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The importance of quantified uncertainty for C(').nfidence

UNCERTAINTY

Lessons Learned for Climate Services
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challenge being faced by providers. Complicating
this challenge is how best to communicate uncer-
tainty to different sectors that handle information in
different ways depending on their decision-making

E nhancing trustin climate servicesisa fundamental

frameworks. To address this problem, for the first time
a workshop was held to engage with and understand
the different perspectives of European research proj-
ects, institutions, and climate service providers.

The workshop targeted European-funded projects
(FP7 and H2020; see the appendix for a list of key
acronyms and abbreviations used in this summary)
that specifically related to the delivery and/or support

Otto et al., BAMS, 2016
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Twenty-five participants from 10 European
Union FP7 and H2020 projects (CLIPC,
EUCLEIA, EUPORIAS, FIDUCEO, GAIA-CLIM,
IMPACT2C, IMPRESSIONS, QA4ECYV, SPECS),
the European Space Agency SST CCl project,
and two European institutions (C3S, EEA)

met to share information about uncertainty in
climate science and to discuss how to contribute
to establishing confidence in the role of
uncertainty in climate services.

15-17 February 2016

Climate Service Center Germany (GERICS),

Hamburg, Germany
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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°x1° all
5% TC_GOME
TC_SCIA
TC_GOME2A
TC_GOME2B
. TC_GOME2C
Total uncertainty (**) 2% 3% 3% TC oMl
TC_OMPS
TC_S5P
TC_GTO-ECV
2% TC_MSR
Stability (**) 1% / decade 3% / decade 1% / decade |all
TC_GOME2B
TC_GOME2C
ICDR update f Daily Weekl auareny E_gms
update frequency eekly i
(GCOS: 4-hourly) TC_S5p
Semi-annually |TC_GTO-ECV
Annually TC_MSR

C3S requirements on total ozone column products
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Context 1: H2020-Copernicus Cal/Val Solution

(\ h u
"? a It PARTNERS @ CALIBRATION & VALIDATION B DELIVERABLES E PUBLICATIONS & COMMUNICATIONS @ WORKSHOPS tt p - //C CVS .‘ !u

Special Issue x

Copernicus Sentinels Missions ﬁ
Calibration, Validation, FRM

and Innovation Approaches in
Satellite-Data Quality
Assessment

Remote
Sensing

Toward a Copernicus
alibration and Validation 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, FIDUCEOQO)
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Context 2: ISSIwoerkshep on ECVs and their uncertainties

INTERNATIONAL Remote Sensing In Climatology — ECVs
SPACE
f SCIENCE and their Uncertainties

INSTITUTE

Workshop | 13-17 November 2023

Surveys in

Workshop Conveners and Venue Agenda and Submission Workshop ISSI Ge OthSi CS
Purpose Participants Abstracts Guidelines Poster Apps
An International Review Journal

Covering the Entire Field of Earth
and Space Sciences

Dedicated
special issue

(in prep.)

Confidently Uncertain, T. Verhoelst et al., ESA LPS 2025 GpernICU§ bspo

BIRA+|ASB



Uncertainties: prognoestic (a.k.a. ex-ante)

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

Atmos. Meas. Tech., 13, 4393-4436. 2020
https://doi.org/10.5194/amt-13-4393-2020

@ Author(s) 2020. This work is distributed under
the Creative Commons Attribution 4.0 License.

Overview: Estimating and reporting uncertainties in remotely
sensed atmospheric composition and temperature

Thomas von Clarmann', Douglas A. Degenstein®, Nathaniel J. Livese
André Butz’, Steven Cnmpcrnu]]nﬁ. Robert l)amadco?, Seth Dueck?,
Margaret C. Johnson?, Yasuko Kasai'®, Arno Keppens®, Anne Kleine
Bavo Langerock®, Vivienne H. Payne®, Alexei Rozanov'2, Tomohiro ¢
Viktoria Sofieva'*, Gabriele P Stiller', Christian von Savigny'*, and

Atmospheric
Measurement
Techniques

Articles / Wolume 15, issue 20 / AMT, 15, 5949-5967, 2022
hups://doi.org/10.5194/amt-15-5948-2022

© Author(s) 2022. This work is distributed under

Peer review
the Creative Commons Attribution 4.0 License.

