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Our evolving understanding 
of global ozone observations 
is documented by the 
assessments of the 
Intergovernmental Panel on 
Climate Change (IPCC)
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IPCC’s estimates of tropospheric ozone’s radiative forcing (since 1750) 
have changed little since 1995

- 1990 no estimate

- 1995 0.4 ± 0.2 W m-2

- 2001 0.35 ± 0.2 W m-2

- 2007 0.35 (0.25 – 0.65) W m-2

- 2013 0.40 ± 0.20 W m–2

- 2021 +0.47 [0.24 to 0.70] W m-2 (troposphere + stratosphere)



IPCC AR6 key findings on tropospheric 
ozone

- Assessed the tropospheric ozone burden 
to be 347±28 Tg for 2010 

- Ozone’s effective radiative forcing (ERF) 
is +0.47 [0.24 to 0.70] W m-2 (1750-2019, 
tropospheric + stratospheric ozone), 17% 
of total ERF (2.72 W m-2 since 1750)

- The tropospheric ozone burden 
increased by 45% from 1850 to the 
present-day, and has continued to 
increase since the 1990s

- Ozone burden is expected to increase in 
the near future if emissions and 
methane continue to increase

- Trends at the surface do not necessarily 
match trends in the free troposphere

Figure 6.4 from IPCC AR6 shows the historical and future projection (SSP3-
7.0) of the global tropospheric ozone burden.  The observed ozone burden 
of 338 ± 6 Tg for 2010-2014 is from the TOST ozonesonde and IASI satellite 
products reported by TOAR-Climate [Gaudel et al. 2018]. 



Tropospheric ozone has increased globally since the mid-1990s, 
but surface trends are variable (IPCC AR6, 2021)

Figure 2.8, Chapter 2, IPCC AR6 WG-I, The 
Physical Science Basis



Methane has increased globally by 8% since 2005

CMIP-6 global NOx emissions have levelled off 
since 2010

Decreases in northern mid-latitudes

Increases in the tropics

Figure produced by Vaishali Naik, NOAA GFDLFigure produced by NOAA Global Monitoring Laboratory



Annual anthropogenic NOx emissions across tropical South and East Asia, by latitude band (1950-
2017).  Figure produced by Meng Li, U. of Colorado, using the new MIXv2 emissions inventory. 

Li, M.,  Jun-ichi Kurokawa, Qiang Zhang, Jung-Hun Woo, Tazuko Morikawa, Satoru Chatani, 
Zifeng Lu, Yu Song, Guannan Geng, Hanwen Hu, Jinseok Kim, O. R. Cooper, B. C. McDonald 
(2023), MIXv2: a long-term mosaic emission inventory for  Asia (2010-2017), ACP, submitted



South and East Asia is the regional 
hotspot for tropospheric ozone

Liu, J., Strode, S. A., Liang, Q., Oman, L. D., Colarco, P. 
R., Fleming, E. L., et al. (2022). Change in 
tropospheric ozone in the recent decades and its 
contribution to global total ozone. Journal of 
Geophysical Research: Atmospheres, 127,  
https://doi.org/10.1029/2022JD037170

Observed (OMI/MLS) and modeled 
(GEOS-CCM) tropospheric column 
ozone (2005-2018)



Hourly ozone values were provided by the U.S. EPA, and Canada’s 
National Air Pollution Surveillance (NAPS) program 

MDA8 and Monthly mean values were produced by the TOAR 
Database: https://toar-data.org/surface-data/

Ozone levels in 2000-2004 (top) 
and 2015-2019 (bottom)

Metric: number of days per year above 70 
ppb, based on MDA8 ozone

Relevance:  clinical trials show respiratory 
impacts on healthy young adults at levels 
above 70 ppb;  US National Ambient Air 
Quality Standard for ozone  

Highest values (> 15 days per year):  
These ozone levels have completely 
disappeared in the eastern USA and 
Ontario.
These levels persist in Denver, Phoenix. 
Las Vegas and much of California.



