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1. Use of observation error statistics in data assimilation

2. Diagnostic of observation error statistics

3. Estimation of GNSS-RO error statistics

4. Summary
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• Instrument error:

• Observation operator error :

• Representativity error :

𝜺𝜺𝐻𝐻 + error due to unresolved scales and processes.

• Observation error:
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𝜺𝜺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖 = 𝒚𝒚 − 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝒙𝒙𝑡𝑡

𝜺𝜺𝐻𝐻 = 𝐻𝐻𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎𝑎 𝒙𝒙𝑡𝑡 − 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝 𝒙𝒙𝑡𝑡

𝒙𝒙𝑡𝑡 = 𝑥𝑥𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑥𝑥𝑡𝑡𝑢𝑢𝑢𝑢𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟

𝒚𝒚 = 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝑥𝑥𝑡𝑡𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢𝑢 ) + 𝜺𝜺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

≈ 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ) +𝐇𝐇𝑥𝑥𝑡𝑡𝑢𝑢𝑛𝑛𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝜺𝜺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

= 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ) + 𝜺𝜺𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝜺𝜺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

= 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 ) + 𝜺𝜺𝑦𝑦

𝜺𝜺𝑦𝑦 = 𝐲𝐲 − 𝐻𝐻𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝𝑝(𝑥𝑥𝑡𝑡𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟)
= 𝜺𝜺𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟𝑟 + 𝜺𝜺𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖𝑖

Observation error in data assimilation
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Error = Difference between some estimated/measured quantity and its true value:

Error Statistics: Some useful measure of the possible values that ε could have.
Error statistics = second moment assuming PDFs are Gaussian and unbiased.

ε
𝜀𝜀2 : second moment=variance of ε

The PDF is approximated as:

𝜀𝜀 = 𝑥𝑥 − 𝑥𝑥𝑡𝑡

Error statistics in data assimilation

̅𝜀𝜀 = 0 𝜎𝜎2 = 𝜀𝜀2

p 𝜀𝜀 ~exp(− 𝜀𝜀2

2𝜎𝜎2
)

p 𝜀𝜀



October 29, 2014

Error statistics in data assimilation

• Every observation has an error vs the truth:
– Systematic error 

• Needs to be removed through bias correction.

– Random error 
• described by observation error covariance “R” in the cost function.
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Assigned background (xb)  and observation (y) errors determine how much weight an information receives in 
the assimilation.

Background  error covariance “B” observation error covariance “R”

Information available about the 
state before observations are 
considered.

𝐽𝐽 𝒙𝒙 = 1
2

(𝒙𝒙 − 𝒙𝒙𝒃𝒃)𝑇𝑇𝑩𝑩−1(𝒙𝒙 − 𝒙𝒙𝒃𝒃) + 1
2

(𝐲𝐲 − 𝐻𝐻(𝒙𝒙))𝑇𝑇 𝑹𝑹−1(𝐲𝐲 − 𝐻𝐻(𝒙𝒙))

“Large” observation error → smaller increment, 
analysis draws less closely to the observations
“Small” observation error → larger increment, analysis 
draws more closely to the observations
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• Basic assumptions: 

– Assimilation process can be adequately described through linear estimation theory.

– Weights used in the assimilation system are consistent with true observation and background errors.

• Then the following relationship can be derived:
– Estimated R

– Background departure

– Analysis departure

• Consistency diagnostic for the specification of R.
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Desroziers observation error diagnostic

𝐝𝐝𝐛𝐛 = 𝐲𝐲 − 𝐇𝐇𝒙𝒙𝐛𝐛

𝐝𝐝𝐚𝐚 = 𝐲𝐲 − 𝐇𝐇𝒙𝒙𝒂𝒂

�𝐑𝐑 = E 𝐝𝐝𝐚𝐚𝒅𝒅𝒃𝒃𝑻𝑻 = E[𝛆𝛆𝐚𝐚𝜺𝜺𝒃𝒃𝑻𝑻]