Article Assets

Research article | @®

Assessment of the error budget for stratospheric
ozone profiles retrieved from OMPS limb scatter
measurements

Carlo Arosio B4, Alexei Rozanov, Victor Gorshelev, Alexandra Laeng, and John P. Burrows

« 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 prognosticuncertainties: self co-locations

Research article | @® 22 Apr 2021

A method for random uncertainties validation and " Random component only!
probing the natural variability with application to | /.

TROPOMI on board Sentinel-5P total ozone 2 /4 R
measurements svtenssl | 20520 nuary
Viktoria F. Sofieva &4, Hei Shing Lee, Johanna Tamminen, Christophe Lerot, Fabian Romahn, and Diego G. Loyola 60 60

D(p) experimental
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20

separation in latitude (km)

variance of
differences

AL

separation distance p
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separation in longitude (km)
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Verifying prognosticuncertainties: diagnostic uncertainties

“ Sentinel-5P MPC Validation Server

Home / L2__03____ (03 total column) = / O3 total column OFFL vs Debson/Brewer [/ Manchester (Brewer WQOUDC) =

TROPOMI

ESA FRM
()
EUBREW T "lgioms

O3 total column | Brewer (WQUDC) at Manchester, United Kingdom

Comparison Properties

............

Comparison

Preliminary and unverified validation results, please visit the main 55P MPC validation website for consolidated results

O3 total column at Manchester, United Kingdom

TROPOMI (OFFL) O3 total column
Brewer (WOUDC) (U_Manchester) Manchester, United Kingdom (53.470°N,2.230°W,76m)
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S5P MPC VDAF
ROCVR, Lambert
et al., 2025

Various quality

indicators:

* bias

« dispersion

« spatio-temporal
patterns

« dependence on
influence quantities

o drift

(opermicvs M
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The aim: uncertainty/essor budget closure

Are SAT and REF measurements
consistent within their reported
uncertainties?

Ao , . a2 212
Am = ‘-rn'sat — -rn'-ref‘ < ’l"\/u'sat T u'-ref‘-

Am Msat — Myef

U '
am '\/ sat T urEf

Z (n?sat i — Mlref, 1)

utotui J@
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The aim: uncertainty/essor budget closure

55p total O, (OFFL) vs. Brishane NDACC Dobson data
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TROPOMI tropospheric NO, (RPRO+OFFL)
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The aim: uncertainty/essor budget closure

Are SAT and REF measurements
consistent within their reported

uncertainties?

Ao , . a2 212
Am = ‘-rn'sat — -rn'-ref‘ < ’l"\/u'sat T u'-ref‘-
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Cummulative fraction

Adapted from Sayer
et al., AMT, 2020
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BUT! Co-location'mismatch

. A a2 -
Am = |Mgat — Myer| < A.\/u.sat g+ u

‘mismateh’

\deal case: coinciding et These mlgmqtch uncertainties need
measurements sensing . XaaT = Xeanio to be minimized (to comparable or
the same airmass ® oo lower than the measurement
round station . . . .
5 Saelio 05 uncertainties), potentially with co-
: location schemes taking into

1D co-location mismatch: X tsat # tonp acco.u.nt. t_he multi-dimensional
temporal and spatial offset XsaT # XGND sensitivities.

/

3D sampling and Pixel
smoothing differences X

Remaining mismatch
uncertainties need to be
guantified.

Verhoelst et al., AMT, 2015
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BUT! Co-location'mismatch
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. A a2 -
Am = |Mgat — Myer| < A.\/u.sat g+ u

Ideal case: coinciding
measurements sensing
the same airmass

1D co-location mismatch:
temporal and spatial offset

3D sampling and
smoothing differences

/

‘mismateh’

3G

Can be estimated using smoothing and
sampling information (e.g, from
radiative transfer calculations) and
high-res model fields:

tsar = tanp - i
Xene = X Total ozone: satellite vs. ground-based reference at Antarctica
SAT = AGND . . . .
‘ | mmmm O hserved differences
. Ground station Satellite uncertainty
X Satellite Obs. Ground uncertainty
— . : Colocation mismatch
o otal uncertainty budget
X . tSAT;étGND 8
XsaT 7 XGND 3
E
3
c
-
_9 10-2_.......‘.__‘.‘.
°
E ........
w L e
10—3 | i i | i | I i 1
-20 -15 -10 -5 0 5 10 15 20
Satellite—-Ground)/Ground [%
Verhoelst et al., AMT, 2015 ( ) 7]
3 Mo
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Need for complete uneertainty characterization for the FRM

Importance recognized in the CEOS-FRM
maturity assessment framework.

