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Europe ( ).  All trends begin in 1995 and end with the most recently available year. High elevation sites 
(>1500 m a.s.l.) are also indicated ( ), and MLO trends are shown for low humidity (top arrow), all (middle 
arrow) and high humidity (bottom arrow) air masses, and offset by latitude for clarity.   
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Table S-1.  Ozone trends (ppbv decade-1) since 1995 at the sites shown in Figure 6, arranged by altitude from 
IAGOS observations in the lower free troposphere (top) down to Pfälzerwald-Hortenkopf in rural southern 
Germany (bottom).  Trend values are based on the linear regression model described in Section 2.1, and 
reported with 95% confidence intervals and p-values.  Trends with p-values <= 0.05 are shown in bold font, 
and trends with p-values in the range 0.05< p <=0.10 are shown in italics.  A p-value of 0.00 indicates any 
value less than 0.005. 
 
Table S-2.  Ozone trends at Jungfraujoch based on monthly anomalies of nighttime ozone observations for 
the period 1995-2017.  Trends are shown for all observations as well as observations with low and high 
humidity (see Section 2.2.1 for the method), broken down by all months of the year, the warm months 
(MJJA) and the cool months (NDJF).  Trend values (ppbv decade-1) are based on the linear regression model 
described in Section 2.1, and reported with 95% confidence intervals and p-values.  Trends with p-values <= 
0.05 are shown in bold font, and trends with p-values in the range 0.05< p <=0.10 are shown in italics.  A p-
value of 0.00 indicates any value less than 0.005. 
 
Table S-3. Worldwide ozone trends in the free troposphere and in the tropospheric column, as reported in the 
peer-reviewed literature.  Measurements were made using aircraft-based UV-absorption methods, 
ozonesondes or satellite instruments.  In most cases the ozone time series are longer than 20 years and the 
trend is reported for the longest period available.  When possible, trends are also reported for the recent 
period beginning in approximately 1995.  When available, trends are reported with 95% confidence intervals.  
When p-values are less than 0.05, trends are presented in bold font; when p-values are in the range 0.05-0.10 
trends are presented in italics.  Results are presented by latitude band and for observations made by IAGOS 
commercial aircraft (blue), ozonesondes (gray), or from satellites (white). When available, trends are 
reported in units of percent and one of the following:  ppbv for in situ observations; DU for tropospheric 
column ozone (TCO); Tg for the total mass (TM) of ozone in a latitude band.   
 
Appendix S-A:  Statistical Methods:  This appendix explains why we chose a linear regression model for 
quantifying long-term ozone trends, and locally weighted regression (or lowess, or loess) to describe the 
nonlinear multi-year ozone fluctuations at each site.  In doing so we compare our parametric linear regression 
model to results obtained from a non-parametric linear regression method.  The lowess fits are compared to a 
simple 12-month running mean as well as a low-pass, filter-based fast Fourier transform method.  We also 
provide an extended evaluation of the polynomial method and demonstrate how this method does not fit 
highly variable ozone time series as well as the lowess method. 
 
Appendix S-B:  This appendix presents plots of monthly ozone anomalies for all time series listed in Table 2 
(27 remote surface sites, 3 rural sites in the polluted German boundary layer, IAGOS observations at 650 hPa 
above Europe).  Each time series is accompanied by the linear trend (straight blue line) as determined by the 
linear regression model described in Section 2.1, and the lowess smoother (orange curved line) to highlight 
ozone fluctuations on time scales of 10 years.  Trends are shown for the full length of each time series and 
are based on the monthly anomalies with reference to the 1995-2010 base period. 
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Figure S-1a.  Ozone trends at Tustervatn, Norway.  Trends are based on observed monthly means with 
simple linear regression (top), and monthly anomalies using the linear regression model described by 
equation (1) (bottom).  Also shown is the lowess/loess smoother (orange curved line) to highlight ozone 
fluctuations on time scales of 10 years.    
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Figure S-1b.  Ozone trends on the island of Minamitorishima in the tropical North Pacific Ocean.  
Trends are based on observed monthly means with simple linear regression (top), and monthly anomalies 
using the linear regression model described by equation (1) (bottom).  Also shown is the lowess/loess 
smoother (orange curved line) to highlight ozone fluctuations on time scales of 10 years.  
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Figure S-2.  Monthly median specific humidity values at two locations in Western Europe. Observations 
were measured by IAGOS aircraft in the planetary boundary layer (PBL) of western Europe (blue lines) and 
at 650 hPa (black lines) above western Europe, based on data from all hours of the day (the same values in 
both panels).  Also shown are the observed specific humidity values at Jungfraujoch (white lines) for 
nighttime (left) and daytime (right) conditions.  Specific humidity values at Jungfraujoch were calculated 
from MeteoSwiss observations of relative humidity, temperature and pressure, and retrieved from the TOAR 
Surface Ozone Database.  
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Trends beginning in 2000 

 
 
Figure S-3.  Ozone trends at remote sites since the year 2000.  As in Figure 5, but for trends beginning in 
the year 2000.  
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Figure S-4.  Seasonal ozone trends at remote sites.  Trends are shown for the seasons of DJF (top) and 
MAM (bottom), based on annual anomalies at remote surface sites, plus IAGOS trends at 650 hPa above 
Europe ( ).  All trends begin in 1995 and end with the most recently available year. High elevation sites 
(>1500 m a.s.l.) are also indicated ( ), and MLO trends are shown for low humidity (top arrow), all (middle 
arrow) and high humidity (bottom arrow) air masses, and offset by latitude for clarity.    
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Figure S-4 – continued  …JJA (top) and SON (bottom).  
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Figure S-5.  Trends of daytime average ozone across North America, central Europe and East Asia 
during summer (June-July-August).   Trends are shown for all available rural ozone monitoring sites for 
the period 2000-2014, as reported by the TOAR Surface Ozone Database.  This figure and many similar 
figures are publicly available at:  https://doi.pangaea.de/10.1594/PANGAEA.876108 
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Figure S-6.  Monthly ozone anomalies of the 5th, 50th and 95th percentiles at Jungfraujoch and IAGOS 
(650 hPa).  Data are restricted to the months of November-February (top) and May-August (bottom).  The 
percentiles are based on observations from all 24 hours of the day for both Jungfraujoch and IAGOS. 
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Figure S-7.  Annual peak ozone values at rural sites around the world.  As in Figure 8, but focusing on 
rural sites only.  (Top)  Monthly mean of maximum daily 8-hour ozone, corresponding to the peak month of 
the year. Data are averaged across 2°x2° grid cells for the period 2005-2014, using all available rural ozone 
monitoring sites below 2000 m elevation.  (Bottom) The same data, but shown by latitude and colored by 
month to indicate the time of year that a given grid cell experiences peak ozone levels.  
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Figure S-8.  Summary of ozone values across China for the period 2013-2018.  An update to Figure S-5 
from Lu et al. [2018], showing annual values of daytime average ozone (left) and the number of days per 
year exceeding 70 ppbv (based on the maximum daily 8-hour average) (right) averaged across 74 major 
Chinese cities.  Data are reported yearly, beginning in 2013, the year that the Chinese ozone monitoring 
network was established. Details on the methods of the Chinese monitoring network are described here:  
Ministry of Ecology and Environment (MEE) of the People’s Republic of China, Revision of the Ambient air 
quality standards (GB 3095-2012), 
http://www.mee.gov.cn/xxgk2018/xxgk/xxgk01/201808/t20180815_629602.html, 2018  
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Table S-1.  Ozone trends (ppbv decade-1) since 1995 at the sites shown in Figure 6, arranged by altitude from 
IAGOS observations in the lower free troposphere (top) down to Pfälzerwald-Hortenkopf in rural southern 
Germany (bottom).  Trend values are based on the linear regression model described in Section 2.1, and 
reported with 95% confidence intervals and p-values.  Trends with p-values <= 0.05 are shown in bold font, 
and trends with p-values in the range 0.05< p <=0.10 are shown in italics.  A p-value of 0.00 indicates any 
value less than 0.005. 
 

