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Multiple facets of atmospheric ozone
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90%

10%

Ozone layer
All ozone molecules compressed to pressure of  
1 atm. and temperature of 0°C :
• Whole atmosphere ~ 8 km
• Ozone layer: 3 mm thickness (300 DU)
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Ozone : a gas essential to life on Earth
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• UV radiation hazards: DNA damage, skin cancer, 

eye cataracts, ecosystem damage

• The formation of ozone in the atmosphere has 

allowed life to emerge from the oceans

Main atmospheric element filtering solar UV-B radiation (280 – 315 nm)

Appearance of O
2

~2 billion years ago

Ozone: ~ 600 million years ago

Stratosphere

due to the 

presence of 

ozone in the 

atmosphere
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Fragile equilibrium of stratospheric ozone

Sources gases emitted at the 
surface: 
N2O, CH4, H2O, CH3Cl, CFC, ...

dissociation of ozone molecules: Reaction with O
atom or with radicals produced from source
gases emitted at the surface (e.g. nitrogen,
hydrogen, chlorine and bromine families).
Loss through catalytic cycles that reform initial
radicals

Chemical production Chemical loss

Catalytic cycles

Reservoir species

Catalytic chains:~1000 
Ozone controled by species
1000 times less abundant

UV radiation

CFCs

Example of catalytic cycle: chlorine family
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Threats on the ozone layer
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1974: Molina and Rowland

Catalytic destruction of ozone by 
chlorofluorocarbons (CFC)

1985: Farman et al.
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Actions taken to protect the ozone layer

2010200019901980
WMO World Plan of Action on the Ozone Layer - 1977

Safeguarding the 
Ozone Layer 

and the Global 
Climate System: 

2005 (IPCC/TEAP)

Scientific Assessment of Ozone Depletion:
1989, 1991, 1994, 1998, 2002, 2006, 2010, 2014, 2018 (WMO/UNEP)

World Meteorological Organization
Global Ozone Research and Monitoring Project—Report No. 55

SCIENTIFIC ASSESSMENT OF

OZONE DEPLETION: 2014

National Oceanic and Atmospheric Administration
National Aeronautics and Space Administration

United Nations Environment Programme
World Meteorological Organization

European Commission

 

 
 

 

 

  

Montreal 
Protocol

Vienna 
Convention1985

1987 Ozone depleting substances 
regulation and ban

Protection of the ozone layer
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What is the situation 30 years after
enforcement of Montreal Protocol 

in 1989?
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Most ODS have a very long 
lifetime: They will take time to 
disappear from the atmosphere

Actions related to the Montreal Protocol have led to decrease in 
ODS abundance and beginning of ozone layer recovery

CFC-11 lifetime: 52 yrs
CFC-12 lifetime: 102 yrs

CFC-11-eq emissions
(ODP-weighted)

Equivalent effective 
chlorine (EECl)

WMO/UNEP 2018

Ozone-depleting substances are declining
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Recovery of the ozone layer

• Ozone layer has stopped decreasing
in late 1990s and is now slowly
recovering

• Present global average total ozone: 
~2% below pre-1980 values 

• Return of total ozone to pre-1980 
values:
• Global mean: ~2050
• Northern mid-latitudes: ~2035
• Southern mid-latitudes: ~2050

• Disparition of ozone hole: ~2060

WMO/UNEP 2018

But uncertainties linked to 
ozone-climate interaction
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Ozone recovery as a function of altitude
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• SPARC/IO3C/WMO on ozone profile 
trends.

• 1st phase: trend results similar with 
previous studies but significance of 
combined trends in large latitude 
bands differ
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Comparison with model results

Disagreement between
satellite and model 
trend results in the 
lower stratosphere

Ball et al., 2018:
Evidence for a continuous decline in lower
stratospheric ozone offsetting ozone layer recovery

Need for accurate ozone monitoring in the 
Upper troposphere lower stratosphere
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Evolution of Antarctic ozone hole
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Ozone hole: recurrent seasonal feature in 
Southern Hemisphere since ~1980

2018201720102008

1999198819791970
Ozone hole area

2019

Small ozone hole due to 
sudden stratospheric

warming in late August

Pazmino et al., 2018

Avg. total ozone within
SH polar vortex on 
15Sept. – 15 Oct.

~1.5DU.y-1 since 2001

Ozone Mass Deficit

Ozone Trends
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New threats to the ozone layer
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Unexpected increase of CFC-11 emissions

Increase of
13 Gg.y-1 

(25%)

Montzka et al., 
Nature, 2018

Rigby et al.,
Nature,  
2019

Eastern China

• Slower than expected decrease of 
CCl4 and other controled ODS (CFC-
13, CFC-113a, CFC-114, CFC-115)

• Increase of VSLS: CH2Cl2 and CHCl3
• Increase of stratospheric

background aerosols (volcanoes, 
fires, geoengineering?) 

