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C L I M A T O L O G Y

Aircraft observations since the 1990s reveal increases 
of tropospheric ozone at multiple locations across 
the Northern Hemisphere
Audrey Gaudel1*, Owen R. Cooper1, Kai-Lan Chang1, Ilann Bourgeois1, Jerry R. Ziemke2,3,  
Sarah A. Strode2,4, Luke D. Oman2, Pasquale Sellitto5, Philippe Nédélec6, Romain Blot6, 
Valérie Thouret6, Claire Granier1,6

Tropospheric ozone is an important greenhouse gas, is detrimental to human health and crop and ecosystem 
productivity, and controls the oxidizing capacity of the troposphere. Because of its high spatial and temporal 
variability and limited observations, quantifying net tropospheric ozone changes across the Northern Hemi-
sphere on time scales of two decades had not been possible. Here, we show, using newly available observations 
from an extensive commercial aircraft monitoring network, that tropospheric ozone has increased above 
11 regions of the Northern Hemisphere since the mid-1990s, consistent with the OMI/MLS satellite product. 
The net result of shifting anthropogenic ozone precursor emissions has led to an increase of ozone and its 
radiative forcing above all 11 study regions of the Northern Hemisphere, despite NOx emission reductions 
at midlatitudes.

INTRODUCTION
Tropospheric ozone originates from in situ photochemical re-
actions and transport from the stratosphere (1). Because of a lack of 
ozone observations from preindustrial times, global atmospheric 
chemistry models must be used to quantify long-term changes of 
the global tropospheric ozone burden. Ensemble model simulations 
indicate a global burden increase of 40% since preindustrial times, 
producing a globally averaged radiative forcing (RF) of 0.40 ± 
0.20 W m−2 and making tropospheric ozone the third most effec-
tive anthropogenic climate forcer after CO2 and CH4 (2). The rela-
tively large uncertainty of this estimate (±50%) is mainly due to the 
lack of observations to constrain the model estimates of pre-
industrial ozone. However, a recent proxy-based study relying on 
the isotopic composition of oxygen in ice cores corroborates these 
model results (3). New analysis by the Tropospheric Ozone Assess-
ment Report (TOAR) (4) assessed the historical ozone records from 
the early and mid-20th century and concluded that surface ozone at 
midlatitudes and high latitudes of the Northern Hemisphere in-
creased by 30 to 70%, with large uncertainty, between the historical 
period and the modern period (1990–2014); limited historical 
observations indicate similar increases in the free troposphere (FT) 
of northern midlatitudes. Intergovernmental Panel on Climate 
Change [IPCC; AR5, section 2.2.2.3] assessed the available evidence 
for tropospheric ozone trends through the year 2010 and concluded 
that ozone across the Northern Hemisphere had generally increased 
since the 1970s at the surface and in the FT (2). With regard to 
trends since the 1990s, TOAR showed that observations have been 
insufficient for the detection of an unambiguous trend in the global 