Site name 
 

All months of the 
year 

Warm months 
(MJJA) 

Cool months 
(NDJF) 

IAGOS, 650 hPa, ~3600 m 1.2 ± 0.8  p=0.00 0.6 ± 1.2  p=0.34 1.2 ± 1.3  p=0.07 
Jungfraujoch, 3580 m 0.2 ± 0.6  p=0.45 -0.8 ± 1.0  p=0.15 0.8 ± 0.7  p=0.02 
Sonnblick, 3106 m -1.0 ± 0.7  p=0.00 -2.3 ± 1.4  p=0.00 -0.2 ± 0.7  p=0.58 
Zugspitze, 2800 m -0.8 ± 0.6  p=0.00 -2.1 ± 1.2  p=0.00 0.1 ± 0.7  p=0.85 
Hohenpeissenberg, 985 m -1.3 ± 1.0  p=0.02 -2.0 ± 2.0  p=0.05 -0.6 ± 1.4  p=0.42 
Schwarzwald-Süd, 920 m -2.2 ± 1.4  p=0.00 -4.3 ± 2.3  p=0.00 -0.3 ± 1.6  p=0.73 
Pfälzerwald-Hortenkopf, 606 m -0.9 ± 1.0  p=0.07    -3.1 ± -2.0 p=0.00 0.6 ± 1.2  p=0.32 

 
 
 
 
 
 
Table S-2.  Ozone trends at Jungfraujoch based on monthly anomalies of nighttime ozone observations for 
the period 1995-2017.  Trends are shown for all observations as well as observations with low and high 
humidity (see Section 2.2.1 for the method), broken down by all months of the year, the warm months 
(MJJA) and the cool months (NDJF).  Trend values (ppbv decade-1) are based on the linear regression model 
described in Section 2.1, and reported with 95% confidence intervals and p-values.  Trends with p-values <= 
0.05 are shown in bold font, and trends with p-values in the range 0.05< p <=0.10 are shown in italics.  A p-
value of 0.00 indicates any value less than 0.005. 
 

Site name 
 

All months of the 
year 

Warm months 
(MJJA) 

Cool months 
(NDJF) 

Jungfraujoch (all air masses) 0.0 ± 0.8  p=0.97 -1.2 ± 1.0  p=0.02 0.7 ± 0.7  p=0.04 
Jungfraujoch (low humidity) 0.2 ± 0.8  p=0.70 -0.6 ± 1.5  p=0.40 0.7 ± 0.8  p=0.07 
Jungfraujoch (high humidity) -0.2 ± 0.9  p=0.61 -1.9 ± 1.2  p=0.00 0.8 ± 0.7  p=0.03 
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Table S-3. Worldwide ozone trends in the free troposphere and in the tropospheric column, as reported in the 
peer-reviewed literature.  Measurements were made using aircraft-based UV-absorption methods, 
ozonesondes or satellite instruments.  In most cases the ozone time series are longer than 20 years and the 
trend is reported for the longest period available.  When possible, trends are also reported for the recent 
period beginning in approximately 1995.  When available, trends are reported with 95% confidence intervals.  
When p-values are less than 0.05, trends are presented in bold font; when p-values are in the range 0.05-0.10 
trends are presented in italics.  Results are presented by latitude band and for observations made by IAGOS 
commercial aircraft (blue), ozonesondes (gray), or from satellites (white). When available, trends are 
reported in units of percent and one of the following:  ppbv for in situ observations; DU for tropospheric 
column ozone (TCO); Tg for the total mass (TM) of ozone in a latitude band.   

 
Location and length 
of full ozone record 

ozone increase 
over the full 
record (%) and 
trend  
(% decade-1) 

ozone  increase 
since approx. 
1995  (%) and 
trend since 
1995 
(% decade-1) 

ozone increase 
over the full 
record (ppbv) and 
trend  
(ppbv decade-1) 

ozone increase 
since approx. 1995 
(ppbv) and trend 
since 1995 (ppbv 
decade-1) 

Reference and notes 

 
Northern Polar Region 

Canada, 1966-2013, 
free troposphere 

Insignificant 
changes 

Insignificant 
changes 

Insignificant 
changes 

Insignificant 
changes 

Tarasick et al. [2016], three 
ozonesonde sites 

 
Northern mid-latitudes 

650 hPa   
Western N. America  
1994-2016 

5.8 %,  
2.7 % decade-1 

 5.8 %,  
 2.7 % decade-1 

 2.9 ppbv, 
 1.3 ± 0.9  
ppbv decade-1 

2.9 ppbv, 
1.3 ± 0.9 
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

650 hPa   
Northeast USA 
1994-2016 

5.0 %,  
2.3 % decade-1 

5.0 %,  
2.3 % decade-1 

2.6 ppbv, 
1.2 ± 0.5  
ppbv decade-1 

2.6 ppbv, 
1.2 ± 0.5  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

650 hPa   
Southeast USA 
1994-2016 

2.3 %, 
1.0 % decade-1 

2.3 %, 
1.0 % decade-1 

1.2 ppbv, 
0.5 ± 0.7  
ppbv decade-1 

1.2 ppbv, 
0.5 ± 0.7  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

650 hPa   
NE China/Korea 
1994-2016 

 9.3 %, 
 4.2 % decade-1 

9.3 %, 
4.2 % decade-1 

5.1 ppbv, 
2.3 ± 0.6  
ppbv decade-1 

5.1 ppbv, 
2.3 ± 0.6  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

650 hPa   
Persian Gulf 
1998-2016 

16.3 %, 
7.4 % decade-1 

16.3 %, 
7.4 % decade-1 

8.6 ppbv, 
3.9 ± 1.5  
ppbv decade-1 

8.6 ppbv, 
3.9 ± 1.5 
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
Western N. America 
1994-2016 

