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Sources of Observation Error 
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1) Instrument error (usually, but not always, uncorrelated) 

2) Mapping operator (H) error (interpolation, radiative transfer) 

3) QC (especially cloud screening), pre-processing, and bias correction errors 

4) Error of representation (sampling or scaling error), which can lead to 
correlated error: 



• Until recently, most operational DA systems assumed no correlations between 
observations at different levels or locations (i.e., a diagonal R) 

• To compensate for observation errors that are actually correlated, one or more of the 
following is typically done: 
– Discard (“thin”) observations until the remaining ones are uncorrelated (Bergman and Bonner (1976), Liu and 

Rabier (2003)) 
– Local averaging (“superobbing”)  (Berger and Forsythe (2004)) 
– Inflate the observation error variances (Stewart et al. (2008, 2013) 

• Theoretical studies (e.g. Stewart et al., 2009) indicate that including even approximate 
correlation structures outperforms diagonal R with variance inflation 

•  In January, 2013, the Met Office went operational with a vertical observation error 
covariance submatrix for the IASI instrument, which showed forecast benefit in seasonal 
testing in both hemispheres (Weston et al. (2014)) 

• The US Navy’s Global Environmental Model (NAVGEM) version 1.4 will include correlated 
observation error for the IASI, CrIS and ATMS instruments this year 
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Current Practice 



Observation Based Methods  

(Oke and Sakov 2007) 
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Methods to Estimate Covariance 

Matrices  

Desroziers’ Method 
(Desroziers et al. 2005) 

• Several estimation methods for background and/or 
observation error covariance matrices exist 

• All methods have free parameters and make 
different assumptions; no method is clearly superior 
to the others 

• Knowledge of when and how each method may 
produce sub-optimal results is the subject of current 
research 
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1. 
3. 

2. Hollingsworth-Lonnberg Method 
(Hollingsworth and Lonnberg 1986) 
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4DVar Primal Formulation 

Multiplicative preconditioning 
is done with B-1/2 

This problem is 
solved iteratively 

We need to invert R 

= z 



4DVar Dual Formulation 

Change of variables 

C 

The correlation matrix can be used directly – no inverse required 

This problem is 
solved iteratively 



7 

 675.25 - 739.50 cm-1  1384.25 - 1560.00 cm-1 

73 IASI Channels (51 CO2, 22 H2O) assimilated in NAVGEM 

IASI Spectrum: NAVGEM  Assimilated Channels 
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Observation Error Correlation 
Estimation for IASI 

New Treatment 

Temperature 

Old Treatment 

Temperature 

Moisture Moisture 



H2O 

CO2 
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Observation Error Variance 
Estimation for IASI 
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• The condition number of a matrix X is defined by σmax(X)/σmin(X), which is the 
ratio of the maximum singular value of X to the minimum one. (Singular value == 
eigenvalue for symmetric X) 

• Adding correlated error increases the condition number, slowing down 
convergence of the solver 

• We can control how long the solver takes by constructing an approximate matrix 
with any condition number we choose 

• How to improve conditioning:  
1. Multiplicative preconditioning by diagonal scaling matrices 
2. Increase the diagonal values (additively) of the matrix (e.g. Weston et al. (2014)) 
3. Find the optimal linear combination of the sample covariance matrix and the scaled 

identity matrix (optimal Steinian linear shrinkage –similar to 2.) 
4. Find a positive definite approximation to the matrix by altering the eigenvalue 

spectrum (Ky-Fan p-k norm) 

Practical Implementation 
and Solver Convergence 
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Raw and Reconditioned IASI Correlations 

CN = 4659 CN = 169 



• Water vapor channels 2889, 2944, 2948, 
2951, and 2958 have very high error 
correlation (>0.98) 

• The eigenvectors corresponding to the 5 
smallest eigenvalues project only on to 
these 5 channels 

• It makes sense to use the Desroziers 
diagnostic to do a posteriori channel 
selection, to improve the condition 
number while discarding redundant 
information 

• NAVGEM tests show the retaining only 
channel 2889 helps solver convergence 
with no discernable negative impact 12 

Diagnosed Correlation and Channel Selection 

>0.98 
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Experimental Design 

Two months cycling data assimilation runs (Jun-Jul 2013) with T425L60 NAVGEM. Model 
top at 0.04 hPa, variational bias correction, CRTM v2.2, IASI data thinned to 110km, 
moisture channels used only over ocean, Watts-McNally type cloud detection (NWP-SAF 
package). 



Air Temp vs. ECMWF Analysis 



Vector Wind vs. ECMWF Analysis 



Geopotential Relative Humidity Temperature Vector Wind 

Geopotential, Relative Humidity, Temperature 
and Vector Wind vs. Radiosondes 
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• Observation error covariance matrices can be estimated 
from the output of data assimilation systems 

• Minimal changes can be made to improve the condition 
number of estimated error covariances to fit operational 
time constraints 

• Because true error covariances have been taken into 
account, prescribed error variances can be reduced 

• Analyses and forecasts are significantly improved by 
accounting for correlated observation error in satellite 
radiance measurements like IASI 

Conclusions 