tropospheric ozone burden over the past two decades (5); in par-
ticular, the available satellite products have disagreed on the sign of 
the trend since 2008. TOAR took advantage of the IAGOS (In-Service 
Aircraft for a Global Observing System) database (6), which 
contains ozone observations from more than 60,000 commercial 
aircraft flights worldwide, to quantify ozone trends above five 
regions of the Northern Hemisphere (northeastern United States, 
Germany, India, Southeast Asia, and Northeast China/Korea) 
during 1994–2014. Relatively weak ozone increases (<7% decade−1) 
occurred above northeastern United States and Germany but not at 
all tropospheric levels and not in all seasons. However, ozone in-
creased in all seasons and at most levels above the three Asian 
regions (4 to 70% decade−1). An independent analysis of IAGOS 
observations reported widespread upper tropospheric ozone 
increases above several regions in the northern midlatitudes for the 
period 1994–2013 (4 to 5% decade−1), but the study did not address 
the tropics or the lower or mid-troposphere (MT) (7). Global 
chemistry climate models indicate that the tropospheric ozone 
burden and its associated RF have continued to increase since 1990 
(2, 8). However, confirmation of these recent global-scale increases 
from in situ observations has been difficult because of limited 
monitoring in the FT and at remote surface locations, compounded 
by the various and contradictory trend results described above. To 
improve our understanding of ozone trends across the Northern 
Hemisphere, this new study expands the TOAR analysis by includ-
ing two additional years of IAGOS data (2015–2016) and six new 
regions (western North America, South America, Gulf of Guinea, 
the Persian Gulf, and Malaysia/Indonesia) (Fig. 1), using 2.5 times 
as much IAGOS data as the earlier TOAR study. By expanding the 
analysis to a wider spatial coverage and spanning up to 22 (1994–2016) 
years of observations made from consistent and routinely calibrated 
instruments (ultraviolet absorption method), we can now show that 
ozone has increased at 11 of 11 study regions widely distributed 
across the Northern Hemisphere, advancing our understanding 
of Northern Hemisphere ozone changes beyond the more limited 
TOAR analysis.
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MATERIALS AND METHOD
IAGOS data
The IAGOS program is a European Research Infrastructure that has 
measured ozone worldwide since 1994, using instruments onboard 
commercial aircraft of internationally operating airlines (6). Ozone 
is measured on all flights using a dual-beam ultraviolet absorption 
monitor (time resolution of 4 s) with an accuracy estimated at about 
±(2 nmol mol−1 + 2%) (9, 10). Because most IAGOS aircraft have 
belonged to airlines based in Europe since the program’s inception, 
Western Europe is the program’s most frequently sampled region of 
the world. Above northwestern Europe (0°E to 15°E, 47°N to 55°N) 
IAGOS aircraft measured 34,600 ozone profiles between 1994 and 
2016, which are approximately four profiles per day. IAGOS air-
craft takeoff and land at any time of day and data from all hours of 
the day are used in this analysis. An analysis of the high-frequency 
European ozone profiles shows that there is no diurnal ozone cycle 
in the FT (above the 750-hPa level), although a clear ozone cycle 
occurs in the boundary layer, and is strongest below 950 hPa (11). 
To avoid the impact of the strong diurnal ozone cycle at the surface, 
all ozone observations below the 950-hPa level were removed from 
the analysis. In addition, any observations within 300 m of the 
surface were also removed. To avoid the influence from the lower 
stratosphere, all observations in the stratosphere or the tropopause 
layer (7) were removed from the analysis. The tropopause was de-
fined with respect to potential vorticity and was determined by the 
pressure of the 2-PVU (potential vorticity units) surface. The lower 
bound of the tropopause layer was then defined as the pressure of 
the 2-PVU surface + 15 hPa. Any ozone observation with a pressure 
value less than the lower bound of the tropopause layer was removed 
from the dataset. The 11 study regions (Fig. 1) were chosen because 
they were the only regions available with frequent sampling in both 
the early (1994–2004) and late periods (2011–2016) between 1994 
and 2016, which allows the calculation of ozone changes over 
periods spanning two decades (see table S1). For the years 2005–2010, 
several regions have large data gaps, and therefore, we did not in-
clude these years when comparing all regions. However, the ozone 
trend values (see the “Trend calculation” section) are based on all 
available ozone profiles, and they are not dependent on the choice of 
the early and late periods. The length of these time series (>20 years) 
is advantageous because they are long enough to largely overcome 
the influence of internal climate variability, such as El Niño–Southern 
Oscillation (12), on long-term ozone trends (13). However, we cannot 

rule out some impact from internal climate variability on the 
observed trends.

Several studies over the past 20 years have examined the regional 
representativeness of IAGOS observations (4, 9, 14–17) and have 
established that the data compare well to regional surface and free 
tropospheric ozonesonde records and that the data are not biased. 
For example, a recent study showed that IAGOS observations above 
Europe are representative of regional-scale surface ozone observation 
across Western Europe (15). They evaluated IAGOS ozone observations 
against rural ozone monitoring sites at low and high elevations 
across a broad region of Western Europe. They concluded that the 
IAGOS data are not biased:

“Based on 11 years of data (2002–2012), this study thus 
demonstrates that IAGOS observations in the lowest tropos-
phere can be used as a complement to surface stations to 
study the air quality in/around the agglomeration, providing 
important information on the vertical distribution of pollution.”

The strong winds and the high meteorological variability in the 
MT and upper troposphere (UT), coupled with ozone’s long lifetime 
[several weeks in the FT (1)] relative to transport time scales, also 
make IAGOS observations representative of the FT. There is no 
obvious influence from aircraft pollution in the flight corridors 
that span broad regions of the Northern Hemisphere and are also 
routinely sampled by ozonesondes and satellites. Previous studies 
have demonstrated that IAGOS ozone observations in the upper 
troposphere–lower stratosphere (UTLS) are consistent with ozone-
sonde observations (4, 16, 17). The internal consistency of IAGOS 
observations (between IAGOS aircraft following each other) has 
been continually monitored and ensured by the IAGOS engineers. 
Changes of the flight routes with time, especially between 1994–2004 
and 2011–2016, can occur because of changes in airports. However, 
these changes do not affect the average ozone variability in each 
region as the regions are always fully sampled with time.