11.9 %,  
  5.4 % decade-1 

 11.9 %,  
   5.4 % decade-1 

 6.2 ppbv, 
 2.8 ± 1.1   
ppbv decade-1 

 6.2 ppbv, 
 2.8 ± 1.1  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
Northeast USA 
1994-2016 

 6.8 %,  
 3.1 % decade-1 

 6.8 %,   
 3.1 % decade-1 

 3.7 ppbv, 
 1.7 ± 0.4  
ppbv decade-1 

 3.7 ppbv, 
 1.7 ± 0.4 
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
Southeast USA 
1994-2016 

 5.6 %,  
 2.5 % decade-1 

 5.6 %,  
 2.5 % decade-1 

 2.9 ppbv, 
 1.3 ± 0.9  
ppbv decade-1 

 2.9 ppbv, 
 1.3 ± 0.9 
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
Europe 
1994-2016 

 5.2 %,  
 2.4 % decade-1 

 5.2 %,  
 2.4 % decade-1 

 2.8 ppbv, 
 1.3 ± 0.2  
ppbv decade-1 

2.8 ppbv, 
1.3  ± 0.2  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
NE China/Korea 
1994-2016 

6.6 %,  
3.0 % decade-1 

6.6 %,  
3.0 % decade-1 

3.8 ppbv, 
1.7 ± 0.7  
ppbv decade-1 

3.8 ppbv, 
1.7 ± 0.7  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
Persian Gulf 
1998-2016 

11.6 %, 
  5.3 % decade-1 

11.6 %, 
  5.3 % decade-1 

6.6 ppbv, 
3.0 ± 0.9 
ppbv decade-1 

6.6 ppbv, 
3.0 ± 0.9 
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 
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IAGOS upper 
troposphere above 6 
regions, 1994-2013 

7-12 %, 
4-7 % decade-1 

 7-12 %, 
 4-7 % decade-1 

4.5-8.1 ppbv, 
2.5-4.5  
ppbv decade-1 

4.5-8.1 ppbv, 
2.5-4.5  
ppbv decade-1 

Cohen et al. [2018], trend values 
span eastern USA, Europe, 
western Mediterranean, Middle 
East, Siberia, NE Asia 

IAGOS upper 
troposphere above N. 
Atlantic, 1994-2013 

  5 ppbv, 
3 ppbv decade-1 

5 ppbv, 
3 ppbv decade-1 

Cohen et al. [2018], of 7 regions 
analyzed, this was the only one 
showing little change. 

western North 
America, 3-8 km, 
April-May, 1995-2014 

11 ± 7 %, 
5 ± 4 % decade-1 

11 ± 7 %, 
5 ± 4 % decade-1 

6.2 ± 4.2 ppbv, 
3.1 ± 2.1  
ppbv decade-1 

6.2 ± 4.2 ppbv, 
3.1 ± 2.1  
ppbv decade-1 

Lin et al. [2015], data are a 
composite of all available 
ozonesondes and aircraft obs. 

Tsukuba, Japan, 700-
500 hPa,  
1971-2010 

12.0 ± 7.6 %, 
3.0 ± 1.9  
% decade-1 

 6.4 ± 4.0 ppbv 
1.6 ± 1.0  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Tsukuba, Japan, 500-
300 hPa,  
1971-2010 

21.6 ± 12.0 %, 
5.4 ± 3.0  
% decade-1 

 13.6 ± 8.0 ppbv 
3.4 ± 2.0  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Sapporo, Japan, 700-
500 hPa,  
1971-2010 

17.6 ± 8.0 %, 
4.4 ± 2.0  
% decade-1 

 9.2 ± 4.0 ppbv 
2.3 ± 1.0  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Sapporo, Japan, 500-
300 hPa,  
1971-2010 

9.6 ± 12.0 %, 
2.4 ± 3.0  
% decade-1 

 6.4 ± 8.0 ppbv 
1.6 ± 2.0  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Naha, Japan 
700-500 hPa,  
1991-2010 

9.0 ± 8.9 %, 
4.5 ± 4.5  
% decade-1 

 4.2 ± 4.0 ppbv 
2.1 ± 2.0   
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Naha, Japan 
500-300 hPa,  
1991-2010 

7.8 ± 7.8 %, 
3.9 ± 3.9  
% decade-1 

 4.4 ± 4.4 ppbv 
2.2 ± 2.2  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Wallops Island, 
Virginia, 700-500 hPa, 
1971-2010 

6.4 ± 6.4 %, 
1.6 ± 1.6  
% decade-1 

  3.6 ± 4.0 ppbv 
0.9 ± 1.0  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Wallops Island, 
Virginia, 500-300 hPa, 
1971-2010 

-0.4 ± 10.4 %, 
-0.1 ± 2.6  
% decade-1 

 -0.0 ± 7.2 ppbv 
-0.0 ± 1.8  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Boulder, Colorado, 
700-500 hPa 
1991-2010 

2.2 ± 4.4%, 
1.1 ± 2.2 
% decade-1 

 1.2 ± 2.4  ppbv 
0.6 ± 1.2  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Boulder, Colorado 
500-300 hPa  
1991-2010 

4.0 ± 8.6 %, 
2.0 ± 4.3 
% decade-1 

 2.4 ± 5.2 ppbv 
1.2 ± 2.6   
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Hohenpeissenberg, 
Germany, 700-500 
hPa, 1971-2010 

19.6 ± 4.8 %, 
4.9 ± 1.2  
% decade-1 

 10.4 ±  2.4 ppbv 
2.6 ± 0.6  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Hohenpeissenberg, 
Germany, 500-300 
hPa, 1971-2010 

21.6 ± 6.0 %, 
5.4 ± 1.5  
% decade-1 

 13.6 ± 4.0 ppbv 
3.4 ± 1.0  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Uccle, Belgium,  
1969-2014 