𝐱𝐱𝐚𝐚 = 𝐱𝐱𝒃𝒃 + 𝐁𝐁𝐁𝐁𝐓𝐓

𝐇𝐇𝐇𝐇𝐇𝐇𝐓𝐓+𝐑𝐑
(y-H𝐱𝐱𝐛𝐛 )

y

εa

xt
εb

xb

xa

db

(Desroziers, Berre, Chapnik et Poli, 2005)

εy

da
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• The Desroziers diagnostic provides guidance for observation error specification in DA, including:

– Relative size of observation and background errors

– Presence of observation error correlations.

• Observation errors specified in assimilation systems are often simplified::
– Observation error covariance is often assumed to be diagonal (as a first approximation).

– Assumed observation errors may need adjustments compared to estimated ones.
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Observation error specification in DA

• What to do when there are error correlations?

– Thinning: reduce observation density so that error correlations are not relevant 

– Error inflation: use diagonal R with larger error variances than diagnostics suggest.

– Take error correlations into account in the assimilation.
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Estimation of C2 observation error statistics based on ERA5: April 2021 
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Desroziers versus 3CH

The prescribed observation uncertainties associated with 
bending angles are assumed uncorrelated in the IFS.

Terms identical and cancel

This sum is equal to 2*Varerr[Z] 

X = C2
Y = background
Z = analysis 

Todling et al., QJRMS 2022
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• Correlation matrix is nearly diagonal (identity) with a minor correlation increase in adjacent levels
when going from 2 km up to 47 km.

• Between 20 and 38 km there a slight anti-correlation among levels slightly further apart.

• Between 12 to about 18 km there is also some small (0.1) correlation within a few nearby levels.

Estimation of observation error correlation

Todling et al., QJRMS 2022
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Estimation of METOP and SPIRE observation error statistics : April 2022
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METOP has lower uncertainties at higher impact heights
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Estimation of METOP and SPIRE observation error statistics : April 2022
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Summary

• Assigned observation errors determine how much weight an observation receives in the assimilation

• Diagnostics on departure statistics from assimilation systems provide guidance on the setting of observation errors.

• All correlations are weak and seem to corroborate the present diagonal observation error covariance prescription
used when assimilating bending angle in the IFS, and elsewhere.

14EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS



October 29, 2014

References

Todling, R., Semane, N., Anthes, R. and S. Healy (2022). The Relationship Between Two Methods for Estimating Uncertainties in 
Data Assimilation, Quarterly Journal of the Royal Meteorological Society, https://doi.org/10.1002/qj.4343

Semane, N., Anthes, R., Sjoberg, J., Healy, S. and B. Ruston (2022). Comparison of Desroziers and Three-Cornered Hat Methods 
for Estimating COSMIC-2 Bending Angle Uncertainties, Journal of Atmospheric and Oceanic Technology, 
https://doi.org/10.1175/JTECH-D-21-0175.1

Desroziers, G., Berre, L., Chapnik, B. and P. Poli (2005): Diagnosis of observation, background and analysis error statistics in
observation space, Quarterly Journal of the Royal Meteorological Society, 131, 3385-3396, https://doi.org/10.1256/qj.05.108

15EUROPEAN CENTRE FOR MEDIUM-RANGE WEATHER FORECASTS

https://doi.org/10.1002/qj.4343
https://doi.org/10.1175/JTECH-D-21-0175.1
https://doi.org/10.1256/qj.05.108

	Foliennummer 1
	Outline
	Foliennummer 3
	Foliennummer 4
	Error statistics in data assimilation
	Foliennummer 6
	Foliennummer 7
	Estimation of C2 observation error statistics based on ERA5: April 2021 
	Foliennummer 10
	Estimation of METOP and SPIRE observation error statistics : April 2022�� 
	Estimation of METOP and SPIRE observation error statistics : April 2022�� 
	Summary
	References

