and slopes (ppb yr−1) for trends in eastern
North America.

From summertime mean of daytime average and 4th highest DMA8 time series by site category in eastern
North America. From the visual inspection of these interquartile ranges, the 4th highest DMA8 shows a
significant decrease in both rural and urban sites, while the daytime average ozone decline is only clearly
observed at rural sites.
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1Figure S-3: Station-specific effects in different regions.

Each curve represents a smooth adjustment from the regional trend to the time series from a specific
station. We account for station potential deviance uncertainties, and the uncertainty associated with
properly combining and adjusting the individual trend to the regional trend. As expected, a similar
pattern between metrics is presented due to these adjustments being associated with station-specific
uncertainties instead of the regional variations. We could further evaluate the regional representativeness
from these sites by assessing the closeness of the individual trend to the regional trend for future studies.
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(b) 483 sites
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(c) 414 sites
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(d) 234 sites

1Figure S-4: Impact of the representativeness of sites on spatial interpolation of ozone
distribution in summertime 2000.

Estimated spatial distribution for summertime mean of daytime average using (a) all 756 sites, and the
sites with p-value for slope of the trend within the range of (b) [0.05, 1.00] (483 sites), (c) [0.10, 1.00]
(414 sites) and (d) [0.34, 1.00] (234 sites). We can see the regional maximum diminishes when more and
more sites are removed. This is because the sites with the strongest negative trends are obtained from
the highest initial ozone concentrations in the region. Therefore their decline is much more detectable by
the trend.
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(a) 756 sites
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(c) 414 sites
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(d) 234 sites

1Figure S-5: Impact of the representativeness of sites on spatial interpolation of ozone
distribution in summertime 2013.

Estimated spatial distribution for summertime mean of daytime average using (a) all 756 sites, and the
sites with p-value for slope of the trend within the range of (b) [0.05, 1.00] (483 sites), (c) [0.10, 1.00]
(414 sites) and (d) [0.34, 1.00] (234 sites). We provide the mapping for 2013 instead of 2014 due to a lack
of observations at Canadian sites in 2014. The general decline in space is also observable between Fig.
S-4(d) and S-5(d).



Table S-1: Number of stations with significantly decreasing (D) or increasing (I)
summertime mean of daytime average and summertime 4th highest DMA8 based on
p-value in eastern North America over 2000-2014, along with the means (standard
deviations) of the Sen-Theil intercepts and slopes, separated by site categorya.

Numbers of stations
Site Category Rural Urban Unclassified Total

Total 268 140 339 747
Daytime p < 0.05 D 140 19 94 253

I 1 8 2 11
p = [0.05 − 0.10] D 31 6 29 66

I 0 1 2 3
p = [0.10 − 0.34] D 50 24 91 165

I 0 11 4 15
p > 0.34 D 52 37 89 168

I 4 34 28 66
DMA8 p < 0.05 D 217 88 267 572

I 0 0 0 0
p = [0.05 − 0.10] D 20 12 25 57

I 0 1 0 1
p = [0.10 − 0.34] D 24 24 36 84

I 0 1 0 1
p > 0.34 D 7 11 8 26

I 0 3 3 6
Means and SDs of regression coefficients

Daytime Intercept (ppb) 44.40(6.05) 39.15(6.19) 43.77(5.26) 43.13(6.04)
Slope (ppb yr−1) -0.42(0.24) -0.07(0.30) -0.30(0.25) -0.30(0.29)

DMA8 Intercept (ppb) 80.89(9.20) 81.96(11.31) 85.06(9.35) 82.98(9.87)
Slope (ppb yr−1) -1.30(0.48) -1.15(0.57) -1.33(0.49) -1.28(0.51)

a Missing trend values are found in 5 rural sites and 4 unclassified sites. From the summary statistics of
all selected sites, we can see that the 4th highest DMA8 shows a higher number of sites and a stronger
rate of decline for decreasing time series than the daytime average, and that rural sites have a stronger
rate of decline than urban sites.



Table S-2: Numerical output for the explanatory variables from the GAMM divided by
rural and urban sites (monthly mean in eastern North America).