WMO/UNEP, 2018
Fang et al., Nature Geoscience, 2019
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Ozone in the troposphere
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Main processes affecting tropospheric ozone

• 10 % of atmospheric ozone
• Strong oxidant detrimental to 

human health, crops and ecosystems
• Radiative gas: contributes to global 

warming

• Stratosphere-troposphere
exchange

• Photochemical formation: sun + 
precursors (NOx, CO and VOC)

• Photochemical destruction in low
NOx conditions (OH-HO2 cycle)

• Dry deposition on the ground

Main characteristics

Young et al., 2018
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Ozone radiative forcing
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IPCC report, 2013

Historical evolution of tropospheric ozone

Ozone 3rd most important 
greenhouse gas after CO2 and CH4
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• Strong reduction due to 
European emissions reduction

• Small impact of +2°C climate

change 

Historical regional climate
emissions 2005

%

Historical regional climate
emissions 2050

+2°C regional climate
emissions 2050

+3°C regional climate
émissions 2050

+3°C regional climate
émissions 2005

Impact of climate change on future surface ozone 

Fortems-Cheney et al., Nature Com., 2017

• +3°C: Important increase

à impact of large scale methane

increase
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Some results from TOAR IGAC activity

17

up-to-date scientific assessment of tropospheric ozone’s global distribution and trends 
from the surface to the tropopause.

Goals:

• Produce first tropospheric ozone assessment report based on the peer-reviewed
literature and new analyses.

• Generate easily accessible and documented data on ozone exposure and dose 
metrics at hundreds of measurement sites around the world (urban and non-urban), 
freely accessible for research on the global-scale impact of ozone on climate, human
health and crop/ecosystem productivity.

Coordinated by Owen Cooper 
NOAA, USA

Result articles published in special issue of Elementa
https://collections.elementascience.org/toar
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Present day distribution of surface ozone
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Present-day global daytime average ozone (nmol mol–1)   2010 – 2014 

Gaudel, A, et al. 2018. Tropospheric Ozone Assessment Report: Present-day distribution and 

trends of tropospheric ozone relevant to climate and global atmospheric chemistry model 

evaluation. Elem Sci Anth, 6: 39. DOI: https://doi.org/10.1525/elementa.291

December–January–February

2702 non-urban sites

June–July–August

3136 non-urban sites



50 years of ozonesonde launches at Uccle, 19 September 2019

Surface ozone trends
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Vector colors: p-values on the linear trend for each site
blue: negative trends,
orange: positive trends
green: weak or no trend

2000 – 2014 trends of daytime average ozone (nmol mol–1 yr-1)

December–January–February
1375 non-urban sites

June–July–August
1786 non-urban sites

Gaudel et al., 2018
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Tropospheric column ozone
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Annual mean TCO (DU) from five satellite products and ozonesondes (TOST)

2010 – 2014   
except TOST:
2008–2012 

TOST OMI/MLS

OMI-SAO OMI-RAL

IASI-FORLI IASI-SOFRID
Gaudel et al., 2018
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Tropospheric ozone column trends
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TOST
2003-2012

OMI-SOA
2005-2015

IASI-FORLI
2008-2016

OMI/MLS
2005 - 2016

OMI-RAL
2005 - 2015

IASI-SOFRID
2008 - 2016

Gaudel et al., 2018
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Evolution of tropospheric ozone burden
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Gaudel et al., 2018

Discrepancies in tropospheric
column ozone is a problem
also for interpreting total 
ozone trends at global scale
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Conclusions
• Ozone very important gas in the atmosphere for climate and health

• Thanks to the Montreal Protocol, ozone layer should return to pre-1980 
level by the second half of 21st century.

• Non compliance to Montreal Protocol, increase of unregulated ODS and 
other parameters (N2O, aerosol including geoengineering) could delay the 
recovery

• MP pioneers verification of compliance to environmental treaties

• Climate benefits of MP are significant since ODS are powerful greenhouse
gases (Kigali amendment for HFC)

• Issues in the evaluation of UTLS and tropospheric ozone trends 

• Evaluation of future ozone levels needs an adequate ozone monitoring 
system: ground-based ozone records such as the very long Uccle ozone 
sonde time series are extremely precious
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Collaboration between IRM and CNRS related to ozone soundings

UCCLE OHP
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Thank you !

The true color of ozone

Credit: Christof Janssen, CNRS
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