MERRA-2 GMI global atmospheric chemistry model
The atmospheric chemistry model simulation in support of this 
analysis is the Modern-Era Retrospective analysis for Research and 
Applications version 2 (MERRA-2) Global Modeling Initiative (GMI) 
simulation (https://acd-ext.gsfc.nasa.gov/Projects/GEOSCCM/
MERRA2GMI/), produced with the Goddard Earth Observing System 

Fig. 1. Map of the 11 study regions. The flight tracks are also indicated in the boxes with western North America in gray, eastern North America in green, Europe in blue, 
Northeast China/Korea in red, southeast United States in brown, northern South America in purple, Gulf of Guinea in salmon, the Persian Gulf in black, India in orange, 
Southeast Asia in cyan, and Malaysia/Indonesia in magenta.

https://acd-ext.gsfc.nasa.gov/Projects/GEOSCCM/MERRA2GMI/
https://acd-ext.gsfc.nasa.gov/Projects/GEOSCCM/MERRA2GMI/


Gaudel et al., Sci. Adv. 2020; 6 : eaba8272     21 August 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

3 of 11

(GEOS) modeling framework (18). The MERRA-2 GMI simulation 
is a dynamically constrained replay (19) using winds, temperature, 
and pressure from the MERRA-2 reanalysis (20). Interactive chemistry 
is included via the GMI’s stratospheric and tropospheric chemical 
mechanism (12, 21, 22). The GMI mechanism includes a detailed 
description of ozone-NOx-hydrocarbon chemistry and has more 
than 100 species and approximately 400 chemical reactions. The 
MERRA-2 GMI simulation was run from 1980 to 2016 at ~50-km 
horizontal resolution (c180) on the cubed sphere and output at the 
MERRA-2 resolution of 0.625° longitude × 0.5° latitude. It was pre-
viously used to interpret long-term positive trends of tropospheric 
column ozone (TCO) across the tropics, as detected by Total Ozone 
Mapping Spectrometer/Ozone Monitoring Instrument (OMI)/
Microwave Limb Sounder (MLS)/Ozone Mapping and Profiler 
Suite satellite retrievals over the period 1979–2016 (23). Further 
details of the model, including global emission inventories, are pro-
vided in the publication describing the original simulation (23).

To understand the drivers of the observed ozone changes, we 
analyzed the emission inventories of NOx, used as input for the 
MERRA-2 GMI model simulation (see Discussion, “Changes in the 
sources of ozone”). The fossil fuel and biofuel NOx emissions follow 
the methodology of the Chemistry-Climate Model Initiative (CCMI): 
MACCity (24) until 2010 and RCP8.5 (representative concentration 
pathway for a possible range of radiative forcing of 8.5 W m–2 in the 
year 2100) after 2010. Recent decreases in anthropogenic NOx emis-
sions in China after 2012 (25, 26), as revealed by satellite observa-
tions, are not well represented. We also analyzed biomass burning 
NOx emissions from the Global Fire Emissions Data version 4s (27) and 
lightning NOx emissions based on the scheme of Allen et al. (28), as 
used by the MERRA-2 GMI simulation. NOx emissions from in-
ternational shipping were not used by the model because of difficul-
ties in simulating ozone photochemistry in narrow ship plumes by 
a relatively coarse global- scale model (29). This omission leads to 
an underestimate of ozone production in the marine boundary layer 
in regions with heavy ship traffic, such as the South China Sea. 
We converted all NOx emissions to units of kg NO km−2 year−1 or 
Tg NO year−1 (e.g., fig. S9).

To analyze the impact of stratospheric influence on the tropo-
spheric ozone in the model, we used a stratospheric ozone tracer 
(30), which is calculated online in the MERRA-2 GMI model. The 
tracer is set to the regular ozone values above the tropopause and may 
be advected into the troposphere via the model circulation. Once the 
tracer enters the troposphere, it undergoes chemical loss based on 
the reaction rates for the major ozone loss processes and dry depo-
sition at the surface. For each grid cell, both the World Meteorological 
Organization lapse rate (temperature lapse rate < 2 K km−1) and the 
potential vorticity threshold [first occurrence of potential vorticity < 3 PVU 
from above] are used to assess the tropopause level. The tropopause 
is determined from the maximum pressure (or lowest altitude) be-
tween the two methods. In general, the temperature lapse rate method 
dominates in the tropics, while the potential vorticity threshold 
dominates in the extratropics.

