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Introduction

• Optimal estimation is only truly optimal if underlying assumptions are met

• Typically, the assumptions are not met, and the retrieval is sub-optimal

• Talk shows how to use reference data to make the retrieval more optimal
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About Optimal Estimation (OE)

• A ‘classic’ retrieval theory, effectively applying Bayes’ theorem
• Widely applied (clouds, sea ice, aerosol, GHGs, water vapour…)

• Applied to SST since 2008
• Experimentally at OSI-SAF
• SST CCI for AVHRRs

• Why OE is good
• Well-understood retrievals
• Uncertainty and sensitivity

• Deals with channel failures etc
• Smooth-atmosphere low noise

• Known limitations (until now)

• Biases
• Covariance matrices
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OE (MAP) formulation for SST

!𝒛 = 𝒛$ + 𝑮 𝒚 − 𝑭

𝒛$ =
𝑥$
𝑤$

retrieval

a priori knowledge

RTM
(here: RTTOV)

observation-simulation
difference
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OE (MAP) formulation for SST

,𝒛 = 𝒛$ + 𝑲.𝑺012𝑲 + 𝑺$12
12𝑲.𝑺012 𝒚 − 𝑭

𝒛$ =
𝑥$
𝑤$

𝑲 =
𝜕𝑭
𝜕𝒛

4
𝒛5 RTM

error covariance of
observations and 

simulations

error covariance of
prior state
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What does the covariance matrix mean?

𝑺 =
𝑢2 0 0
0 𝑢8 0
0 0 𝑢9

1 𝑟2,8 𝑟2,9
𝑟2,8 1 𝑟8,9
𝑟2,9 𝑟8,9 1

𝑢2 0 0
0 𝑢8 0
0 0 𝑢9

It embodies what we know about
• uncertainty
• error correlation
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Simulation-Observation Error Covariance 
Matrix

𝑺0 =
0.118 0 0
0 0.118 0
0 0 0.158

+
0.158𝑠8 0 0

0 0.158𝑠8 0
0 0 0.158𝑠8

1.

Estimates of NEDT, origin lost Estimates of RTTOV circa 2003

A old guesstimate for observation-simulation S
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Optimality assumptions

• OE is only actually optimal given certain assumptions
• All error distributions are zero mean (prior, satellite obs, RTM)
• Two error covariance matrices (prior and S-O) are well estimated

• at least to within a common scaling factor

• But in general
• Satellite calibration and RTM are biased
• Prior is biased
• Error covariance matrices are informed guesses 

• How to make the assumptions less untrue?
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Determine OE parameters

Parameters:

𝜷 = obs. corr.
𝜸 = prior corr.

𝑺$
𝑺0
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Determine OE parameters
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Data used
• Matches between SEVIRI and drifting 
buoy observations
• Retrieve SST from 8.7, 10.8 and 12.0 um

• 2011 for training
• RTTOV 11.2 simulations using buoy 

SST – 0.17 K

• 2012 for application
• RTTOV 11.2 simulations using SST 

climatology

• About 90,000 matches in each year
• GHRSST QL 5 considered
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Estimate biases

• Want parameters for corrections of
• Each channel BT (observation relative to simulation) 

• Prior total column water vapour
• Assume drifting buoy + skin effect provides unbiased SST 

• With non-zero uncertainty
• Use this SST for RTTOV simulations 

• Iterating over many matches, do a simultaneous retrieval 

• the state estimate (SST and TCWV)
• and these parameters as well

• Variant of Kalman filtering for state and model parameter 
estimation
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Use a “Desroziers equation”, increasingly 
used in data assimilation

• Do new retrievals using   
𝛽C.D 𝛽2E.C 𝛽28.E 𝛾G5

• From the results calculate
• 𝒅IJ = 𝒚 − 𝑭K ,𝒛 − 𝒚 − 𝑭K ,𝒛

• 𝒅$J = 𝒚 − 𝑭K 𝒛$ − 𝒚 − 𝑭K 𝒛$

and use these for better estimate for the 
observation error covariance matrix is

Estimate observation error covariance
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Use an expression derived from a “Desroziers equation”

• Do new retrievals using   𝛽C.D 𝛽2E.C 𝛽28.E 𝛾G5 and L𝑺0
• From the results calculate

• 𝒅$I = 𝑭K L𝒛 − 𝑭K 𝒛$ − 𝑭′(L𝒛) − 𝑭K(𝒛$)

