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Observations from space make a BB ot
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Merchant, Allan and Embury, Quantifying the acceleration of multidecadal global sea surface warming
driven by Earth’s energy imbalance, Env. Res. Lett., 2025. https://iopscience.iop.org/article/10.1088/1748-9326/adaa8a
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What uncertainty information enables B2 Reading

* The purpose of uncertainty information in CDRs : not
fooling ourselves

0.20

* Uncertainty information enables users to
- distinguish data that have higher or lower uncertainty
« interpret apparent differences over time or space appropriately
- attribute uncertainty to derived indices, averages, etc
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- Objective or relative weighting of observations in data T
assimilation systems ... accounting for error correlation Sampling uncertainty /' ck
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Outline

« Measurement and uncertainty characteristics of satellite climate data records

« Metrological approach to uncertainty information F:[duceo

research.reading.ac.uk/fiduceo/

- . INTERNATIONAL
« Stability — a key aspect of uncertainty Vfl SPACE _
INSTITUTE
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Global sampling — but constrained ® Reading
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Evolving constellations of missions Reading
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» Aliasing of daily cycles of ECV quantity unless corrected - sampling
« Space environment changes with local time, affects calibration - calibration
* Instrument particularities, and designs change (improve) - retrieval
« Harmonisation of missions leaves residual relative uncertainty - series
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Limited metrology in space P Reading

» On-board calibration systems usually
fall short of fully traceability to
standards

* Measurements are never repeatable
(unlike lab.)

» Calibration occurs on a temporal cycle
relative to measurements

« Calibration system has some level of
error

— Complex error correlation

It is never "noise"” + "bias”




University of
Inverse quantities B® Reading

* Inverting measurements of radiance nonlinearly related to properties of interest

S»

Ly(sz) = Ly(s1)Ty(s1,82) + f B)L(T(S))kabs,/'lp T)(s,sz)ds

S1

* [rrespective of inverse method, raises questions of
* Influence of prior information and indeterminacy Inversion
 Propagation of radiance measurement errors Instrument
» Knowledge of radiance-matter interaction Forward model



Bringing metrology to Earth observation B gssm>
Flduceo

research.reading.ac.uk/fiduceo/

* EO as an extension of metrology:‘ Mittag, J., Merchant, C. J. gnd Woolliams, E.R. (2019) Applying
principles of metrology to historical Earth observations from

key principles and methods satellites. Metrologia, 56 (3). doi: 10.1088/1681-7575/ab1705

* Merchant, C. J. , Holl, G., Mittaz, J. P. D. and Woolliams, E. R.

* Practical mathematics for error (2019) Radiance uncertainty characterisation to facilitate climate

. : . data record creation. Remote Sensing, 11 (5). 474. doi:
covariance of satellite radiances 10.3390/rs11050474

. . .  Holl, G., Mittaz, J. P.D. and Merchant, C. J. (2019) Error
* Appllcatlon to a series of correlations in High-Resolution Infrared Radiation Sounder
atmospheric sounders (HIRS) Radiances. Remote Sensing, 11 (11). 1337. ISSN 2072-
4292 doi: 10.3390/rs11111337
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Uncertainty relevant at every step ® Reading

Raw satellite
data (LO)

Calibrated
radiances (L1)

Climate data
record (L2)

Climate index
/ information
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Structured uncertainty analysis
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@ University of
Reading

Best done at stage
of developing a new
satellite mission ...

. partial adoption
by space agencies
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Structured uncertainty analysis

digitization

detector noise
amplifier
Earthshine T gradient

PRT bias / noise
% /
e
_AVERD(u(T) R
PRT noise )“\/
PRT representation da™ ;ﬁ, o i ist:aetch
aT, g J
Earthshine [a (R"f CiTek )+@ - e i
e _pgmn®
Solar T gradient 3Rz persensor aa Q‘( Ki)
Contamination f gﬂ];'t N T~ space
algorithm mismatch

PRT bias

C’E @ azimuthal
Q @ a @ asymmetry
e.g. non-quadratic
R, perse m non-linearity
aR, —.5 perscon U R,
OCT —E per pixel P

e.g. self emission
variation across
scanline

PRT noise

amplifier
pre-flight plifi
characterization @ detector

noise digitization

e.g. discretization

degradation i
instrument

temperature

@ University of
Reading

Propagation of
uncertainty from
more fundamental
quantities to
derived quantities
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Structured uncertainty analysis
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Propagation of
uncertainty from
more fundamental
quantities to
derived quantities

Injection of uncertainty
via limitations of the
measurement equation
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Propagation of uncertainty *“ -\/Zgw B3 Reading

i=]

* For example, cross-channel error covariance of radiances
» Used to find uncertainty in a subsequent retrieval.