Trend calculation
For each IAGOS region and for 15 pressure surfaces spaced every 
50 hPa from 950 to 200 hPa, we first calculated monthly mean 
ozone values and used these monthly means to construct a mean 
1994–2016 seasonal cycle. This mean seasonal cycle was then used 
to deseasonalize the individual IAGOS observations on the same 

pressure level. The linear trend was then calculated using all available 
ozone profiles between September 1994 and December 2016 (1998–2016 
for the Persian Gulf) using the quantile regression method (31). The 
deseasonalization step reduces the impact of autocorrelation; the 
remaining autocorrelation can be accounted for in the quantile re-
gression method, but it requires an aggregation of profiles into the 
monthly time scale (e.g., the autocorrelation structure cannot be 
imposed on data with multiple measurements on the same time scale). 
However, this aggregation would substantially reduce the sample 
size and prevents us from accurately estimating extreme quantiles; 
therefore, this additional step to further reduce autocorrelation was 
not taken. Quantile regression is known for its tolerance to a greater 
number of outliers because it is based on rank values of the sample 
distribution rather than mean values, and it is considered to be a 
robust approach when the record may contain many intermittent 
missing values (32–34). As the temporal distribution of IAGOS 
profiles in a given region can be highly intermittent, the quantile 
regression method is well suited for this dataset.

Each trend is reported as the linear ozone rate of change over the 
period 1994–2016 in units of nmol mol−1 decade−1. Each trend value 
is accompanied by its P value (table S1), which is the probability 
under a specified statistical model that a statistical summary of the 
data would be equal to or more extreme than its observed value (35). 
Following the recent recommendation of the American Statistical 
Association (36) and as recently discussed in the journal Nature (37), 
we report all P values and do not use thresholds, such as P < 0.05, to 
determine whether a trend is statistically meaningful.

OMI/MLS tropospheric column ozone product
This study also examines long-term (2004–2019) TCO trends derived 
from the OMI and MLS onboard the NASA Aura polar-orbiting 
satellite (23). Calculation of TCO requires subtraction of MLS 
stratospheric column ozone from OMI total ozone for near–clear 
sky scenes (OMI radiative cloud fractions less than 30%), yielding a 
1.0° latitude × 1.25° longitude gridded product. The OMI/MLS ozone 
product is available at monthly temporal resolution and can be 
downloaded from the NASA Goddard Space Flight Center: https://
acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/.

RESULTS
Tropospheric ozone increases above 11 polluted regions
During the past 22 years, median ozone values have increased in the 
FT (700 to 300 hPa) above all 11 study regions (Fig. 2 and table S1) 
by 2 nmol mol−1 decade−1 (5% decade−1) on average and varying 
between 1.2 nmol mol−1 decade−1 (2.4% decade−1) above Gulf of 
Guinea and 5.6 nmol mol−1 decade−1 (13.5% decade−1) above Southeast 
Asia. Similar results are obtained when considering the full TCO 
(950 to 250 hPa) (Fig. 2 and table S1). The largest TCO increases 
occurred above Malaysia/Indonesia (18.5% decade−1), Southeast Asia 
(13.5% decade−1), and India (11% decade−1), followed by Northeast 
China/Korea (5.8% decade−1) and the Persian Gulf (5.7% decade−1) 
(table S1). With the exception of Northeast China/Korea, TCO in-
creases above the midlatitude regions (North America and Europe) 
are much less (<3.4% decade−1). FT ozone trends are broken 
down by the cold season (October to March) and the warm season 
(April to September), with Northeast China/Korea, the Persian Gulf, 
and Southeast Asia having much larger trends during the warm 
season (fig. S1).

https://acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/
https://acd-ext.gsfc.nasa.gov/Data_services/cloud_slice/
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These results are consistent with OMI/MLS satellite measure-
ments of TCO (table S1) for the time periods 2004–2016 and 2004–
2019, which show widespread increases of ozone across much of the 
Northern Hemisphere (23). Because of the different time periods 
(the OMI/MLS record only begins in 2004), the IAGOS and OMI/
MLS trends are not directly comparable. However, when the OMI/
MLS data are extracted above the 11 study regions, they show stron-
ger trends above the tropical regions and Northeast China/Korea 
compared to the North American and European regions, in general 
agreement with the IAGOS trends.