9-14 % 
2-3 % decade-1 

5-14 %, 
3-8 % decade-1 

  Van Malderen et al. [2016], 
corrected ozonesondes, 0-10 km 
below tropopause  

Canada, 1969-2013, 
Free troposphere 

Insignificant 
changes 

Insignificant 
changes 

Insignificant 
changes 

Insignificant 
changes 

Tarasick et al. [2016], three 
ozonesonde sites 

TCO:  30°-60°N 
latitude band,  
1998-2012 

8 ± 2 %, 
6 ± 1 % decade-1 

8 ± 2 %, 
6 ± 1 % decade-1 

2.4 ± 0.6 DU, 
1.7 ± 0.4  
DU decade-1 

2.4 ± 0.6 DU, 
1.7 ± 0.4  
DU decade-1 

Tropospheric column O3 based 
on the TOST ozonesonde 
product [Gaudel et al., 2018] 

 
Northern Tropics 

650 hPa:    
India  
1994-2016 

16.0 %,  
7.3 % decade-1 

16.0 %,  
7.3 % decade-1 

7.1 ppbv, 
3.2 ± 2.7  
ppbv decade-1 

7.1 ppbv, 
3.2 ± 2.7  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

650 hPa:  
SE Asia  

36.8 %,  
16.7 % decade-1 

36.8 %,  
16.7 % decade-1 

13.8 ppbv, 
6.3 ± 1.0  

13.8 ppbv, 
6.3 ± 1.0  

IAGOS aircraft profiles 
Gaudel et al. [2020] 
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1994-2016 ppbv decade-1 ppbv decade-1 
600 hPa:  
South America  
1994-2016 

 3.1 %,  
 1.4 % decade-1 

 3.1 %,  
 1.4 % decade-1 

1.1 ppbv, 
0.5 ± 0.9  
ppbv decade-1 

1.1 ppbv, 
0.5 ± 0.9  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

650 hPa:  
Gulf of Guinea 
1994-2016 

12.2 %,  
 5.6 % decade-1 

12.2 %,  
 5.6 % decade-1 

5.8 ppbv, 
2.7 ± 1.6  
ppbv decade-1 

5.8 ppbv, 
2.7 ± 1.6  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
India  
1994-2016 

 16.8 %,  
   7.6 % decade-1 

 16.8 %,  
   7.6 % decade-1 

8.0 ppbv, 
3.6 ± 1.5  
ppbv decade-1 

8.0 ppbv, 
3.6 ± 1.5   
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
SE Asia  
1994-2016 

 29.6 %,  
 13.5 % decade-1 

 29.6 %,  
 13.5 % decade-1 

12.3 ppbv, 
5.6 ± 1.0   
ppbv decade-1 

 12.3 ppbv, 
 5.6 ± 1.0   
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
South America  
1994-2016 

 8.4 %,  
 3.8 % decade-1 

8.4 %,  
3.8 % decade-1 

3.2 ppbv, 
1.5 ± 1.2   
ppbv decade-1 

3.2 ppbv, 
1.5 ± 1.2  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa  
Gulf of Guinea  
1994-2016 

 5.3 %,  
 2.4 % decade-1 

5.3 %,  
2.4 % decade-1 

2.7 ppbv, 
1.2 ± 1.4   
ppbv decade-1 

2.7 ppbv, 
1.2 ± 1.4 
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

Hilo, Hawaii 
700-300 hPa,  
1982-2018 

9.7 ± 6.4 %, 
2.7 ± 1.8  
% decade-1 

3.1 ± 6.9 %, 
1.3 ± 2.9    
% decade-1 

4.3 ± 2.9 ppbv 
1.2 ± 0.8   
ppbv decade-1 

1.4 ± 3.1 ppbv 
0.6 ± 1.3   
ppbv decade-1 

Chang et al. [2020], 
ozonesondes 

TCO:  0°-30°N latitude 
band,  
1998-2012 

14 ± 4 %, 
10 ± 3 % decade-1 

14 ± 4 %, 
10 ± 3  
% decade-1 

4.3 ± 1.3 DU, 
3.1 ± 0.9  
DU decade-1 

4.3 ± 1.3 DU, 
3.1 ± 0.9  
DU decade-1 

Tropospheric column O3 based 
on the TOST ozonesonde 
product [Gaudel et al., 2018] 

Total mass:  0° – 30°N 
latitude band,  
1979-2016 
 

10 ± 6 %, 
3 ± 2 % decade-1 

 8.0 ± 4.6 Tg, 
2.1 ± 1.2  
Tg decade-1 

 Ziemke et al. [2019], a 
composite of the TOMS (1979-
2005) and OMI/MLS (2005-
2016) satellite products 

 
Equatorial region, spanning the Northern and Southern Hemispheres 

650 hPa    
Malaysia/Indonesia  
1995-2016 

38.4 %,  
17.5 % decade-1 
 

38.4 %,  
17.5 % decade-1 

10.8 ppbv, 
4.9 ± 1.7 
ppbv decade-1 

10.8 ppbv, 
4.9 ± 1.7  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

700-300 hPa 
Malaysia/Indonesia 
1995-2016 

 24.6 %, 
 11.2 % decade-1 
 

 24.6 %, 
 11.2 % decade-1 
 

7.6 ppbv 
3.5 ± 1.3  
ppbv decade-1 

7.6 ppbv 
3.5 ± 1.3  
ppbv decade-1 

IAGOS aircraft profiles 
Gaudel et al. [2020] 

TCO: 15° S – 15° N, 
1995-2015 

-2 ± 6 %, 
-1 ± 3 % decade-1 

-2 ± 6 %, 
-1 ± 3  
% decade-1 

-0.4 ± 1.2 DU, 
-0.2 ± 0.6  
DU decade-1 

-0.4 ± 1.2 DU, 
-0.2 ± 0.6  
DU decade-1 

Leventidou et al. [2018], 
satellite detected trends from a 
series of satellite products. 
Several regions within this zone 
had clear ozone increases. 

TCO:  20° S – 20° N, 
1995-2015 

7 ± 1 %, 
4 ± 1 % decade-1 

7 ± 1 %, 
4 ± 1 % decade-1 

1.4 ± 0.2 DU, 
0.7 ± 0.1  
DU decade-1 

1.4 ± 0.2 DU, 
0.7 ± 0.1  
DU decade-1 

Heue et al. [2016], satellite 
detected trends from a series of 
satellite products. 