Monthly mean in eastern North America
Daytime/Overall Estimate SE t-value p-value
(Intercept) 41.2714 0.0919 449.1478 < 0.0001
alt 0.0050 0.0001 38.3430 < 0.0001
population_density -0.0000 0.0000 -38.7620 < 0.0001
nox_emissions -0.0003 0.0008 -0.3369 0.7362
omi_no2_column -0.2016 0.0243 -8.2980 < 0.0001
Daytime/Rural Estimate SE t-value p-value
(Intercept) 33.6732 0.1675 201.0385 < 0.0001
alt 0.0054 0.0001 36.2899 < 0.0001
population_density 0.0000 0.0001 0.0911 0.9275
nox_emissions -0.0178 0.0057 -3.1133 0.0019
omi_no2_column 2.7737 0.0564 49.1360 < 0.0001
Daytime/Urban Estimate SE t-value p-value
(Intercept) 34.6194 0.2190 158.0672 < 0.0001
alt 0.0211 0.0007 31.2937 < 0.0001
population_density -0.0001 0.0000 -28.6950 < 0.0001
nox_emissions 0.0097 0.0018 5.3068 < 0.0001
omi_no2_column 0.8358 0.0412 20.2975 < 0.0001
DMA8/Overall Estimate SE t-value p-value
(Intercept) 59.0276 0.1264 466.9826 < 0.0001
alt 0.0032 0.0002 17.0496 < 0.0001
population_density -0.0001 0.0000 -32.0852 < 0.0001
nox_emissions -0.0006 0.0012 -0.5119 0.6087
omi_no2_column 0.5676 0.0353 16.0712 < 0.0001
DMA8/Rural Estimate SE t-value p-value
(Intercept) 48.3398 0.2207 219.0790 < 0.0001
alt 0.0043 0.0002 21.2630 < 0.0001
population_density 0.0003 0.0001 2.1716 0.0299
nox_emissions -0.0381 0.0081 -4.7373 < 0.0001
omi_no2_column 4.4122 0.0781 56.4700 < 0.0001
DMA8/Urban Estimate SE t-value p-value
(Intercept) 52.3389 0.3093 169.2294 < 0.0001
alt 0.0208 0.0010 21.3957 < 0.0001
population_density -0.0001 0.0000 -27.3050 < 0.0001
nox_emissions 0.0042 0.0027 1.5841 0.1132
omi_no2_column 1.8737 0.0597 31.4103 < 0.0001

The summary statistics (mean, standard error (SE) and p-value) of the fixed effects, i.e. the β covariate
coefficients, separated by rural and urban sites with different metrics. The overall statistics include the
TOAR unclassified category. We use 4 digits in the explanatory variable analysis in order to represent
the coefficients more accurately.



Table S-3: Numerical output for the explanatory variables from the GAMM divided by
rural and urban sites (monthly mean in Europe)

Monthly mean in Europe
Daytime/Overall Estimate SE t-value p-value
(Intercept) 37.3952 0.0872 429.0148 < 0.0001
alt 0.0066 0.0001 86.2749 < 0.0001
population_density -0.0001 0.0000 -69.7769 < 0.0001
nox_emissions -0.0220 0.0015 -14.3721 < 0.0001
omi_no2_column 0.2209 0.0202 10.9337 < 0.0001
Daytime/Rural Estimate SE t-value p-value
(Intercept) 38.7749 0.1658 233.8377 < 0.0001
alt 0.0057 0.0001 52.3228 < 0.0001
population_density 0.0003 0.0001 5.1853 < 0.0001
nox_emissions -0.0232 0.0063 -3.6918 0.0002
omi_no2_column -0.0881 0.0490 -1.7964 0.0725
Daytime/Urban Estimate SE t-value p-value
(Intercept) 39.4922 0.1702 232.0363 < 0.0001
alt 0.0056 0.0004 15.7146 < 0.0001
population_density -0.0000 0.0000 -25.1685 < 0.0001
nox_emissions 0.0095 0.0024 3.8875 0.0001
omi_no2_column -0.6781 0.0293 -23.1648 < 0.0001
DMA8/Overall Estimate SE t-value p-value
(Intercept) 53.8070 0.1171 459.6699 < 0.0001
alt 0.0042 0.0001 41.8910 < 0.0001
population_density -0.0001 0.0000 -56.0824 < 0.0001
nox_emissions -0.0245 0.0020 -12.0552 < 0.0001
omi_no2_column 0.6833 0.0269 25.3847 < 0.0001
DMA8/Rural Estimate SE t-value p-value
(Intercept) 51.3519 0.2170 236.6349 < 0.0001
alt 0.0060 0.0001 41.9482 < 0.0001
population_density 0.0009 0.0001 10.7141 < 0.0001
nox_emissions -0.0280 0.0081 -3.4426 0.0006
omi_no2_column 0.9087 0.0635 14.3038 < 0.0001
DMA8/Urban Estimate SE t-value p-value
(Intercept) 54.1211 0.2304 234.8799 < 0.0001
alt 0.0084 0.0005 18.1416 < 0.0001
population_density -0.0000 0.0000 -20.4587 < 0.0001
nox_emissions 0.0017 0.0032 0.5325 0.5944
omi_no2_column -0.0895 0.0387 -2.3136 0.0207

The summary statistics (mean, standard error (SE) and p-value) of the fixed effects, i.e. the β covariate
coefficients, separated by rural and urban sites with different metrics. The overall statistics include the
TOAR unclassified category. We use 4 digits in the explanatory variable analysis in order to represent
the coefficients more accurately.