Tropospheric ozone changes in the lower troposphere
In this study, the lower troposphere (LT) is defined as the pressure 
level range of 950 to 800 hPa, which includes most of the boundary 
layer. In comparison to the FT, the LT presents a wide range of 
extreme ozone values. The greatest 95th percentiles in recent years 
(2011–2016) have occurred in the LT above Northeast China/Korea, 
exceeding 100 nmol mol−1, and also above Southeast Asia, Malaysia/
Indonesia, the Persian Gulf, and Gulf of Guinea (Fig. 3D). In all of 
these regions, except Gulf of Guinea, the warm season values are 
even greater, reaching 110 nmol mol−1 above Northeast China/
Korea (fig. S3). The lowest values in recent years (2011–2016) are 
found in the LT above the tropical regions of India, Southeast Asia, 
Gulf of Guinea, and Malaysia/Indonesia, where the first percentile 
is typically below 20 nmol mol−1 (see discussion in the “Impacts on 
radiative forcing” section).

Figure 3A provides vertical information on the annual trends, 
showing much larger positive trends in the LT than in the FT above 
India, Malaysia/Indonesia, Northeast China/Korea, Gulf of Guinea, 
and the Persian Gulf, ranging from 4.9 to 8.3 nmol mol−1 decade−1 
(9.6 to 26.3% decade−1) (table S4). Despite reductions of ozone pre-
cursor emissions (38), median LT ozone above Europe increased 
(2.9% decade−1) at a rate similar to the FT rate, while median LT 
ozone above the three North American regions is largely unchanged 
over the 1994–2016 period. Several recent studies have shown that 

reductions of ozone precursors in North America have been most 
effective at reducing surface ozone levels at the high end of the ozone 
distribution (5, 39, 40), especially during the warm season. Accordingly, 
the annual 95th percentile has decreased in the LT above the three 
North American regions (Fig. 3B), and these decreases are even 
greater when focusing on the warm season in both North America 
and Europe (fig. S2). Overall, the LT trends above North America, 
Europe, and East Asia from IAGOS measurements are similar to 
regional trends based on surface observations (40). While precursor 
reductions have been effective at reducing the high ozone events at 
the surface and in the LT, TCO trends above North America and 
Europe are largely positive, driven by the free tropospheric ozone 
increases (Fig. 2). In terms of relative increases, median LT ozone 
has increased by 30% or more above Northeast China/Korea, 
Southeast Asia, Gulf of Guinea, India, and Malaysia/Indonesia, with 
mid-tropospheric increases of 30 to 40% above Southeast Asia and 
Malaysia/Indonesia for the entire time period (fig. S2).

The MERRA-2 GMI simulation yields ozone trends for the same 
time period 1994–2016 with similar seasonal and spatial patterns as 
the observations, e.g., larger positive trends in the FT during the 
warm season and warm season decreases in the LT above eastern 
North America and Europe (figs. S4 and S5). Overall, modeled ozone 
trends most closely resemble the observed trends in the FT of mid-
latitudes. However, we also found some important differences 
between the observed and modeled ozone trends. As shown in fig. S6, 
the modeled ozone trends are generally less than the observed 
trends. The greatest model biases are above the tropical regions of 
India, Southeast Asia, and Malaysia/Indonesia, where the modeled 
trends are 3 to 5 nmol mol−1 decade−1 less than the observed trends, 
based on annual data. The discrepancy is even greater in the LT 
where the model sees little of the strong observed trends in the tropics 
or in Northeast China/Korea. The most likely explanation for the 
low bias in the tropics is an underestimation of ozone precursor 
emissions trends. Further discussion of the differences between the 
observed and modeled ozone trends is provided in the next section.

Fig. 2.  Annual trends of median ozone (nmol mol−1 decade−1) for two columns definition in the troposphere. Trends in the free troposphere (700 to 250 hPa) are 
shown in (A) and trends in the tropospheric column (950 to 250 hPa) are shown in (B). The trends are calculated between 1994 and 2016 above western North America 
(gray), eastern North America (green), Europe (blue), Northeast China/Korea (red), southeast United States (brown), South America (purple), Gulf of Guinea (salmon), India 
(orange), and Southeast Asia (cyan); between 1998 and 2016 above the Persian Gulf (black); and between 1995 and 2016 above Malaysia/Indonesia (magenta). For South 
America, the lower limit of the columns is at 600 hPa for data availability. Large squares indicate trends with P values less than 0.05; open large squares indicate trends 
with P values between 0.05 and 0.1, and open small squares indicate P values greater than 0.1.