 
Southern tropics 

Réunion Island,  
South Indian Ocean,  
1992-2011 

Annual trends not 
reported. Winter 
trends are 35-45 
% decade-1 

   Thompson et al. [2014], 
SHADOZ ozonesondes; 
uncertainty estimates were not 
reported 

Irene,  
South Africa,  
1990-2007 

Annual trends not 
reported. Winter 
trends are ~25 % 
decade-1 

   Thompson et al. [2014], 
SHADOZ ozonesondes; 
uncertainty estimates were not 
reported 

TCO:  0°-30°S latitude 
band, 1998-2012 

26 ± 4 %, 
18 ± 3 % decade-1 

26 ± 4 %, 
18 ± 3  
% decade-1 

6.7 ± 1.1 DU, 
4.8 ± 0.8  
DU decade-1 

6.7 ± 1.1 DU, 
4.8 ± 0.8  
DU decade-1 

Tropospheric column O3 based 
on the TOST ozonesonde 
product [Gaudel et al., 2018] 

Total mass:  30° S – 0° 
latitude band,  

6 ± 5 %, 
2 ± 1 % decade-1 

 4.4 ± 4.2 Tg 
1.2 ± 1.1  

 Ziemke et al. [2019], a 
composite of the TOMS (1979-
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1979-2016 Tg decade-1 2005) and OMI/MLS (2005-
2016) satellite products 

 
Southern mid-latitudes 

Lauder, New Zealand, 
3-6 km,  
1987-2014 

  0.6 ± 0.4  
ppbv decade-1 

 Zeng et al. [2017], ozonesondes 
The uncertainty was reported as 
one standard error, and is 
converted here to two-sigma.  

Lauder, New Zealand, 
6-9 km, 1987-2014 

  -0.9 ± 0.5  
ppbv decade-1 

 Zeng et al. [2017], ozonesondes 

Lauder, New Zealand, 
9-12 km, 1987-2014 

  -5.5 ± 2.7  
ppbv decade-1 

 Zeng et al. [2017], ozonesondes 

TCO:  30°-60°S 
latitude band,  
1998-2012 

2 ± 2 %, 
2 ± 1 % decade-1 

2 ± 2 %, 
2 ± 1 % decade-1 

0.6 ± 0.4 DU, 
0.4 ± 0.3  
DU decade-1 

0.6 ± 0.4 DU, 
0.4 ± 0.3  
DU decade-1 

Tropospheric column O3 based 
on the TOST ozonesonde 
product [Gaudel et al., 2018] 

 
Southern polar region 

South Pole,  
700-500 hPa,  
1986-2010 

4.6 ± 3.8 %, 
1.9 ± 1.6  
% decade-1 

 1.2 ± 1.0 ppbv, 
0.5 ± 0.4  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

South Pole,  
500-300 hPa,  
1986-2010 

7.2 ± 8.3 %, 
3.0 ± 3.4  
% decade-1 

 2.9 ± 3.4 ppbv, 
1.2 ± 1.4  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Syowa, Antarctica, 
700-500 hPa,  
1971-2010 

7.6 ± 6.4 %, 
1.9 ± 1.6  
% decade-1 

 2.0 ± 1.6 ppbv 
0.5 ± 0.4  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 

Syowa, Antarctica, 
500-300 hPa,  
1971-2010 

-10 ± 10 %, 
-2.5 ± 2.5  
% decade-1 

 -3.9 ± 3.9 ppbv 
-1.0 ± 1.0  
ppbv decade-1 

 Oltmans et al. [2013], 
ozonesondes 
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Appendix S-A:  Statistical Methods 
 

This appendix explains why we chose a linear regression model for quantifying long-term ozone 
trends, and locally weighted regression (or lowess, or loess) to describe the nonlinear multi-year ozone 
fluctuations at each site.  In doing so we compare our parametric linear regression model to results obtained 
from a non-parametric linear regression method.  The lowess fits are compared to a simple 12-month running 
mean as well as a low-pass, filter-based fast Fourier transform method.  We also provide an extended 
evaluation of the polynomial method and demonstrate how this method does not fit highly variable ozone 
time series as well as the lowess method. 
 
Comparison of linear statistical methods for calculating long term ozone trends 

Our analysis uses a linear regression model to calculate the long term ozone trends at all sites, for the 
purpose of providing a simple long term rate of change that can be easily compared to ozone trends estimated 
by chemistry-climate models. Our linear regression model (Equation (1)) is a parametric method based on 
mean ozone values, following the form of standard statistical methods for calculating trends in time series of 
environmental data characterized by seasonal cycles and autocorrelation [Cochrane and Orcutt, 1949; 
Weatherhead et al., 1998; Chandler and Scott, 2011].  Linear ozone trends can also be calculated using 
nonparametric methods, which are based on median ozone values.  For example, the Tropospheric Ozone 
Assessment Report (TOAR) calculated ozone trends using the nonparametric Theil-Sen estimator and the 
Mann-Kendall test to calculate the p-value [Gaudel et al., 2018].  TOAR selected the Theil-Sen method due 
to its ease of calculation and its resistance to the influence of outliers, which can strongly impact the trend 
values if the time series contains relatively few data points, such as the 15-year trends based on annual or 
seasonal means reported by TOAR [Gaudel et al., 2018].  A limitation of the Theil-Sen method is that it does 
not account for autocorrelation, and it also yields unrealistically narrow confidence limits for time series with 
many data points.  For example, our time series, which are based on monthly anomalies, have at least 240 
data points (for a 20-year time series) and as many as 540 data points for a very long time series such as 
Mauna Loa.  Table S-A1 shows the trend values, confidence limits and p-values for all of the sites in Table 2, 
when the Theil-Sen method is used instead of our linear regression model.  Focusing on the trend values at 
remote sites since 1995, the Theil-Sen method yields decadal trend values that are similar to our linear 
regression model (Table 2) but with confidence limits of ± 0.1 ppbv decade-1 or less, and with 88% of time 
series having p-values less than 0.005.  In contrast our linear regression model produces confidence limits 
that are much wider than ± 0.1 ppbv decade-1 and much more realistic when considering the interannual 
variability exhibited by each of the time series in Appendix S-B; accordingly the p-values are generally 
higher, with only 36% of time series having p-values less than 0.005.  The reason that the Theil-Sen method 
produces such narrow confidence limits is because it is based on median values rather than means, and 
therefore it is not as sensitive to the interannual variability that is easily detected by our linear regression 
model. 
 
