Estimates of observation errors and their correlations in clear
and cloudy regions for microwave imager radiances from NWP

Niels Bormann, Alan J. Geer and Peter Bauer

ECMWEF, Shinfield Park, Reading
RG2 9AX, United Kingdom
n.bormann@ecmwf.int

ABSTRACT

This contribution provides estimates of effective obsgoveerrors and their inter-channel and spatial corretetio
for microwave imager radiances used in the ECMWF system.eBlimates include the error contributions from
the observation operator used in the assimilation systéis.investigated how the estimates differ in clear and
cloudy/rainy regions. The estimates are obtained usin@#szoziers diagnostic.

The results suggest considerable inter-channel and bpatia correlations for current microwave imager radi-
ances with observation errors that are significantly highan the measured instrument noise. Inter-channel error
correlations are even stronger for cloudy/rainy situatjamhere channels with the same frequency but different
polarisations show error correlations larger than 0.9. firfdings suggest that a large proportion of the observa-
tion error originates from errors of representativenesbseanors in the observation operator. The latter includes
the errors from the forecast model which can be significatiténcase of humidity or cloud and rain.

Assimilation experiments with single SSM/I fields of vievghlight how the filtering properties of a 4-dimensional
variational assimilation system are changed when intanohbl error correlations are taken into account in the
assimilation. Depending on the First Guess departuresiigied channels, increments can be larger as well as
smaller compared to the use of diagonal observation errors.

1 Introduction

Microwave imager radiances in the ECMWF system are asdigdildirectly in a 4-dimensional varia-
tional (4DVAR) assimilation framework in the “all-sky” siesm (Bauer et al. 2010, Geer et al. 2010).
That is, radiances in clear as well as cloudy or rainy conaitiare assimilated, employing a radiative
transfer model with scattering parameterisation as reduiiThe system is used operationally for the
Special Sensor Microwave Imager (SSM/I, Hollinger et aB@Pand the Advanced Microwave Scan-
ning Radiometer for the Earth Observing System (AMSR-E, &aghi et al. 2003). As is currently
common practice, the all-sky system treats the microwaagén radiance errors as independent and
assumes a diagonal error correlation matrix.

Observation error covariances, together with backgrounat eovariances, play an important role in
determining the weight given to an observation in the adatian. For satellite radiances the assumption
of uncorrelated observation errors is questionable, éslbeas the observation error should include
errors from the observation operator and errors of reptateeness. The observation operator error
includes errors from the radiative transfer and, in the ads&trong-constraint 4DVAR, errors in the
forecast model used to map from the analysis time to the e@en time. Such errrors are expected to
be correlated, between channels or spatially.

Estimation of observation error covariances is not sttéagivard. Nevertheless, a number of methods
have been devised, based on First Guess (FG) or analysisttegataken from Numerical Weather
Prediction (NWP) systems (e.g., Desroziers et al. 2005, &ekda Silva 1999, Hollingsworth and

ECMWF-JCSDA Workshop, 15-17 June 2010 143



BORMANN, N. ET AL.: OBSERVATION ERROR ESTIMATES FOR MICROWAVE IMAGERS

Lonnberg 1986, Rutherford 1972). All of these methods miya number of assumptions and these
have been summarised in more detail elsewhere (e.g., Bormad Bauer 2010, Dee and da Silva
1999). Recently, results from three of the methods have b@ercompared for sounder radiances
used in the ECMWEF system (Bormann and Bauer 2010, Bormanh 20%0). The study showed
considerable inter-channel and spatial error correlatimn microwave and infrared water vapour or
window channel radiances. The results were overall camidietween the three methods applied,
even though quantitatively some differences in the esématere noted, particularly for water vapour
channels.

Here we extend the study of Bormann and Bauer (2010) to merevimager radiances in clear and
cloudy conditions. We only apply one of the estimation mdthmamely the Desroziers diagnostic
(Desroziers et al. 2005). The uncertainties in the obsiervadrror estimates found for water vapour
radiances in Bormann and Bauer (2010) and Bormann et al0j2\Me some indication on the reliability
of our results from just one method. The present contribusca summary of Bormann et al. (2011).