Gaudel et al., Sci. Adv. 2020; 6 : eaba8272     21 August 2020

S C I E N C E  A D V A N C E S  |  R E S E A R C H  A R T I C L E

5 of 11

Notable increases of the lowest ozone values
In addition to the near-consistent positive trends of the median 
ozone values above all regions, the lowest ozone values (first and 
fifth percentiles) have also increased above all regions and at most 
levels (Fig. 4 and fig. S7). The largest increases, throughout the depth 
of the troposphere, have occurred above India, Southeast Asia, and 
Malaysia/Indonesia, mostly in the range of 4 to 8 nmol mol−1 decade−1. 
In the early part of the record (1994–2004), ozone values less than 
10 nmol mol−1 were common in the LT and MT of these regions, 
but today, these low values have largely disappeared. For example, 
values less than 20 nmol mol−1 in the FT above Malaysia/Indonesia 
diminished from 24% of all observations during 1994–2004 to just 
6% during 2011–2016 (fig. S8A). We found that this phenomenon 
has also occurred above the remote tropical Pacific Ocean, where 
the frequency of low ozone observations decreased from 25 to 15% 
over 20 years, based on airborne research missions (fig. S8B). Such 

increases have also been recorded by ozonesondes in the FT above 
Hilo, Hawaï (fig. S7). Observations from the 1970s through the 
1990s established that the marine boundary layer of the North Pacific, 
South Pacific, and Indian Oceans was a broad region of low ozone 
values, especially in the tropics (41–44). Ozone values below 
10 nmol mol−1 were commonly observed in the tropics because of 
net chemical destruction in an environment with limited ozone pre-
cursors. Tropical deep convection routinely transports ozone- 
depleted air from the marine boundary layer to the MT and UT 
(45–47), where it can then be transported to midlatitudes (48–50). 
For example, a transport climatology for marine boundary layer 
observations at the midlatitude site of Bermuda in the North Atlantic 
Ocean demonstrated that the lowest ozone observations originate at 
low latitudes (51) and the lowest ozone values in the UT above the 
Eastern United States originate at low latitudes (52). Furthermore, 
an analysis using 3.9 billion back trajectories to explore the transport 

Fig. 3. Annual trends and distribution of the 50th and 95th percentiles of ozone (nmol mol−1 decade−1) at intervals of 50 hPa. The trends (A and B) are calculated 
between 1994 and 2016 above western North America (gray), eastern North America (green), Europe (blue), Northeast China/Korea (red), southeast United States (brown), 
South America (purple), Gulf of Guinea (salmon), India (orange), and Southeast Asia (cyan); between 1998 and 2016 above the Persian Gulf (black); and between 1995 and 
2016 above Malaysia/Indonesia (magenta). Squares indicate trends with P values less than 0.05. Open squares indicate trends with P values between 0.05 and 0.1. The 
zero trend value is indicated with a vertical black bar. The annual profiles of absolute values of ozone (C and D) are for the recent period 2011–2016 above the same 
11 regions. For reference, the 70 nmol mol−1 value is indicated with a vertical black line, which corresponds to the U.S. National Ambient Air Quality Standards for ozone 
and is the annual fourth-highest daily maximum 8-hour average concentration averaged over 3 years.
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pathways associated with ozone observations in the FT above western 
North America (more than half of the observations were provided 
by IAGOS) showed that the lowest ozone values are typically associat-
ed with a low-latitude origin above the North Pacific Ocean (53). 
That analysis was based on all available springtime ozone observa-
tions above western North America, which showed a positive trend 
from 1984 to 2008.

The western Pacific warm pool, located in the tropics and centered 
between the International Date Line and Indonesia, has the highest 

sea surface temperatures in the open oceans (17). Intense deep con-
vection above the warm pool produces very low tropospheric column 
and upper tropospheric ozone values, which on average, are the 
lowest on Earth (5,  46,  54–56). The clear increases of the lowest 
ozone values above the warm pool and above the other tropical and 
midlatitude study regions indicate that there may have been a 
broad shift in the ozone budget of the Northern Hemisphere 
since the mid-1990s, especially in regions where ozone destruc-
tion once dominated.

Fig. 4. Histograms of ozone at three levels in the troposphere and for three key tropical regions, India, Southeast Asia, and Malaysia. (A) The periods 1994–2004 
(blue) and 2011–2016 (orange) are shown above all three sites, with the exception that the earlier period is limited to 1995–2000 above Malaysia/Indonesia because of 
data availability. (B) Also shown are the annual trends of the first and fifth percentiles above all 11 regions, at vertical intervals of 50 hPa. Squares indicate trends with 
P values less than 0.05. Open squares indicate trends with P values between 0.05 and 0.1.
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DISCUSSION
Changes in the sources of ozone
A recent analysis using the Community Atmosphere Model with 
Chemistry (Cam-chem) global atmospheric chemistry model de-
termined that the shift in ozone precursor emissions from midlati-
tudes toward the equator produced an increase in the Northern 
Hemisphere ozone burden from 1980 to 2010, with greater increases 
above the tropics and East Asia and weaker increases above North 
America and Europe (57). The broad increase of ozone was due to 
greater ozone production efficiency at low latitudes compared to mid-
latitudes. To understand whether this same phenomenon applies to 
our later study period of 1994–2016, we analyzed the emission in-
ventories used by the NASA MERRA-2 GMI model (Fig. 5 and fig. 
S9). NOx emission inventories from fossil fuel and biofuel show a clear 
equatorward shift similar to what was found in the previous study 
(57) and can explain the ozone increases in the LT above the tropi-
cal regions (Fig. 3A and fig. S4). While NOx emissions from biomass 
burning have decreased in the tropics, the decrease was over-
compensated by the increase of fossil fuel emissions (Fig. 5).