Remarkable ozone decreases at Big 
Meadows, Shenandoah National Park

The EPA CASTNET monitoring site in Shenandoah 
National Park is located at Big Meadows, 1073 meters 
above sea level on the crest of a ridgeline.

Excellent rural location for monitoring regional 
background ozone in the eastern USA

Continuous data collection began in the late 1980s

Data source:

Ozone data were collected by the EPA Clean Air Status and Trends 
Network (CASTNET):
https://www.epa.gov/castnet

and by the National Park Service: 
https://ard-request.air-resource.com/

MDA8 ozone values were provided by EPA: 
https://aqs.epa.gov/aqsweb/airdata/download_files.html

https://www.epa.gov/castnet
https://ard-request.air-resource.com/
https://aqs.epa.gov/aqsweb/airdata/download_files.html


Remarkable ozone decreases at Big Meadows, 
Shenandoah National Park

Below: every MDA8 ozone value at Big Meadows from 1987 through 
early 2022.  Blue numbers at the top indicate the number of days per 
year that exceed 70 ppbv.  
From 2017 to 2021 there was not a single exceedance.



Impact of the Covid-19 
pandemic



Impact of the Covid-19 
pandemic

At the surface, 
ozone generally 
increased in urban 
areas.

-due to the 
reduction in NOx
emissions in 
springtime months, 
when NOx often 
destroys ozone in 
urban settings



In the free troposphere, 
clear ozone decreases 
(~5%) were observed at 
northern mid-latitudes

Impact of the Covid-19 
pandemic



Satellite 
instruments also 
detected ozone 
decreases at 
northern mid-
latitudes.

Impact of the Covid-19 
pandemic



Manuscript under review with ACP; submitted to the TOAR-II Community Special Issue 



Monthly ozone anomalies were calculated for 41 high elevation sites (all rural or remote)



Most NH sites experienced a decrease of ozone in spring and summer of 2020



Strongest decreases were in the western USA in spring 2020 (-9%) 
and the eastern USA in summer 2020 (-12%)



Sites in the western USA show 
positive ozone anomalies in August-
September 2020 and July-August 
2021, due to impacts from wildfire 
smoke.

California Utah

Arizona

Colorado

Nevada



Strong positive 
anomalies across the 
western USA in summer 
2021 were associated 
with large wildfires.



Possible ozone pathway 
in the 21st Century

A potential Shared Socio-
economic Pathway for the 21st

Century is SSP3-7.0

- Focus is on economic 
development and security

- A low international priority 
for addressing environmental 
concerns leads to strong 
environmental degradation 
in some regions

- Methane emissions increase 
throughout the 21st Century

- NOx emission peak by mid-
century and then decline

From: 
Figure 6.18, Chapter 6, IPCC AR6 
WG-I, The Physical Science Basis



Figure 6.4 from IPCC AR6 shows the historical and future projection (SSP3-
7.0) of the global tropospheric ozone burden.  The observed ozone burden 
of 338 ± 6 Tg for 2010-2014 is from the TOST ozonesonde and IASI satellite 
products reported by TOAR-Climate [Gaudel et al. 2018]. 



Many regions of the world are 
experiencing an increase in 
heatwaves.

The number of days per year with 
daily maximum temperature >35⁰ C 
is expected to increase throughout 
the 21st century.

UNEP (2022) predicts an increase of 
50% in the number of wildfires by 
2100.

UNEP, Spreading Like Wildfire: The Rising Threat of Extraordinary 
Landscape Fires. UNEP: Nairobi, 2022. 

WMO Air Quality and Climate Bulletin, No. 3, September 6, 2023; 
a publication of the World Meteorological Organization, 
https://library.wmo.int/idurl/4/62090



Possible ozone pathway in the 21st Century
A potential Shared Socio-economic Pathway for the 21st Century is SSP3-7.0

- The “climate penalty” will exacerbate ozone increases in some regions, by ~20%

- Will be strongest in regions with highest emissions: South and East Asia

- The penalty will impact ¼ of the global population



Future Outlook:

A business as usual scenario (e.g. SSP3-7.0) will increase the tropospheric 
ozone burden.