Table S-4: Numerical output for the explanatory variables from the GAMM divided by
rural and urban sites (monthly mean in East Asia).

Monthly mean in East Asia
Daytime/Overall Estimate SE t-value p-value
(Intercept) 43.8241 0.1524 287.6499 < 0.0001
alt 0.0069 0.0005 14.6707 < 0.0001
population_density -0.0000 0.0000 -6.9518 < 0.0001
nox_emissions 0.0216 0.0027 7.8486 < 0.0001
omi_no2_column -0.7399 0.0214 -34.5087 < 0.0001
Daytime/Rural Estimate SE t-value p-value
(Intercept) 45.3537 0.5225 86.7965 < 0.0001
alt 0.0014 0.0006 2.5284 0.0115
population_density -0.0015 0.0002 -7.7198 < 0.0001
nox_emissions -0.2219 0.0774 -2.8670 0.0042
omi_no2_column -0.4812 0.1400 -3.4376 0.0006
Daytime/Urban Estimate SE t-value p-value
(Intercept) 40.3710 0.2193 184.0556 < 0.0001
alt 0.0173 0.0011 16.1659 < 0.0001
population_density -0.0000 0.0000 -10.3028 < 0.0001
nox_emissions 0.0000 0.0030 0.0149 0.9881
omi_no2_column -0.2325 0.0222 -10.4872 < 0.0001
DMA8/Overall Estimate SE t-value p-value
(Intercept) 71.6373 0.2350 304.9036 < 0.0001
alt 0.0032 0.0007 4.3408 < 0.0001
population_density -0.0000 0.0000 -8.3278 < 0.0001
nox_emissions 0.0368 0.0044 8.2807 < 0.0001
omi_no2_column -0.9689 0.0342 -28.2939 < 0.0001
DMA8/Rural Estimate SE t-value p-value
(Intercept) 60.9853 0.7041 86.6100 < 0.0001
alt 0.0052 0.0008 6.7974 < 0.0001
population_density -0.0014 0.0003 -5.0637 < 0.0001
nox_emissions -0.1742 0.1081 -1.6106 0.1074
omi_no2_column 1.2712 0.1976 6.4319 < 0.0001
DMA8/Urban Estimate SE t-value p-value
(Intercept) 65.1518 0.3576 182.2118 < 0.0001
alt 0.0253 0.0018 14.0987 < 0.0001
population_density -0.0000 0.0000 -10.8708 < 0.0001
nox_emissions -0.0050 0.0050 -0.9954 0.3195
omi_no2_column 0.0739 0.0368 2.0106 0.0444

The summary statistics (mean, standard error (SE) and p-value) of the fixed effects, i.e. the β covariate
coefficients, separated by rural and urban sites with different metrics. The overall statistics include the
TOAR unclassified category. We use 4 digits in the explanatory variable analysis in order to represent
the coefficients more accurately.



Table S-5: Numerical output for the explanatory variables from the GAMM (monthly
mean in Southeast Asia).

Monthly mean in Southeast Asia
Daytime Estimate SE t-value p-value
(Intercept) 28.1878 0.8084 34.8670 < 0.0001
alt 0.0493 0.0095 5.1942 < 0.0001
population_density -0.0000 0.0000 -24.9621 < 0.0001
nox_emissions 0.3575 0.0195 18.3285 < 0.0001
omi_no2_column -0.4221 0.0850 -4.9639 < 0.0001
DMA8 Estimate SE t-value p-value
(Intercept) 44.6029 1.4646 30.4535 < 0.0001
alt 0.0843 0.0165 5.1088 < 0.0001
population_density -0.0001 0.0000 -19.5590 < 0.0001
nox_emissions 0.5888 0.0343 17.1627 < 0.0001
omi_no2_column 0.6563 0.1461 4.4930 < 0.0001

The summary statistics (mean, standard error (SE) and p-value) of the fixed effects, i.e. the β covariate
coefficients, separated by rural and urban sites with different metrics. We use 4 digits in the explanatory
variable analysis in order to represent the coefficients more accurately.
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