Changes in NOx emissions from lightning are an order of mag-
nitude less than changes of NOx emissions from fossil fuel combustion, 
with some regions showing small increases and others showing 
small decreases (fig. S9D). These model estimated changes in light-

ning NOx emissions over the 22-year study period are within the 
range of other model estimates (58). Given the small and variable 
magnitude of the changes in lightning NOx emissions, they are not 
expected to play a major role in the observed ozone trends.

The emission inventory used in the MERRA-2 GMI model does 
not take into account the recent decreases of precursors of ozone 
above China, as revealed by satellite observations of tropospheric 
column NO2. To explore the impact of reduced emissions from 
China, we conducted a sensitivity test in which we reduced anthro-
pogenic NOx emissions by 23% above China for the year 2015, in 
proportion to the observed decreases from 2012 to 2015 reported by 
van der A et al. (59). This adjustment diminished the overall 1994–
2016 increase of ozone by 2 to 3 nmol mol−1 throughout the tropo-
sphere above China and extending into the North Pacific Ocean. 
However, the response of tropospheric ozone to NOx reductions in 
China is complex. For example, during the cold season (October to 
April) in Northeast China, reduction of anthropogenic NOx emis-
sions actually led to increases of ozone across the region in the LT, 
as there was less ozone titration by NOx during the darker and 
cloudier conditions of winter. Furthermore, observational evidence 
from the extensive Chinese surface ozone monitoring network 
shows that ozone increased across 74 urban areas from 2013 to 2017 
(60). Another recent study, using the GEOS-Chem model, showed 

Fig. 5. Latitudinal distribution of NOx emissions from fossil fuel and biomass burning along with the emissions differences between 1994–1998 and 2012–2016. 
The emissions are shown in Tg NO year–1 for 1994–1998 in blue and 2012–2016 in orange (left). The emissions differences between the two time periods are shown in % 
(right). For both panels, the latitude band resolution is 5°.
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that ozone in megacities of the North China Plain is still increasing 
despite reductions of ozone precursor emissions (61). This contra-
dictory effect was attributed to PM2.5 decreases of 30 to 40% from 
2013 to 2017 because PM2.5 scavenges hydroperoxy and NOx radicals 
that would otherwise produce ozone. In addition to this sensitivity 
test, we also investigated the trends of NOx emissions between 1994 
and 2016 from the historic Climate Model Intercomparison Project 
6 Community Emissions Data System (CMIP6 CEDS), inventory 
used in the next IPCC report (AR6) and considered to be more up-to-
date. We found the same shift of NOx emissions toward the equator 
for the same sources (biofuel and fossil fuel). In addition, over 22 years 
starting in the mid-1990s, the trends of NOx emissions are still positive 
above China despite reductions in the most recent years. Given the 
uncertainties across all emission inventories and the impact of these 
uncertainties on ozone production (62), we do not expect the choice 
of emission inventory to change the overall conclusion that net ozone 
production increased across China over the 22-year study period.

In the 11 study regions, the changes of modeled NOx concentra-
tions in the boundary layer (fig. S4D) have responded to the changes 
in emissions (fig. S9), as expected. However, the changes in NOx 
concentrations in the UT (400 to 200 hPa) do not match the changes 
at the surface immediately below (fig. S6D). In particular, NOx con-
centrations increased in the UT above midlatitudes despite emission 
reductions at the surface of North America and Europe. The expla-
nation for this increase is linked to the increase of NOx emissions 
across southern, southeastern, and eastern Asia (Fig. 5 and figs. S4 
and S9), coupled with the well-established transport pathways from 
the polluted boundary layer of Asia to the UT of northern midlati-
tudes (63–66), as simulated by the MERRA-2 GMI model.