2 Method and data

2.1 Desroziers diagnostic

The observation error estimates presented here are abbtaittethe Desroziers diagnostic (Desroziers
et al. 2005). This diagnostic assumes that today’s variatidata assimilation schemes broadly follow
linear estimation theory. It assumes that errors have ze bnd that there are no error correlations
between the FG and the observations. In addition, a furtbguraption is that the weight given to the
observations in the analysis is in approximate agreemehttivé true error covariances. Under these
assumptions, the following relationships can be derivembiservation space:

R=E[dad}] (1)
HBHT =E [dpdj| — E [dady] )

whereR is the diagnosed observation error covariance maBiss the diagnosed background error
covariance matrixH is the linearised observation operatdy, are the background departures of the
observationsd, are the analysis departures of the observations,Ednds the expectation operator.
Further details on the Desroziers diagnostic and appbicatof the method can be found in Desroziers
et al. (2005) or Bormann and Bauer (2010).

It should be mentioned here that the applicability of therDagrs diagnostic and its properties in re-
alistic assimilation systems is an area of active reseaRbcently, Bormann and Bauer (2010) and
Bormann et al. (2010) compared results from the Desroziagndstic with observation error estimates
from two different departure-based methods, and the weswdte strikingly similar, especially for the
estimates of the observation errar,] and the inter-channel error correlations. Estimates patial
error correlations also showed qualitatively good agreagmidowever, the study also showed some of
the largest differences between methods for water vapanreiis, for which it is less clear to separate
the FG-departures into a spatially uncorrelated compowdith can only be observation error and a
spatially correlated component which may originate froreaslsation or FG error. While the Desroziers
diagnostic does not rely on assuming spatially uncorrélabeservation error, such different characteris-
tics of the observation and background errors help for tparsdility of FG departures into observation
and background error contributions. If the length scaletheferror correlations are too similar, the
method may give misleading results.
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Table 1: Channel characteristics of the SSM/I instrumertlijHger et al. 1990) for the channels
used in the assimilation system (For the F-15 SSM/I chanisah8t used). The instrument noise are
measured estimates before the super-obbing employed gatheassimilation system. Also shown
are the root mean square (RMS) of the assumed observation(er) for the clear and the cloudy
class (see main text for further details on the definitiorhese classes).

Channel| Frequency | Field of Instrument || RMS of RMS of
[GHZz] and | view noise [K] assumed assumed
polarisation [km x km] clearoy [K] | cloudy gy [K]

1(19V) | 19.35V 69 x 43 0.42 2.1 5.5

2(19V) | 19.35H 69 x 43 0.45 4.4 10.2

3(22Vv) | 22.23V 50 x 40 0.74 2.9 4.1

437V) | 37.0V 37 x 28 0.38 3.5 6.7

6 (85V) | 85.5V 15x 13 0.73 4.1 6.5

Table 2: As Tabld, but for the AMSR-E instrument (Kawanishi et al. 2003).

Channel | Frequency| Field of Instrument || RMS of RMS of
[GHz] and | view noise [K] assumed assumed
polarisation [km x km] clearg, [K] | cloudyog [K]

5(19Vv) | 18.7V 27 x 16 0.55 2.6 7.0

6 (19v) | 18.7H 27 x 16 0.47 6.0 13.2

7(24V) | 23.8V 32x 18 0.56 3.0 4.8

8(24Vv) | 238V 32x 18 0.54 55 9.1

9(37Vv) | 365V 14 x 8.2 0.51 3.4 6.2

2.2 All-sky assimilation and data used

We present estimates of observation error covariances3bl/sand AMSR-E. Both are conically scan-
ning microwave imagers, with the specifications for the ugehnels given in Tablesand?2.