Comparison of statistical methods for understanding nonlinear ozone variability 

Our linear regression model was selected to provide a simple long term rate of change that can be 
easily compared to ozone trends estimated by chemistry-climate models.  As shown in Appendix S-B, the 
ozone changes at these remote monitoring sites are not strictly linear and in several cases the linear 
approximation misses extended periods of increasing ozone followed by periods of no change.  Investigation 
of potential non-linear behavior and its influence on the trend estimate, requires extended techniques.  

Popular alternatives or remedies to study the nonlinear behavior include the locally weighted 
scatterplot smoother (lowess or loess) introduced by Cleveland [1979], or the signal filter technique [Thoning 
et al., 1989; Oppenheim et al., 1999].  Applying a local smoothing or signal filter technique is a useful 
exercise for an exploratory analysis, because these types of analyses "allow the data themselves to guide the 
subsequent analysis" (p46, Chandler and Scott, 2011), such as showing potential turnaround points in a time 
series, or a flattening of the trend.  For example a peak in the lowess smoother, followed by a period of no 
change might indicate a change point for conducting piecewise linear trends, discussed below. 

Lowess is a locally weighted regression with most weight given to neighboring data points; it can 
also be fit through an iterative process to reduce the influence of a moderate number of extreme values 
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[Cleveland and Devlin, 1988].  Evaluations have shown that the use of nonparametric structure (e.g. lowess) 
achieves a remarkably better fit than simple polynomials (p350, Chandler and Scott, 2011), as described 
below.  In the atmospheric sciences, the lowess smoother has been made popular by the NASA Goddard 
Institute for Space Studies (GISS) Surface Temperature Analysis (GISTEMP v4), displayed in its annual 
updates to the global surface temperature time series (https://data.giss.nasa.gov/gistemp/graphs_v4/). 

The signal filter technique, or low pass filter, is based on the concept that the high frequency 
oscillations in a Fourier transform are generally due to short term variations in the time series and are 
irrelevant to the long-term trend (p47, Chandler and Scott, 2011).  Two examples of this technique are the 
basic fast Fourier transform (FFT) [Thoning et al., 1989; Oppenheim et al., 1999] and the extended 
Kolmogorov–Zurbenko filter [Rao et al., 1997; Yang and Zurbenko, 2010].  The limitation of the FFT is that 
missing values are not allowed, and therefore interpolation of any data gap is required before the filtering can 
proceed.  In the presence of large data gaps, the FFT with simple linear interpolation across the data gap 
gives an amplitude that monotonically decreases with gap size [Munteanu et al., 2016], which may result in 
an artifact.  The lowess and Kolmogorov–Zurbenko techniques can be adjusted to have similar performances, 
as they represent an extension of the moving average process, and perform well in the presence of missing 
data.  

We chose the lowess smoother over the FFT method due to ease of calculation and its ability to 
handle data gaps, but the Kolmogorov–Zurbenko filter is also a valid alternative.  Importantly, neither the 
lowess smoother nor FFT should be used as part of a formal trend estimate.  The logic behind the trend 
estimate is to investigate the relationship between signal and noise. Because filter techniques can be tuned to 
(almost) completely remove the unstructured noise, the resulting trend will certainly appear to be significant 
at a given confidence level, because the uncertainty associated with the signal is not taken into account. Thus 
applying a filter to a time series when calculating a trend estimate is a complete violation of statistical 
principles.  Accordingly, we only use the lowess smoother as a visualization tool to provide a general 
indication of the ozone fluctuations over time. 

We conducted a comparison between the lowess smoother and the FFT method to demonstrate their 
similarities and their ability to detect short term (5 years) or longer term (10 years) fluctuations in multi-
decadal ozone time series.  Figure S-A1 shows the monthly ozone anomalies at Mauna Loa Observatory 
(MLO) spanning the full continuous record from 1973 to 2018.  Overlain are the linear trend (black line) and 
the 12-month running mean (green), along with the lowess smoother and the FFT, both tuned to ozone 
fluctuations over short (5 years) and long (10 years) periods.  The 12-month running-mean has the greatest 
amount of variability as it is strongly influenced by outlier values.  The short-term FFT and lowess fits show 
similar fluctuations but with a smoother fit because the outliers have less impact.  The long-term FFT and 
lowess fits reveal ozone fluctuations on a longer time scale of 10 years.  These two fits are similar, although 
the lowess fit is damped in comparison to the FFT.  Notably, these two fits are quite different in the early part 
of the record when there are several data gaps; as described above, the lowess smoother does a better job of 
handling data gaps.  The lowess and FFT fits clearly reveal the long term ozone fluctuations at MLO and 
show that despite ozone anomalies on monthly to multi-year time scales the linear trend provides a good 
summary of the overall ozone rate of increase.    

We conclude with a brief mention of piecewise linear trends.  If a meaningful change point can be 
detected in a time series, for example by using the lowess smoother, then calculation of linear trends over 
distinct segments of the time series becomes a physically convincing approach.  The general framework to 
detect a turnaround in the trend using the parametric approach is described by Reinsel et al. [2002], Guillas 
et al. [2004], Reinsel et al. [2005] and Miller et al. [2006].  A recent example of the application of piecewise 
linear regression in the atmospheric sciences is presented by Banerjee et al. [2020].  It is well known that the 
length of the data period is a major requirement (along with the magnitude of the trend and degree of 
autocorrelation) to detect the turnaround of a trend.  With respect to long-term ozone trends, at least 10-years 
of a persistent pattern that differs from the previous trend is a useful benchmark for identifying a change in 
trend.  Using the mountaintop site of Zugspitze, Germany as an example, the trend can be summarized by a 
strong positive trend (6.4±1.1 ppb decade-1, p≤0.01) over 1978-1997, and a weak downward trend (-1.2±1.0 
ppb decade-1, p=0.01) over 1998-2017. 
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Comparison of polynomial fits to the lowess smoother  

A simple extension to the linear trend is the polynomial model, such as quadratic (2nd order) or cubic 
(3rd order) fits.  While polynomials have been used by some previous studies to estimate long-term ozone 
trends [Parrish et al., 2014; 2019] this method is not recommended by statisticians due to a variety of well-
known problems, as described below.  The idea of a polynomial fit is analogous to gradually adding "nodes" 
to the trend estimate, with each additional term adding another bend to the curve, thus one or multiple 
change(s) in the trend can be revealed in the resulting estimate.  In terms of the use of a quadratic fit, it has 
two purposes: 1) to describe the rate of change as increasing or decreasing quadratically, rather than as a 
constant; and 2) to reflect a turnaround in the trend.  However, using a quadratic fit to study the latter 
purpose could be potentially misleading, because the rate of change on either side of a peak or trough must 
be symmetrical in the quadratic model.  If for example 15 years of data are available prior to a peak and only 
5 years of data are available after the peak, then the fit will be driven by the first fifteen years, and the fit to 
the last five years may not be optimal. A quadratic fit also has no ability to represent a time series in which 
the ozone levels-off after a period of increase; its mathematical restrictions force the quadratic fit to either 
increase or decrease, even though the actual rate of change is zero.  A simple illustration of this deficiency is 
provided in Figure S-A2. 