In the MERRA-2 GMI model, the stratospheric ozone tracer (fig. S6) 
shows notable increases above 350 hPa for eastern North America, 
western North America, and Northeast China/Korea but not above 

the other regions. These increases are strongest during the cold sea-
son (October to March), when the trends can reach 7 nmol mol–1 

decade−1. The dynamical processes that control stratosphere-to- 
troposphere transport are known to be highly variable in space and 
time (67), and the increase of the stratospheric ozone tracer above 
some regions but not others could be related to interannual vari-
ability of these transport processes. Within the output of the 
MERRA-2 GMI model, the stratospheric influence appears to ex-
plain much of the modeled ozone increase in the UT above the three 
midlatitude regions. However, this is probably an overestimate, as 
the model stratospheric ozone tracer is reported on a particular 
pressure surface (e.g., 250 hPa) for all air masses, no matter if an air 
mass is located in the UT or the lowermost stratosphere. In contrast, 
the observed ozone trend reported for a particular pressure surface 
(e.g., 250 hPa) is based purely on ozone observations made within 
the troposphere (all stratospheric air samples were removed, as de-
scribed in the “IAGOS data” section). Therefore, we expect the actual 
stratospheric influence on the observed midlatitude ozone trends to 
be less than that indicated by the model. The stratospheric influence 
on trends in the subtropical and tropical regions is negligible, as ex-
pected, because of the fact that stratosphere-to-troposphere trans-
port occurs predominantly at high latitudes and midlatitudes (68).

While the model indicates that stratospheric influence plays a 
role in the observed ozone increases in the UT above some midlatitude 
regions, the MT (550 to 350 hPa) ozone increases are largely explained 
by the transport of ozone and its precursors from low latitudes to 
midlatitudes, in agreement with the previous model analysis by 
Zhang et al. (57).

Impacts on RF
A final analysis focuses on the qualitative relationship between the 
observed ozone increases and the RF due to tropospheric ozone. 

Fig. 6. RF due to ozone above the 11 regions and globally. The circles and bars show the average RF and its range of uncertainty for the 11 regions. The squares and 
bars show the global average RF and its range of uncertainty from IPCC (2013) (2), and the stars and bars show the global average RF and its range of uncertainty from the 
work of Myhre et al. (8).
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The consensus estimate of ozone’s global mean RF, for the period 
1750–2010, is 0.4 ± 0.2 W m−2, based on an ensemble of models (2). 
A recent analysis by Myhre et al. (8), based on five global chemistry 
climate models, determined that the global mean RF due to ozone 
for the period 1990–2015 is +0.06 ± 0.03 W m−2, a rate of increase that 
is approximately double the IPCC estimate for the period 1990–2010 
[see Fig. 7, Myhre et al. (8)]. Myhre et al. (8) also concluded that the 
strongest increases in tropospheric ozone occurred above the regions 
of Asia and the Middle East located south of 30°N. An independent 
analysis reached similar conclusions and also provided analysis to 
show that the RF is roughly 50% greater in the Northern Hemisphere 
compared to the global mean (69). The study regions in the present 
analysis are limited to 11 locations in the Northern Hemisphere, and 
therefore, they cannot provide a global mean value of RF due to 
ozone, which considers both hemispheres. However, the observa-
tions can be used to demonstrate that the models used by Myhre et al. 
(8) are generally correct in their determination that recent in-
creases of RF due to ozone are strongest in the tropics. Figure 6 
compares RF due to ozone above the 11 study regions to the esti-
mates of IPCC (1990–2010) and Myhre et al. (1990–2015). RF values 
above the 11 study regions were estimated using the same normal-
ized total (shortwave + longwave) RF values adopted by IPCC for 
estimating future RF from model output (2, 70); this method focuses 
on TCO and does not account for ozone’s vertical distribution. The 
model estimates are mean values for the entire globe, and therefore, 
they are heavily weighted by regions of low ozone growth, such as 
the midlatitudes and high latitudes of the Southern Hemisphere. RF 
values above the 11 study regions can be much greater than the 
model estimates because of strong regional increases of ozone that 
are not representative of the entire globe. In general, the observation- 
based estimates of RF increase from north to south, with the greatest 
values above the Middle East, southern regions of Asia, and Malaysia/
Indonesia, consistent with the model estimates of Myhre et al. (8) 
that show the greatest ozone increases in these same regions. While 
our results cannot provide a global mean RF due to ozone, these 
regional increases in RF are supportive of model estimates of in-
creasing RF due to ozone for the recent period of 1990–2015 (8). 
These IAGOS data are now available for evaluating and constraining 
new model estimates of regional- and global-scale RF due to ozone.

SUPPLEMENTARY MATERIALS
Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/34/eaba8272/DC1
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