An increase in heatwaves will produce an ozone climate penalty in high 
emissions regions, such as South and East Asia.

Wildfires will increase globally, providing an extra source of ozone precursors. 





The global tropospheric 
ozone burden increased by 
9% from 1980 to 2010.

Half of the increase was due 
to the increase of emissions.

The other half was caused by 
the equatorward shift of 
emissions.



The most extensive evaluation of 
historical (pre-1975) ozone 
observations

Ozone has increased at northern 
mid-latitudes since the mid-20th 
century, in the range 30-70 %

See TOAR-Observations for further 
details:
Tarasick and Galbally et al. (2019), Tropospheric 
Ozone Assessment Report: Tropospheric ozone 
from 1877 to 2016, observed levels, trends and 
uncertainties. Elem Sci Anth, 7(1)
DOI: http://doi.org/10.1525/elementa.376 Historical data

Modern 
data

Results from the Tropospheric Ozone Assessment Report







Possible ozone pathway 
in the 21st Century
A potential Shared Socio-
economic Pathway for the 21st

Century is SSP3-7.0

- This pathway will lead to an 
increase in the global 
tropospheric ozone burden

- Surface ozone will decrease 
in remote regions due to 
increased water vapor

- Surface ozone will increase in 
developing regions with 
increasing precursor  
emissions



Global aviation CO2 emissions doubled from 1990 to 2018.

Lee, D.S., Fahey, D.W., et al., The contribution of global aviation to 
anthropogenic climate forcing for 2000 to 2018, Atmos. Environ. 
(2020), doi: https://doi.org/10.1016/j.atmosenv.2020.117834

A recent GEOS-Chem analysis attributes 66% of the 1995-2017 
increase of the global tropospheric ozone burden to aircraft 
emissions.



Aircraft emissions will increase in the coming 
decades 

Model studies are required to understand the 
impact of future aircraft emissions on the global 
tropospheric ozone burden

Global increase in aircraft:
Airbus estimates that the number of 
in-service commercial aircraft will 
more than double from 2020 to 2042 



-Surface ozone trends at sparse remote monitoring sites do 
not reflect trends in the free troposphere or the tropospheric 
column

The balance of evidence from surface sites, commercial 
aircraft, ozonesondes and satellite products show ozone has 
increased since the mid-1990s in:

Northern mid-latitudes
Northern tropics
Southern tropics

Limited data from the southern mid-latitudes suggest a weak 
increase

~ 3 ppbv per decade



Tropospheric ozone is a short-lived trace gas 

1) that originates naturally in the stratosphere, or  

2) is produced by photochemical reactions 
involving sunlight and precursor gases.

Ozone precursor gases:  
nitrogen oxides, non-methane volatile organic 
compounds, methane or carbon monoxide

Natural sources - wildfires, biogenic 
hydrocarbon emissions, lightning NOx, and 
biogenic NOx emitted from soils

Anthropogenic sources - fossil fuel and 
biofuel combustion, or crop burning.

Figure from:
Salawitch R.J., L. A. McBride, C. R. Thompson, E. L. Fleming, R. L. 
McKenzie, K. H. Rosenlof, S. J. Doherty, D. W. Fahey, Twenty Questions 
and Answers About the Ozone Layer: 2022 Update, Scientific Assessment 
of Ozone Depletion: 2022, 75 pp., WMO, Geneva, Switzerland, 2023.



Global CO2 emissions 
through 2022

Friedlingstein, P., et al., Global Carbon 
Budget 2022, Earth Syst. Sci. Data, 14, 
4811-4900, 2022
https://doi.org/10.5194/essd-14-4811-
2022
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