The assimilation choices for the all-sky system are desdrib detail in Geer and Bauer (2010). The
all-sky system treats clear and cloudy data in the same franke calling a radiative transfer model
as observation operator which can include a scatteringypeteaisation if required. Only data over sea
within +-6(° latitude are assimilated. Observation biases are coderstieg variational bias correction
(e.g., Dee 2004). The current choice of observation erratahis described in Geer and Bauer (2011).
It uses situation-dependent observation errors, asgjgiservation errors based on the average cloudi-
ness from the observations and the FG. Lower observationseare used for clear cases, whereas larger
ones are used for cloudy/rainy cases (e.g., Tab®l2) . The radiance observations are 'super-obbed’
to the Gaussian grid representation of T2&80 km), as described in Geer and Bauer (2010).

While the all-sky system treats clear as well as cloudy castge same way, it is useful for diagnostic
purposes to separate the observations into clear and cldadges. This is done on the basis of an
estimate of the liquid water path, using a regression in 3¢ 4V in the case of AMSR-E) and 37V
brightness temperatures. A threshold of 0.05 Kggmparates the data into roughly equal “clear” and
“cloudy/rainy” classes. The classification can be done enbtsis of the observations, or on the basis
of the FG, leading to four classes. Here, we only considemptesrin two of the four classes, that is
the class in which the observation and the FG both indicatettte situation is clear, and the class for
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which observation and FG both indicate cloud or rain. Theaador this is that the other two classes
inherently suffer from sampling biases. For simplicity, wil refer to the two classes just as “clear”
and “cloudy” class.

The departure statistics required for the Desroziers distimwere taken from an assimilation experi-
ment that covered June and July 2009. It was performed w#lE®@MWF system (e.g., Rabier et al.
2000), using a T799%¢25 km) model resolution, an incremental analysis resalutibT255 &80 km)
and 12-hour 4DVAR. The other observations were as used tpeatly at the time. All statistics pre-
sented here are based on data for the whole of July 2009, thsreffective observation departures used
in the assimilation system, that is based on super-obbeshaditons and after bias correction.

3 Results

3.1 Observation errors (g,) and their correlations

Estimates of observation errors from the Desroziers distimdor the three instruments are shown
in Fig. 1. The results for equivalent channels are overall condidietween the three instruments.
Estimates for the clear sample are typically between 1-2iker@as the cloudy class shows larger error
estimates with values typically between 2 and 5 K. Obseasuatiror estimates for the cloudy class are
expected to be larger due to larger observation operatoregmdsentativeness errors (see also Geer and
Bauer 2011), and it is reassuring that the results are densiwith this. The estimates are considerably
larger than the instrument noise (cf Tablieand?2), in particular after the averaging employed in the
super-obbing process used in the assimilation. The findiggests that most of the observation error is
due to errors in the observation operator or errors of reptasiveness.
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Figure 1: a) Observation error estimates (solid lines) andnslard deviations of FG departures
(dashed lines) for the F13 SSM/I. Estimates for the cleartArd:loudy sample are shown in black
and grey, respectively. b) As a), but for the F15 SSM/I. c))Abut for AMSR-E on Aqua.
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a) F-13 SSMI, Clear b) F-13 SSMI, Cloudy
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Figure 2: a) Estimates of inter-channel error correlatiofts the F13 SSM/I in clear conditions. b)
As a), but for the cloudy sample. c, d) As a) and b), respdytilat for the F15 SSM/I. e, f) As a)
and b), respectively, but for AMSR-E on Aqua.

The estimates of the observation errors are considerabfflemthan the assumed observation error
used in the assimilation system (cf Tableand2). The observation errors used are situation depen-
dent, following Geer and Bauer (2011). The observationremmodel has been derived on the basis of
FG-departures only, assuming that the background erranl €1 K). This results in relatively large
observation errors, reflecting a cautious approach to siedation of the microwave imager data.

