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Å Introduction: (tropospheric) ozone

ÅFrom TOAR-I to TOAR-II

ÅHarmonized ground-based measurements (HEGIFTOM)

ÅTropospheric ozone column distribution 
(+ impact of COVID-19)

ÅTropospheric ozone column trends

V Individual site trends

V Regionalized trends

(+ impact of COVID-19)

ÅConclusions and outlook

V Tropospheric ozone trends

V Implications for stratospheric ozone trends assessment
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Å10% of atmosphericozone

Åharmful impact: toxic effectson humans(health), ecosystemsand crops

Ågreenhousegas(Ą climate)

Åformation/destruction of troposphericozone by      

V stratosphere-troposphereexchange

V photochemicalformation: sun+ precursors
(NOx, CO, CH4 and VOC) comingfrom vehicule
exhaustand industrialemissions

V photochemicaldestruction in low NOx

conditions (OH-HO2 cycle)

V dry depositionon the ground FromYoung et al., Elementa, 2018
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Tropospheric Ozone



Stakeholders:  

Tropospheric Ozone Assessment Report                            
co-chairs: Owen Cooper (NOAA) & Martin Schultz (FZJ)    
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TOAR-I 2014-2019

Mission:
To provide the research community with an up-to-date scientific assessment of tropospheric 
ƻȊƻƴŜΩǎ Ǝƭƻōŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƴŘ ǘǊŜƴŘǎ ŦǊƻƳ ǘƘŜ ǎǳǊŦŀŎŜ ǘƻ ǘƘŜ ǘǊƻǇƻǇŀǳǎŜΦ 

Deliverables:

1) The first tropospheric ozone assessment report based on all available surface observations, 
the peer-reviewed literature and new analyses.



TOAR-I Publications
https://

collections.elementascience.org/toar



Stakeholders:  
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TOAR-I 2014-2019

Tropospheric Ozone Assessment Report                            
co-chairs: Owen Cooper (NOAA) & Martin Schultz (FZJ)    

Mission:
To provide the research community with an up-to-date scientific assessment of tropospheric 
ƻȊƻƴŜΩǎ Ǝƭƻōŀƭ ŘƛǎǘǊƛōǳǘƛƻƴ ŀƴŘ ǘǊŜƴŘǎ ŦǊƻƳ ǘƘŜ ǎǳǊŦŀŎŜ ǘƻ ǘƘŜ ǘǊƻǇƻǇŀǳǎŜΦ 

Deliverables:

1) The first tropospheric ozone assessment report based on all available surface observations, 
the peer-reviewed literature and new analyses.

2) A database containing ozone exposure metrics at thousands of measurement sites around 
the world, freely accessible for research on the global-scale impact of ozone on climate, 
human health and crop/ecosystem productivity: 
https://toar -data.org/ Ą hosted by JülichSupercomputing Center at FZJ!

https://toar-data.org/


The first global-scale view of all 
available surface ozone 
observations

98th percentile 

5-year average (2010-2014) 

Summertime months

https://toar -data.org/

https://toar -data.fz-juelich.de/

Č surface O3 data harmonization: 
world's largest database of surface 
ozone observations, with ozone 
metrics and trends calculated 
consistently for all time series

TOAR-I Database key results
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The first intercomparisonof satellite ozone products

Satellite products generally agree regarding global 
tropospheric ozone hotspots. 

TOAR-I key results
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The first intercomparisonof satellite ozone products

Satellite products generally agree regarding global 
tropospheric ozone hotspots. 

Satellites and IPCC models report 
similar values for the tropospheric 
ozone burden.

However, the satellites disagree 
regarding trends over the past 
decade (2008-2016).

Č TOAR-I identified major 
discrepancies among the ozone trends 
reported by different satellite products: 
TOAR-II Satellite Ozone working group.

Č Tropospheric ozone trends from 
ground-based and in-situ techniques? 
TOAR-II GB working group

TOAR-I key results
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TOAR Database:  Updated with all recent ozone observations worldwide; 
add ozone precursors and meteorological data.