The polynomial model with an order greater than three is rarely used due to difficulty in interpreting 
the coefficients [Kutner et al., 2005].  Furthermore, the polynomial interpolation and extrapolation have been 
shown to be problematic, especially at the beginning and end of the record, worsening for even higher order 
polynomials (known as the The Runge phenomenon [Fornberg and Zuev, 2007], first described in 1901 
[Runge, 1901]).  Another problem is that a local variation in the time series can trigger a global effect on the 
polynomial fit, worsening with higher order polynomials.  A clear example of this nonlocal effect is provided 
by Magee [1998], who notes that this instability is not encountered with stable estimators such as Kernel 
estimators, lowess, and smoothing splines [Hastie and Tibshirani, 1990].  Chandler and Scott (p205, 2011) 
point out that a time series with a persistence of correlations (e.g. long memory) can substantially reduce the 
precision of a polynomial fit. 

We conclude with three demonstrations that illustrate the difficulties of fitting polynomials to surface ozone 
time series: 

1)  Figure S-A3 compares the lowess smoother to 2nd, 3rd, 4th and 5th order polynomials at MLO to illustrate 
some of the limitations of polynomial fits.  None of the polynomials can capture the increase of ozone in 
the early 1980s and the subsequent decrease in the late 1980s.  At the end of the record only the 4th and 5th 
order polynomials can match the decrease of ozone detected by the lowess smoother.  For this particular 
time series the polynomials are not much different from the linear fit and there is no advantage to 
employing a polynomial approach.  Another evaluation of the polynomial fits is provided by Figure S-A4 
which focuses on the mountaintop site of Jungfraujoch, Switzerland.  The 2nd and 3rd order polynomials 
cannot capture the ozone fluctuations detected by the lowess fit; in particular the lowess fit shows an 
increase of ozone from 2015 to 2018, while these polynomials have decreasing values at the end of the 
record.  However, the 4th and 5th order polynomials generally match the ups and downs of the lowess fit, 
but as stated above, it is difficult to interpret the coefficient values.  Finally, we show the polynomial fits 
at the island site of Minamitorishima in the western North Pacific Ocean (Figure S-A5).  The lowess fit 
shows repeated ozone fluctuations on a time scale similar to that of ENSO, however none of the 
polynomials can replicate this pattern.    

 
2)  We also provide a broader comparison between the lowess smoother and polynomials by focusing on all 

of the remote sites at northern mid-latitudes.  Figure S-A6 compares the lowess smoother to 2nd, 3rd, 4th, 
10th and 20th order polynomials.  As more and more terms are added to the polynomial, the fit gains in its 
ability to follow the actual observed ozone fluctuations, and it begins to resemble the lowess smoother.  
However, no matter how close the polynomial approaches the lowess smoother it still displays unrealistic 
fits at the ends of the time series (the Runge phenomenon, described above), making the lowess smoother 
a better choice.  Detailed comparisons are also provided for the individual sites of Jungfraujoch and Strath 
Vaich Dam (Figure 1 in the main text). 
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3)  Figure S-A7 and Figure S-A8 illustrate the impact of additional years of data on the lowess smoother and 
the polynomials, by comparing the fits to the full time series (ending in 2015-2018) and to the time series 
when they end in 2010.  The lowess smoother is designed for stability and it follows the observed 
fluctuations on a time scale of 10 years, without being affected by the observations beyond this range. 
Therefore, when additional years of data are added beyond the year 2010, the portions of the lowess 
smoother prior to 2005 remain the same, as expected (very small differences are due to the iterative nature 
of the lowess method).  However, the slopes of the polynomials in the early part of the time series change, 
sometimes dramatically, when additional years of data are added to the time series, consistent with the 
non-local effects described by Magee [1998].  This effect is clearly noticeable for the 2nd, 3rd and 4th order 
polynomials shown in Figure S-A8, with many of the 3rd order slopes even changing sign prior to 1995 
(see also the case studies for Jungfraujoch and Strath Vaich Dam in Figure 2 of the main text).  This 
demonstration shows that the slope in the early part of the time series is inaccurate, and is merely an 
artefact of the polynomial fit, rather than being a true representation of the data.    
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Table S-A1.  This table is in the same form as Table 2 in the main text, except that the ozone trend values 
(ppbv decade-1) are based on the Theil-Sen method.  All trends are reported with 95% confidence intervals 
and p-values.  Trends with p-values <= 0.05 are shown in bold font, and trends with p-values in the range 
0.05< p <=0.10 are shown in italics.  A p-value of 0.00 indicates any value less than 0.005.  Data selection 
varies by site, with nighttime (N), daytime (D) and 24-hour (24) sampling indicated in the left column.  
 