Inter-channel observation error correlations as estithate the Desroziers diagnostic are shown in
Fig. 2. Two aspects are striking: firstly, for the clear samplechinnels exhibit significant error corre-
lations that are generally above 0.5 and frequently muchdrithan that. The finding is consistent with
significant error correlations found for humidity-sourglimstruments in Bormann and Bauer (2010).
Secondly, for the 19-37 GHz channels, the cloudy class é@gh#lven stronger inter-channel error cor-
relations which are generally above 0.7. In particular,viagically and horizontally polarised channels
of the same frequency have error correlations above 0.%i®ictass, reflecting the de-polarisation ef-
fect of clouds and rain. In contrast, the 85 GHz channel on £&Mlightly less correlated with the
other channels in the cloudy class than in the clear clasbapty reflecting the different sensitivity to
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Figure 3: Estimates of spatial error correlations for the #85SM/I from the Desroziers diagnostic.
Estimates of the observation error correlations are shownsalid lines, whereas those for the
background error correlations are shown as dashed line#) thie clear sample shown in black and
the cloudy sample shown in grey. The last panel gives the euofibbservation pairs (in thousands)
that the estimates are based on. The highly variable numbebservation pairs is due to the
thinning/super-obbing applied to the data prior to the asitation which averages observations to
the T255 Gaussian grid.

ice-hydrometeors between these frequencies.

Next we will investigate spatial observation error cortielas. To estimate these, we generated a
database of pairs of FOVs for the respective instruments$.oldervations from the same orbit were
matched up with each other, making sure that each obseanvadio is represented only once. The ob-
servation pairs were binned by separation distance in eodealculate isotropic error correlations with
the Desroziers diagnostid); The binning interval used was 25 km.

Estimates of spatial error correlations of the F13 SSM/Ishi@vn in Fig.3. The results for equivalent
channels for the other instruments are similar and are fitrerenot shown here. All channels show
observation error correlations of around 0.2 or higher épasations of less than 100 km. For the 85V
channel, the spatial observation error correlation fordlueidy class are broadest and considerably
broader than their clear counterparts, reaching 0.2 ordyatnd 400 km. For the 19-37 GHz channels,
the clear class tends to exhibit slightly larger spatialotation error correlations than the cloudy class.

3.2 Single-FOV assimilation experiments

Given the strong inter-channel error correlations, palaidy in the cloudy class, we will now investigate

how the filtering properties of the assimilation system dfiecéed by neglecting these or accounting for
them. We will do this for the example of the cloudy class fréva E-13 SSM/I; similar results would be

obtained for the other instruments.

As a first step, it is useful to inspect the eigenvectors agdreialues of the error correlation matrix
presented in Fig2b (e.g., Daley 1993; see Fig). Normalised with theo,s and projected onto these
eigenvectors, the errors in the SSM/I observations wilballindependent. For each eigenvector, the
square root of the eigenvalues gives a measure of how thesexssociated with that eigenvector are
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Figure 4: Eigenvectors of the error correlation matrix show Fig. 2b. Also given are the square
roots of the associated eigenvalues above each pannel.

inflated or deflated relative to a diagonal matrix (cf Bormah@al. 2003 for a discussion of the spatial
equivalent). We can see that in the case of correlated atsammerror, mean-like structures associated
with the leading eigenvector will show a larger error conglato when the error covariance is diago-
nal (square root of the eigenvalue of 1.9621). In contrast, structures associated with higher-order
eigenvectors instead show a smaller error, with eigengadfidess than 1. As a result, if inter-channel
observation error correlations are taken into account insamilation system, we can expect to see a
situation-dependent down- or up-weighting of the obsé@watcompared to using a diagonal matrix,
depending on whether th&,-normalised observation departures primarily projecbdhe leading or
the higher eigenvectors.

The behaviour of up- or down-weighting the observations lmalemonstrated in assimilation experi-
ments. To highlight this, we perform assimilation expenitsein which only a single selected SSM/I

FOV is assimilated; all other observations are excludedthéncontrol experiment we use a diagonal
observation error covariance matrix, whereas in the eorelation experiment we explicitly take the
inter-channel error correlations into account. The okse error 6,) and all other aspects are the
same for both experiments. We study two cases here, botleof thagnosed as cloudy in the obser-
vations and the FG. The locations are 8.8N, 46.4W for cased 28.1S, 44.2W for case 2, taken on
11 and 14 July 2009, respectively, with observation timeselto the beginning of the 12Z 4DVAR

assimilation window.
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Figure 5: First guess departures (observation minus FG) f&f the F13 SSM/I channels used in
the ECMWEF system for case 1 (left) and case 2 (right).
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Figure 6: Vertical profile of the increments (analysis mim{3) for case 1 of the single-FOV exper-
iments in terms of temperature (left) and humidity (righ§lid at the beginning of the assimilation
window. The increment profile has been extracted at the @hten location. Grey indicates the
results for a diagonal observation error covariance matnixhereas black gives the results with
inter-channel error correlations taken into account.