Final Product:  An observation-ōŀǎŜŘ ŀǎǎŜǎǎƳŜƴǘ ƻŦ ǘǊƻǇƻǎǇƘŜǊƛŎ ƻȊƻƴŜΩǎ 
distribution and trends on regional, hemispheric and global scales 

(modelled after IPCC Working Group I)

Impact studies: will quantify the impactsof ozone on human health, 
vegetation and climate 

(modelled after IPCC Working Group II) 
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TOAR-II 2020-2026: Primary goals

Tropospheric Ozone Assessment Report, Phase II                            
co-chairs: Helen Worden (NCAR) & Martin Schultz (FZJ)    



New research is organized in independent Focus Working Groups:
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TOAR-II Focus Working Groups

Africa Focus Working Group

Chemical Reanalysis Focus Working Group

East Asia Focus Working Group

Global and Regional Models Focus Working Group

HEGIFTOM Focus Working Group

Human Health Impacts of Ozone Focus Working Group

Machine Learning for Tropospheric Ozone

Ozone over the Oceans Focus Working Group

Ozone and Precursors in the Tropics (OPT) Focus Working Group

Ozone Deposition Focus Working Group

Radiative Forcing Focus Working Group

ROSTEESFocus Working Group

Satellite Ozone Focus Working Group

South Asia Focus Working Group

StatisticsFocus Working Group

Tropospheric Ozone Precursors (TOP)Focus Working Group

Urban Ozone Focus Working Group



TOAR-II Community Special Issue

Å Focus Working Group findings submitted to the 
Community Special Issue before 30 Nov 2024
= inter-journal special issue hosted by Copernicus 
https:// acp.copernicus.org/articles/special_issue1256.html

Å Papers from this community SI (and others) will                              
feed the TOAR-II Assessment Papers:

Health, Climate, Vegetation, STE, 

Satellite, S. America, Africa, 

Oceans

https://acp.copernicus.org/articles/special_issue1256.html


New research is organized in 17 independent Focus Working Groups:

Africa Focus Working Group

Chemical Reanalysis Focus Working Group

East Asia Focus Working Group

Global and Regional Models Focus Working Group

HEGIFTOM Focus Working Group

Human Health Impacts of Ozone Focus Working Group

Machine Learning for Tropospheric Ozone

Ozone over the Oceans Focus Working Group

Ozone and Precursors in the Tropics (OPT) Focus Working Group

Ozone Deposition Focus Working Group

Radiative Forcing Focus Working Group

ROSTEESFocus Working Group

Satellite Ozone Focus Working Group

South Asia Focus Working Group

StatisticsFocus Working Group

Tropospheric Ozone Precursors (TOP)Focus Working Group

Urban Ozone Focus Working Group
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TOAR-II Focus Working Groups
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TOAR-II Focus Working Groups



Key Objective:
Evaluation and harmonization of the different 
free tropospheric ozone profiling datasets of the 
established measuring platforms (in-service
aircraft, ozonesondes, Brewer/Dobson Umkehr, 
FTIR, Lidar). 

Major Deliverables:
Å Quality assessed ozone data sets, whereby 

each measurement gets also an uncertainty
and a quality flag. 

Å Thereby, representativenessand instrumen-
tal drifts will be characterized and evaluated.

Å Assessment of tropospheric ozone trends.

Å Testing ozone retrievals from new remote 
sensing techniques (MAX-DOAS, Pandora) 
against the established techniques.

http:// hegiftom.meteo.be/datasets

Harmonization and Evaluation of Ground-based Instruments for Free Tropospheric 

Ozone Measurements, chairs: Herman Smit & Roeland Van Malderen 
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TOAR-II Focus Working Group HEGIFTOM

http://hegiftom.meteo.be/datasets
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Achievements and updates:

Å IAGOS: 

o internal consistency paper published in AMT (Blot et al., https://doi.org/10.5194/amt-14-3935-2021), 

o simulation chamber comparison of IAGOS-CORE UV-photometer and reference photometer for ozonesondes
(Smit et al., 2025, AMT, TOAR-II SI, https:// doi.org/10.5194/egusphere-2024-3760)

Å Lidar: TMF data has been updated with new data processor, OHP will follow

Å FTIR: flagging applied to the NDACC data

Å Brewer/Dobson Umkehr: 

o 6 Dobson Umkehrsites have been homogenized (Petropavlovskikhet al., https://doi.org/10.5194/amt-15-
1849-2022)

o Updated uncertainty estimation of the retrievals. 