Site name 
 

Full record, 
beginning 1971-
1990 

Full record, 
beginning 1991-1994 

Since 1995 Since 2000 

Remote sites in the Northern Hemisphere 
Alert (D)  0.3 ± 0.1  p=0.00 -0.1 ± 0.1 p=0.43 -0.0 ± 0.1 p=0.29 
Zeppelin (D)  0.5 ± 0.1  p=0.00   0.1 ± 0.1  p=0.52 -0.8 ± 0.1 p=0.00 
Barrow (24)  0.6 ± 0.0  p=0.00   0.7 ± 0.1  p=0.00  0.7 ± 0.1  p=0.00 
Esrange (D)  0.6 ± 0.1  p=0.00  0.0 ± 0.1  p=0.30  0.0 ± 0.1  p=0.32 
Tustervatn (D)  0.6 ± 0.1  p=0.00  -0.7 ± 0.1  p=0.00 -1.6 ± 0.1  p=0.00 
Denali (D)  0.8 ± 0.1  p=0.00   0.5 ± 0.1  p=0.00  0.6 ± 0.1  p=0.00 
Strath Vaich Dam (D)  0.1 ± 0.1  p=0.00  -0.5 ± 0.1  p=0.00 -0.6 ± 0.2  p=0.00 
Mace Head (D)  0.8 ± 0.1  p=0.00   0.3 ± 0.1  p=0.00  0.3 ± 0.1  p=0.00 
IAGOS, 650 hPa (24)  1.3 ± 0.1  p=0.00  1.2 ± 0.1  p=0.00  1.3 ± 0.1  p=0.00 
Zugspitze (N)   2.1 ± 0.0  p=0.00  -0.7 ± 0.1  p=0.00 -0.5 ± 0.1  p=0.00 
Sonnblick (N)  0.1 ± 0.0  p=0.00  -0.9 ± 0.1  p=0.00 -1.7 ± 0.1  p=0.00 
Jungfraujoch (N)  1.0 ± 0.1  p=0.00   0.2 ± 0.1  p=0.00  0.0 ± 0.1  p=0.36 
Kislovodsk (24) -2.6 ± 0.1  p=0.00  -1.3 ± 0.1  p=0.00  0.4 ± 0.2  p=0.00 
Centennial (D) -0.5 ± 0.1  p=0.00  -1.4 ± 0.1  p=0.00 -2.6 ± 0.1  p=0.00 
Great Basin (D)  0.5 ± 0.1  p=0.00  0.0 ± 0.1  p=0.09 -0.6 ± 0.1  p=0.00 
Gothic (D) -0.9 ± 0.1  p=0.00  -1.9 ± 0.1  p=0.00 -2.6 ± 0.1  p=0.00 
Grand Canyon (D) -0.4 ± 0.1  p=0.00  -1.7 ± 0.1  p=0.00 -2.7 ± 0.1  p=0.00 
Mt. Waliguan (N)  1.6 ±  0.1  p=0.00  1.6 ± 0.1  p=0.00  1.5 ± 0.1  p=0.00 
Izaña (N) 1.3 ± 0.1  p=0.00   0.4 ± 0.1  p=0.00  0.1 ± 0.1  p=0.19  
Minamitorishima (N)  -0.6 ± 0.1  p=0.00 -0.5 ± 0.1  p=0.00  0.6 ± 0.2  p=0.00 
MLO–all (N) 1.4 ± 0.0  p=0.00   0.9 ± 0.1  p=0.00  1.4 ± 0.2  p=0.00 
MLO-low humidity (N) 2.1 ± 0.0  p=0.00   2.3 ± 0.1  p=0.00  3.2 ± 0.2  p=0.00 
MLO-high humidity (N) 1.0 ± 0.0  p=0.00   0.5 ± 0.1  p=0.00  0.2 ± 0.2  p=0.00 

Remote sites in the Southern Hemisphere 
American Samoa (24) 0.2 ± 0.0  p=0.00   1.6 ± 0.1  p=0.00  2.2 ± 0.1  p=0.00 
El Tololo (N)    0.3 ± 0.1  p=0.00  0.4 ± 0.1  p=0.00 
Cape Point (24) 1.5 ± 0.0  p=0.00   1.0 ± 0.0  p=0.00  0.6 ± 0.1  p=0.00 
Cape Grim (D) 0.4 ± 0.0  p=0.00   0.3 ± 0.0  p=0.00 -0.2 ± 0.1  p=0.00 
Ushuaia (D)  -1.0 ± 0.1  p=0.00 -1.0 ± 0.1  p=0.00 -0.7 ± 0.1  p=0.00 
Neumayer  (D)    1.0 ± 0.0  p=0.00  0.9 ± 0.1  p=0.00 
South Pole (24) 0.4 ± 0.0  p=0.00   1.5 ± 0.0  p=0.00  1.2 ± 0.1  p=0.00 

Rural sites in the boundary layer of southern Germany 
Pfälzerwald-Hort. (D)  0.1 ± 0.1  p=0.00  -1.0 ± 0.1  p=0.00 -0.5 ± 0.2  p=0.00 
Hohenpeissenberg  (D)  1.6 ± 0.0  p=0.00  -1.4 ± 0.1  p=0.00 -2.2 ± 0.2  p=0.00 
Schwarzwald-Süd (N) -2.3 ± 0.1  p=0.00  -2.0 ± 0.1  p=0.00 -1.0 ± 0.2  p=0.00 
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Figure S-A1.  Monthly ozone anomalies at Mauna Loa Observatory spanning the full continuous record 
from 1973 to 2018.  Shown are the linear trend (black line), and the 12-month running mean (green), with the 
lowess/loess smoother and the low pass, filter-based fast Fourier transform (FFT) tuned to short (five years) 
and long (ten years) ozone fluctuations.   
 
 
 

 
 
Figure S-A2.  A demonstration of the inability of a quadratic equation (red line) to fit a pattern of ozone 
increase, followed by a period of no change (black line).  The hypothetical ozone anomaly time series begins 
in 1990 and increases to the year 2005, followed by a period of no change spanning 5 years (left), 10 years 
(center) and 15 years (right). 
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Figure S-A3.  As Figure S-A1 but showing a comparison between the lowess/loess smoother and a range of 
polynomials. 
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Figure S-A4.  As Figure S-A3 but showing the lowess/loess smoother and polynomial fits for Jungfraujoch, 
Switzerland. 
 
 
 
 

 
 
Figure S-A5.  As Figure S-A3 but showing the lowess/loess smoother and polynomial fits for the island site 
of Minamitorishima in the western North Pacific Ocean. 
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Lowess smoother     2nd order polynomial 

 
3rd order polynomial    4th order polynomial 

 
10th order polynomial     20th order polynomial 

 
 
Figure S-A6.  A comparison between the lowess smoother and various polynomial fits at thirteen remote 
locations in the northern mid-latitudes. 
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Figure S-A7.  A comparison between the lowess smoother when the time series end in 2010 (left), and when 
they end in the period 2015-2018 (right) at thirteen remote locations in the northern mid-latitudes.  
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2nd order polynomial 

 
3rd order polynomial 

 
4th order polynomial 

 
 
Figure S-A8.  A comparison between the polynomial fits when the time series end in 2010 (left), and when 
they end in the period 2015-2018 (right) at thirteen remote locations in the northern mid-latitudes.  
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Appendix S-B 
 

This appendix presents plots of monthly ozone anomalies for all time series listed in Table 2 (27 remote 
surface sites, 3 rural sites in the polluted German boundary layer, IAGOS observations at 650 hPa above 
Europe).  Each time series is accompanied by the linear trend (straight blue line) as determined by the linear 
regression model described in Section 2.1, and the lowess smoother (orange curved line) to highlight ozone 
fluctuations on time scales of 10 years.  Trends are shown for the full length of each time series and are 
based on the monthly anomalies with reference to the 1995-2010 base period.  
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