• 𝒅$J = 𝒚 − 𝑭K 𝒛$ − 𝒚 − 𝑭K 𝒛$

• and use these to get a better estimate for the prior error covariance matrix is

Estimate prior error covariance
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Test for convergence

Use yet another adapted “Desroziers equation”

• Do new retrievals using   𝛽C.D 𝛽2E.C 𝛽28.E 𝛾G5, L𝑺0and L𝑺$
• From the results calculate

• 𝒅$J = 𝒚 − 𝑭K 𝒛$ − 𝒚 − 𝑭K 𝒛$

Once the whole set of parameters are converged, should have

• L𝑺0 + 𝑲L𝑺$𝑲. 12 𝒅$J𝒅$J
. − 𝑰 ~ 𝟎

Measure convergence as element-wise sum of squares of LHS

Also check standard deviation of change in retrieved SST change
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New prior biases and uncertainty

• Estimate the correction for
• Prior SST to be used in the application of the OE

• SST CCI climatology 
• 1982 – 2010, cold bias relative to the year 2012

• Correction in latitudinal bands
• Estimate the prior SST uncertainty

• Do the above using Kalman-filtering-like method as before
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Determine OE parameters
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Results for SST retrieval

Retrieval Mean 
diff. / 
K

SD. 
diff. 
/ K

RSD. 
diff.   
/ K

𝝏,𝒙/𝝏𝒙𝒕𝒓𝒖𝒆 𝑺𝑫
,𝒙 − 𝒙𝒃

𝑺,𝒙 + 𝒖𝒙𝒃
𝟐

Clim. (prior) -0.19 0.79 0.74 0% -
Operational 0.02 0.45 0.39 ? -
Untuned OE -0.05 0.44 0.38 71% 0.77
Tuned OE 0.00 0.43 0.37 79% 1.04

Validation against drifting buoys using the ‘test’ matches

Retrieval sensitivity – ideally 100%
Scatter / uncertainty estimate – ideally 1
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Insight into ECMWF NWP TCWV
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Good estimation of prior SST parameters 

• Estimate of prior SST uncertainty from difference to drifters: 0.76 K
• Estimate of same from Desroziers method (independent of drifters): 0.71 K

• Also obtained estimates for prior SST biases/corrections
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Insights into noise & RTTOV errors

• Observation error covariance matrix 
parameterized in terms of path (sec𝜃)
• Given that NEDT is independent of path, infer 
that RTTOV simulation uncertainty varies with

• path (greater for longer paths)

• TCWV (near-nadir is also highest TCWV)
• RTTOV 8.7 simulations not as good as other 
channels

• Note contrast in nadir results cf. 11 & 12

• RTTOV error correlations are high near the limb
• >=0.5 for all channel pairs
• Important for retrieval!



GHRSST-XX | ESRIN | 6 June 2019 | Slide  22

Review

• Bias parameters and error covariance parameters are needed for OE
• Matches to in situ reference data can inform estimates for these parameters

• Iterative ”retrieval” of biases and use of “Desroziers” covariance estimates
• The “tuned” OE improved the bias, SD, RSD, sensitivity and SST uncertainty

• Solid estimates of bias and uncertainty of NWP total column water vapour
• Uncertainty increases with TCWV
• It is half what we previously assumed

• Can obtain an estimate of prior SST biases even where there are no in situ
• RTTOV simulation uncertainty for SST channels

• varies with channel and TCWV
• is <0.1 K at nadir and ~0.15 K at ~60o (8.7 channel is not this good)

• RTTOV simulation errors become strongly correlated (r ≥0.6) high zenith angle
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Further & Possible work
• In SST CCI

• Slave Metop A AVHRR to AATSR & SLSTR (harmonization)
• OE for 1980s AVHRRs to drifters (in situ patchy)
• Switch to ERA-5 (needs a new prior error covariance)
• Better constrain Bayesian cloud detection 

• Address whole-SST constellation consistency/biases systematically
• Exploit metrological in situ (radiometers and new buoys)
• Inter-satellite bias correction (Melbourne GHRSST) 

• E.g., skin SST of SLSTR as unifying reference 
• Or all-pairs approach (consistent parameters for all sensors)
• Note: correct both SST bias and BT bias

• SLSTR A & B nadir-view two-channel wide-swath SST by OE
• Extend to a more comprehensive state vector

• known that {SST, TCWV} is limiting
• really want at least {SST, WV_EOF1, WV_EOF2, T_EOF1, DD}
• but we had no method to estimate Sa for such a state vector

• Should be applicable for OE beyond SST