Å ozonesondes: 

o 12 more sites homogenized, e.g. OHP, Lauder, Arctic sites(10-15/55 remaining) 

o homogenized data available on ftp-server

HEGIFTOM: Homogenized datasets - internal consistency 
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Deliverable: Homogenized free tropospheric ozone profile data, described at HEGIFTOM 
website, with same template for each dataset: 

Availability

location (ftp, data archive, website, doi, e-mail address contact person, etc.). 

Data field description

Measured data fields (and their units), incl. auxiliary data fields, available metadata. Data format

Description of homogenization procedure

short description of the steps taken to make the dataset (more) homogeneous within the network.

Data management

Å Flagging

Å Uncertainties

Å Traceability

Å Internal consistency

Å External consistency

Å Data quality indicators

Å List of homogenized sites (name, geographical location, period of observations )

https:// hegiftom.meteo.be/datasets
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HEGIFTOM: Homogenized datasets

https://hegiftom.meteo.be/datasets
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Å 43 sites (green dots) with homogenized ozone profile data

Å Profile data available at ftp-server https:// hegiftom.meteo.be/datasets/ozonesondes

HEGIFTOM: Homogenized datasets
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Ozonesondes

https://hegiftom.meteo.be/datasets/ozonesondes
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HEGIFTOM: Homogenized datasets
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Å 25 sites (22 active in O3) providing O3 data. See NDACC 

Infrared WG: https:// www2.acom.ucar.edu/irwg

Å Oldest date back to the mid 90s, most since mid 2000s

Å Those sites also provide CO/HCHO https:// hegiftom.meteo.be/datasets/ftir

FTIR

https://www2.acom.ucar.edu/irwg
https://hegiftom.meteo.be/datasets/ftir
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HEGIFTOM: Intercomparisons(external consistency)
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ÅDeliverable:TOAR-II IntercomparisonGuidelines for Observations of Tropospheric Column 
Ozone and Tropospheric Ozone Profiles(https://igacproject.org/sites/default/files/2022-03/TOAR-

II_Guidelines_for_TCO_and_Profile_Intercomparisons.pdf) 

Å IAGOS aircraft vs. ozonesondeprofiles at 11 stations

Wang et al., ACP, TOAR-II SI, 2024

https://igacproject.org/sites/default/files/2022-03/TOAR-II_Guidelines_for_TCO_and_Profile_Intercomparisons.pdf


21

HEGIFTOM: Intercomparisons(external consistency)
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Björklundet al., AMT, TOAR-II SI, 2024

Intercomparisons: comparison of (tropospheric) ozone retrievals from different ground-based 
instruments at dedicated sites

Lauder (New Zealand)

Reference: FTIR
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Deliverable: time series of different (partial) tropospheric ozone column amounts

https:// hegiftom.meteo.be/datasets/tropospheric-ozone-columns-trocs

HEGIFTOM: Tropospheric ozone columns (TrOC)

1. P > P_TP (WMO)
2. P > P (lat) (e.g. 150 hPa@ tropics, 400 hPain polar regions)
3. P > 300 hPa
4. FT: 4 < h < 8 km  AND 700 hPa> P > 300 hPa
5. LT: h < 4 km AND P > 700 hPa
6. BL: h < 2 km 

the 2 recommended 
TOAR-II tropospheric 
ozone column definitions

Å for all sites/techniques,  if feasible
Å provided for all measurements (L1), together with daily means (L2) and monthly means (L3)
Å available in DU or ppb
Å uncertainties included (random, systematic, total, statistical)
Å simple csv files, with readme files per technique
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Deliverable: time series of different (partial) tropospheric ozone column amounts

https:// hegiftom.meteo.be/datasets/tropospheric-ozone-columns-trocs

HEGIFTOM: Tropospheric ozone columns (TrOC)

1. P > P_TP (WMO)
2. P > P (lat) (e.g. 150 hPa@ tropics, 400 hPain polar regions)
3. P > 300 hPa HERE!
4. FT: 4 < h < 8 km  AND 700 hPa> P > 300 hPa
5. LT: h < 4 km AND P > 700 hPa
6. BL: h < 2 km 

the 2 recommended 
TOAR-II tropospheric 
ozone column definitions

Å for all sites/techniques,  if feasible
Å provided for all measurements (L1), together with daily means (L2) and monthly means (L3)
Å available in DU or ppb
Å uncertainties included (random, systematic, total, statistical)
Å simple csv files, with readme files per technique
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HEGIFTOM: TrOCintercomparisonsat collocated sites 
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Daily means