L
w—3
-
Vll

Wide range of activities ongoing to improve
uncertainty characterization in FRM data:
 New/upgraded (central) processors,

« Intercomparison campaigns
« Updated file formats (GEOMS) with room W—
for random, systematic and DOAS

mixed/structured uncertainties

Third Cabauw INtercomparison of DOAS-type Instruments

PANDONIA GLOBAL NETWORK
w eference Measurements of Atmospheric Composition

e
e

s
X
D

AACTRIN

Exploring the Atmosphere
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What if no FRM are available (yet)?

Verification by comparison to:
- Model output

- Alternative retrievals

- Other satellite sounders

b Triple (and more) co-locations

- TROPOMI vs. OMI vs. GOME-2 —;

4.5 exante
4t ex post *
35F
5 E
a 3F
250
Q
-
)

0.00 0.01 0.02 0.03 0.04 0.05 0.06
20 15 10 5 LatituOde . 5 10 15 20
Fig. 6 Uncertainty estimates (m3/m?3) for ASCAT (top left), AMSR2 (top right), SMOS (bottom
Hubert et al . AMT, 2020 left), and SMAP (bottom right). Regions with less then 100 collocated samples are masked out.
Soil moisture example by Alex Gruber in Verhoelst et al. (2025)
3 Confidently Uncertain, T. Verhoelst et al., ESA LPS 2025 Gpernicus
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Conclusions

>
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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

Confidently Uncertain, T. Verhoelst et al., ESA LPS 2025 (opernicus Hlm
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Recommended reading

034 Recommendations for R&D activities on September Identification of the gaps in instrumentation technologies for pre-flight characterisation, on-board calibration and FEM used

’ instrumentation technologies 2022 for Cal/Val activities for the current Copernicus missions
D3.2 Recommendations for R&D activiies on September Gap analysis of the methods used in the Cal/val of EQ satellites relevant to the Copernicus programme and SpEClal Issue x

’ Cal/vVal methods 2022 recommendations for the R&D required fo fulfil this gap when/where possible . . . s 2

Copernicus Sentinels Missions
Copernicus operational FRM network September Identify measurement gaps, considering the existing ground-based Cal/Val measurement campaigns and networks and the H 1 H 7 s
ek and supersites 2022 Copernicus missions Cal’Val requirements Callbratlon’ _Valldatlon’ FRM .
Provisi i dations for th llecti hivi d distributi f CallVal data for the Sentinel missi and Innovatlon Approaches in Remote
SR o FE rovision of recommendations for the collection, archiving and distribution of CalfvVal data for the Sentinel missions, . .
D3.4 ?frlii'crgm‘ Callval data distribution ?gg;ember covering Optical, Altimetry, Radar and Atmosphere domains as well as some more general recommendations that we Satellite-Data Qua"ty S .
- consider valid for all domains Assessment ens'"g

D35 Performance Analysis and Impact on September Qualitative assessment on the impact of proposed CCVS on the Level-3 {or Level-4) products with several cases studies in

. m— PR e amospieTeTTreTe e e T e

) . e September Owerview of the current organization of the Cal/Val within the Copemicus programme and a global assessment of its
a [= LT S f
D36 Copernicus Cal/Val data Solution 2022 maturity. Programmatic and sustainability aspects are addressed in D4.2
. T brcia December - ) ) i
D41 Roadmap and sustainability analysis 2022 Analysis of funding and schedule aspects of the Copernicus Cal/Val Solution
I . - December - . ) . . . ) )

D4.2 Reference scenario for implementation 2022 Realistic scenario of implementation for the recommendations collected in the D3.6 Copernicus Cal/Val Solution

The challenges and limitations of validating

Confidently uncertain: Validating satellite ECV . . o
- - satellite-derived datasets using independent

Surveys in measurement uncertainty estimates
Geophysics measurements: lessons learned from Essential

An International Review Journal Tijl Verhoelst!, Adam C. Povey?, Alexander Gruber?,

Covering the Entire Field of Earth

b Claire E. Bulgin®®, Arno Keppens!, Steven Compernolle!, Climate Variables

Jean-Christopher Lambert!
Mary Langsdale'»?", Tijl Verhoelst®, Adam Povey?,
Nick Schutgens®, Thomas Dowling®, Jean-Christopher Lambert?,

B Ot h un d er I’eVI ew Steven Compernolle®.  Stefan Kern”
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