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The importance of quantified uncertainty for confidence

Dataset property 

User requirement (*) C3S 

Target (goal) Threshold Specification  Data products 

Geographic coverage Global (incl. polar night) Global Global all 

Horizontal resolution 20 km 100 km 1° x 1° all 

Total uncertainty (**) 2% 3% 

5% TC_GOME 

3% 

TC_SCIA 
TC_GOME2A 
TC_GOME2B 
TC_GOME2C 
TC_OMI 
TC_OMPS 
TC_S5P 
TC_GTO-ECV 

2% TC_MSR 

Stability (**) 1% / decade 3% / decade 1% / decade all 

ICDR update frequency 
Daily 

(GCOS: 4-hourly) 
Weekly 

Quarterly 

TC_GOME2B 
TC_GOME2C 
TC_OMI 
TC_OMPS 
TC_S5P 

Semi-annually TC_GTO-ECV 

Annually TC_MSR 

(*) As documented in the C3S Ozone Target Requirements and Gap Analysis Document (TRGAD)Error! 
Reference source not found. 
(**) As defined in the C3S Ozone PQAD Error! Reference source not found.. 

 

C3S requirements on total ozone column products
Otto et al., BAMS, 2016
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Context 1: H2020 Copernicus Cal/Val Solution

❖Dedicated Cal/Val gap analysis and “solution” for Sentinel-5P, -4 -5 
and CO2M constellations following 

• CCVS defined maturity assessment 
• Generic atmosphere validation protocol 
• CEOS WGISS Data Management & Stewardship MM (‘Validation’ column)
• Building on previous gap analyses (QA4ECV, GAIA-CLIM, FIDUCEO)

http://ccvs.eu
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Context 2: ISSI workshop on ECVs and their uncertainties

Dedicated 

special issue

(in prep.)
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Uncertainties: prognostic (a.k.a. ex-ante)

Prognostic uncertainties: Example of the state-of-the-art:

• Construction of traceability chain/diagram

• +/- VIM, GUM and TUNER compliant

• Monte Carlo propagation of L1 uncertainties

• Synthetic retrievals to study impact of aux. parameter uncertainty,  

cross section uncertainty, model errors.

• Differentiation between random and systematic + study of 

correlations
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Verifying prognostic uncertainties: self co-locations 

6

Random component only!
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Verifying prognostic uncertainties: diagnostic uncertainties 

ESA FRM 

Programme

Various quality 
indicators: 
• bias 
• dispersion 
• spatio-temporal 

patterns 
• dependence on 

influence quantities
• drift

S5P MPC VDAF 
ROCVR, Lambert 
et al., 2025
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The aim: uncertainty/error budget closure

Are SAT and REF measurements 

consistent within their reported 

uncertainties?
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The aim: uncertainty/error budget closure

Are SAT and REF measurements 

consistent within their reported 

uncertainties?

Verhoelst et al., under review, 2025 

(based on O3 CCI E3UB)



10

Confidently Uncertain, T. Verhoelst et al., ESA LPS 2025

The aim: uncertainty/error budget closure

Are SAT and REF measurements 

consistent within their reported 

uncertainties?
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The aim: uncertainty/error budget closure

Are SAT and REF measurements 

consistent within their reported 

uncertainties?

Adapted from Sayer 

et al., AMT, 2020
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BUT! Co-location mismatch

These mismatch uncertainties need 

to be minimized (to comparable or 

lower than the measurement 

uncertainties), potentially with co-

location schemes taking into 

account the multi-dimensional 

sensitivities.  

Remaining mismatch 

uncertainties need to be 

quantified.

Verhoelst et al., AMT, 2015
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BUT! Co-location mismatch

Can be estimated using smoothing and 

sampling information (e.g, from 

radiative transfer calculations) and 

high-res model fields:

Verhoelst et al., AMT, 2015
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Need for complete uncertainty characterization for the FRM

Importance recognized in the CEOS-FRM 

maturity assessment framework.

Wide range of activities ongoing to improve 

uncertainty characterization in FRM data:

• New/upgraded (central) processors,

• Intercomparison campaigns

• Updated file formats (GEOMS) with room 

for random, systematic and 

mixed/structured uncertainties 
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What if no FRM are available (yet)?

Verification by comparison to:

- Model output

- Alternative retrievals

- Other satellite sounders

Triple (and more) co-locations

Soil moisture example by Alex Gruber in Verhoelst et al. (2025) 

TROPOMI vs. OMI vs. GOME-2

Hubert et al., AMT, 2020
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Conclusions

• The need for accurate uncertainty estimates is well recognized in the atmospheric composition 

domain

• Prognostic (ex-ante) uncertainties are becoming ever more sophisticated

• Various complementary methods exist to validate these prognostic uncertainties, such as:

• Self co-locations (random uncertainty component only)

• Uncertainty budget closure in comparisons to FRM (but be aware of co-location 

mismatch!)

• Triple (and more) co-locations with other satellite/model products (detailed uncertainty 

feedback, but not traceable to a “truth”).

• Continued effort needed to characterize uncertainty in the FRM data and introduced by the 

comparison process

• The methods need further polishing and operational implementation



17

Confidently Uncertain, T. Verhoelst et al., ESA LPS 2025

Recommended reading
h
tt

p
s
:/

/c
c
v
s
.e

u

Both under review

https://ccvs.eu/
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