First Guess departures for the two cases are shown insFiGase 1 shows FG departures with dif-
fering signs for different channels; once normalisedoythese project primarily onto the 2nd and 4th
eigenvector of the error correlation matrix, associateith wigenvalues of less than 1. In contrast, case
2 shows FG departures consistently smaller than -10 K fahahnels, projecting well onto the leading
eigenvector after normalisation with,.

As a result, taking the error correlations explicitly intocaunt in the assimilation leads to larger in-
crements for case 1 (Fi®), as the observations are receiving more weight. The inenésnare the
difference between the analysis and the FG and thereforeaauree of how strongly the observation
affects the analysis. In contrast, case 2 exhibits smalt¥ements in the error correlation experiments
(Fig. 7), as the inter-channel error correlations act to reducevikight of the observations. The findings
illustrate how taking observation error correlations iatzount in the assimilation can act to increase
as well as decrease the weight of the observations.

4 Conclusions

In the present study we have estimated observation errdrthair spatial and inter-channel error corre-
lations for microwave imager radiances in the ECMWF sysiamd, highlighted how inter-channel error
correlations can alter the filtering properties of a 4DVARIaslation system. The main findings are:

e The Desroziers diagnostic indicates larger observatimr&for microwave imager data in cloudy
regions, as would be expected due to larger observatioratupeand representativeness errors.

e Estimates for inter-channel error correlations are ratieye for all three instruments, particu-
larly for the 19-37 GHz channels in the cloudy class, for whécror correlations are generally
above 0.7. For the cloudy class, channels with the samedregubut different polarisations
show particularly strong correlations exceeding 0.9, sstigg that errors arising from the cloud
parameterisation (either in the moist physics or in theatad transfer) dominate in these cases.
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Figure 7: As Fig.6, but for case 2.

e Considerable spatial error correlations can be found fpasdions of less than 100 km for all
channels. The 85 GHz channel in cloudy conditions shows tbadest spatial error correlations,
reaching 0.2 at around 400 km. Note, in the experiments ueeg] the data is super-obbed to
T255 (=80 km) resolution.

e Taking the inter-channel error correlations into accomnthie assimilation system can increase
as well as decrease the weight given to the observationsvecta assuming a diagonal error
correlation matrix.

The present results are consistent with the findings formwatgour and window radiances in our earlier
study (Bormann and Bauer 2010, Bormann et al. 2010). We dgmirconsiderable spatial and inter-
channel error correlations for these channels, amg that is significantly larger than the measured
instrument noise. This suggests that a large proportiohefabservation error originates from the
observation operator or from errors of representativenessworth noting here that in strong-constraint
4DVAR the observation operator effectively includes theegmation of the forecast model up to the
observing time. These errors will inherently lead to irtkannel as well as spatial error correlations.

The findings of significant error correlations for the mices® imager radiances, especially in cloudy
conditions, prompts the question what implications thesetor the assimilation of the data within the
current assumptions of variational data assimilationesyst One way to address the error correlations
could be to revise the spatial thinning or the channel selectvhile continuing to use a diagonal
observation error covariance matrix. This is the most castioption, and it is likely to also reduce the
effect of limitations due to the assumption of uncorreldtadkground and forward model error made in
today’s assimilation systems. Alternatively, observagoror correlations could be included explicitly in
the assimilation system. Our single-FOV assimilation expents demonstrate that accounting for these
can increase as well as decrease the weight of the obs&sjasiaggesting that an accurate specification
of these inter-channel error correlations is likely to b@ariant.
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