Err. cov. at

pixel/point, p \

/' /k ,k Ik ’.
Err. cov. SE = ZZCf]Uf RV ~E
A

between / i K| 4 [
channels, ¢ /

Index of quantities, j,

determining radiance Sensitivity of radiance to

quantity j (diagonal)

Index of effects k causing

. Y Uncertainty arising from effect
errors in quantity, J

k (diagonal)

Correlation of errors between channels
from effect k via quantity jat pointp 14
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Example: an infrared sounder B¥ Reading
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For climate application, B¥ Reading
can’t just do the “big” sources of error

Relative importance of category of error source
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@ University of
Reading

Viable uncertainty information in climate datasets

* harmonised quantities
[improved] geometry * uncertainty information
[improved] geolocation * uncertainty magnitude
[improved] timing * spatio-temporal length scales
summary input flags * cross-channel correlation

* new flags

Concept underpinning development of uncertainty standards for the
climate-forecasting conventions for model and observational climate datasets

17



But ... the problem of trend uncertainty ' Reading

SST trend component (K)

The slope parameter
- uncertainty output
from the stats package
- is NOT the uncertainty
in the geophysical
trend.
Figure 3 out of compassion)

SST linear trend for 1982-2016 (grey shaded area shows 99% confidence interval)
18
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Origin of the problem B¥ Reading

» Mathematical development: Gobron K., et al, A Unified Framework for Trend
Uncertainty Assessment in Climate Data Records (in review, Surv. Geophys.)

* When fitting, the quoted uncertainties assume:
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GCOS definition of stability B3 Reading

« GCOS set requirements to limit the magnitude of “false trends” in data (trends
arising from observation problems, not real change)

« Expressed as a “stability requirement”

* GCOS define the quantity of stability as

“the change in bias over time ... quoted per decade” [GCOS-245]
“the maximum permissible cumulative effect of systematic changes”
[secretariat presentation]
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Observational
stability (GCOS)

3.1.3 ECV Product: CO, column average dry air mixing ratio

Definition

pmol mol™!
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CO:;M, CEOS document - LEO, GEO
N/A
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CO:M
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Expert judgment based on improving CO:M
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1-sigma: 0.3ppm

CO:M requirrments, WMO Report #242
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Within accuracy / 5

Within accuracy / 5



Observational
stability (GCOS)

Stability

- ® O

' @ Universi.tyof
mber of molecules of the target gas (CO2 :Readlng\

0.1 Within accuracy / 5

0.2 Within accuracy / 5
0.3 Within accuracy / 5
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g Reading

Problems with the GC0OS-245 definition

- Literal meaning differs from intent
- “Stability” is the wrong name for the numerical requirement
» Missing precision about:

« Coverage factor / coverage probability

 Scale of application in space and time

Merchant et al., Stability specifications for climate data records: their meaning and application in
evaluating geophysical trend uncertainty, in review, Surv. Geophys.
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Proposed clarifications B3 Reading

Terminology for stability
(observational) closeness of agreement between an observed value of change with time
stability and a true value of change with time

stability error difference of an observed trend value from a true (or reference) trend value
of an essential-climate-variable quantity

SELINAATL I T 1A parameter characterizing the dispersion-arising-from-observation-errors
of the trend values being attributed to an essential-climate-variable
quantity

stability standard stability uncertainty expressed as a standard deviation
uncertainty

24



Value (offset for clarity, arbitrary unit)

@ Universi.tyof
Reading
Sample of time series of observational errors
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The uncertainty in linear trend injected by observation errors @
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University of
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Practical upshot and implication \Wv
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smaller the stability standard uncertainty of the observations

- Data producers need to provide estimates of stability uncertainty to users
» A metrological clear definition enables them
 to know what to estimate
« meaningfully compare to stated (GCOS) requirements

 But understanding of how to estimate stability practically is not a solved
problem

« what FIDUCEO did for EO uncertainty needs to be done for CDR stability

27
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Conclusions @Readmg

* The basic principle that every measurement should be stated
with an associated uncertainty is not easily applied to satellite
data and climate data records

yyyyyyyyyy

 But techniques now exist to

- systematically calculate uncertainty and error correlation s
information I

- and condense and summarise these in useful forms for users

eeeeeeeeeeeeeeeeee

 Because of the interest of climate users in trends, a particular b
form of uncertainty requiring close attention is stability WWWWMWMW

uncertainty, where there is still much work to do
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