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Assimilation of cloud-affected radiances from Meteosait-£CMWF ECMWF

1 Executivesummary

This past year, work has been directed towards incorpgratirsky radiances (ASR) from Meteosat-9 SEVIRI
into the ECMWF four-dimensional variational assimilati@D-Var) system, starting with the assimilation of
cloud-affected radiances for restricted conditions suEloercast scenes. As dynamically active areas are
known to be mainly cloudy, current aims in Numerical WeatRegdiction (NWP) centers are to continue
improvements in the assimilation of cloud-affected irddradiances both in polar and geostationary orbits,
with the idea that this is necessary for continuing gains\msKill.

At ECMWEF cloud-affected infrared radiances in overcastitions over the ocean from hyperspectral sounders
(i.e., Advanced Infrared Radiation Sounder and Infrared AtmesptSounding Interferometer) are already as-
similated operationally. The model state vector is localt{ended at observation locations, to include cloud top
pressure and effective cloud fraction as cloud parameidrsse parameters describing a single-layer cloud are
simultaneously estimated together with temperature anddity inside the main analysis. As part of this study,
the ECMWEF 4D-Var analysis system has been successfullyneégteto similarly assimilate cloud-affected
geostationary radiances in overcast conditions from Mete®. Initial 4D-Var assimilation experiments with
overcast SEVIRI data as the only satellite data have leauktfollowing results:

e The assimilation of fully overcast infrared radiances wasw to systematically affect temperature,
humidity and winds analysis increments in area of overcdastdcregimes, showing a very good corre-
spondence between the altitude where the changes occunadégnosed height of the overcast cloud.

e The cloud parameters (i.e., cloud top pressure and eféectoud fraction) derived from SEVIRI ASR
inside the 4D-Var agree well with independent EUMETSAT aatibn of the cloud conditions.

e Experimentation with the assimilation of cloud-affectdd\@RI radiances in the context of no-satellite
baseline experiments have revealed the potential of oselages for improving the wind tracing ca-
pability of SEVIRI radiances in 4D-Var.

e In general, low-level overcast scenes add most of the osesimations to the system. Relaxing the
overcast limitation by assimilating all scenes with anreate effective cloud fraction greater than 0.99,
leads to an increase of number of assimilated overcast segwkbetter wind analysis scores. However,
applying the simplified overcast approach to scenes wittsimate effective cloud fraction greater than
0.9 does not improve the wind analyses scores.

In the second part of this work a comparison has been madesbetthe individual impact of each of the fol-

lowing observation types from Meteosat-9 SEVIRI: cleay-skdiances, overcast radiances and cloudy AMVs.
The analysis impact of each observation type is expresseatrims of the root-mean-square of humidity and
wind speed analysis difference with respect to a baselisiendation. The main results of this comparison are:

e When the water-vapour clear-sky radiances are assimjléted4D-Var tracing mechanism fits the ra-
diances by advecting deep layers of humidity and this lead$eeper layer adjustements of the wind
field. For the cloudy AMVs the wind information is provided assingle level wind information and
the structure functions of the background covariance mawitrol the spread of this information on
the vertical. SEVIRI AMVs data do not have significant impantthe relative humidity field. SEVIRI
clear-sky radiances and cloudy AMVs impact is complemegntdth respect to the magnitude of wind
increments and the altitude range at which each observgfienhas maximum impact.
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e The vertical distribution of wind changes from assimilgticioud-affected radiances in overcast condi-
tions and from cloudy AMVs are very similar in shape, showanmgain peak at 250-300 hPa. The impact
of AMVs is larger as the number of completely overcast SEVdREnes in the ASR product (48km
x48km) is small compared to the number of cloudy AMVs.

The third phase of the study quantifyies the impact of thelwoed clear and overcast SEVIRI radiances on
the wind analysis, compared with the impact of SEVIRI cleatiances alone and with the impact of cloudy
SEVIRI atmospheric motion vectors (AMVs). The experimestisw that:

e The extra cloudy radiances cover the areas where clear dlgn@es are not available and provide useful
additional temperature, humidity and winds increments@aa where they were assimilated.

¢ Wind speed vertical profiles from the combined clear andeastradiances are rather similar in structure
with those from just the clear SEVIRI data due mainly to theswmolume of overcast data compared
with the clear data. Larger impact at 300 hPa is obtained framadditional use of overcast scenes.

e Wind analysis scores show that combined clear and over8A#iRS radiances perform better than clear
SEVIRI radiances alone particularly over the Southern tpimere. Over the Northern Hemisphere and
Tropics, wind analysis scores for the both datasets areclesg.

Finally, the potential operational benefits of assimilgtovercast radiances from Meteosat-9 in addition to the
clear radiances have been assessed in a full system whesataiely available observations are used. Results
are clearly positive and the operational switch to ASR fromtédsat-9 in the next coming cycle (CY38R1)
should improve the quality of 4D-Var analyses and subsedoeacasts. Work is well under way to assess the
impact of all-sky SEVIRI observations in the assimilatiorddorecast system in terms of DFS diagnostics and
forecast error contribution (FEC).

2 Introduction

A number of studies were conducted in recent years in NWRe&=hd investigate the capability to assimilate
cloud-affected satellite data, with special focus on irddaobservations obtained from hyperspectral sounders
(Heilliette and Garand, 2007; Pavel al, 2008; McNally, 2009; Pangauet al., 2009). These efforts aim
on improving the sounder radiance data usage in cloudymsdlwat are meteorologically sensitive (McNally,
2002). The reader is referred to Bawgdral, (2011) for details on the current development status of the
assimilation of satellite observations affected by claudifferents NWP centres. The ECMWF main impact
of adding cloud-affected hyperspectral infrared obs@wmatis marginally positive on 500 hPa geopotential
over the Northern and the Southern Hemispheres extratra@pid positive on 700 hPa temperatureas at all
latitudes (McNally, 2009).

Cloud-affected infrared radiances from geostationargliias can also be beneficial to improve the forecast
quality of NWP systems. There has been some progress reaeiitle assimilation of cloud-affected infrared
brightness temperature from geostationary satellites.

The impact of cloud-affected satellite radiances from Ms&t-8 in the HIRLAM analysis and forecast accuracy
had been evaluated by Stengell., (2010). Following the approach proposed in Chevadieal., (2004) the
observation operator was designed to diagnoses itsellgwaif cloud cover and cloud condensate from the
background values of the model state vector variablesrétlhe using prescribed cloud top height and cloud
cover. Itwas found that the assimilation of cloud-affeqjedstationary radiances improve the forecast accuracy
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in the mid and upper troposphere. However, Stepgal., (2010) showed some degradation of the temperature
and humidity forecast accuracy due to SEVIRI cloud-afféctadiances at levels around 850 hPa in HIRLAM
system.

The performance of a simple one-layer cloud scheme as Hedcim McNally (2009), only constrained by
cloud-top height and cloud fraction, has been recentlysitigated with simulates super-ob radiances of the
MTSAT-1R imager in cloudy conditions (Okamoto, 2012). Dassimilation experiments with cloud-affected
MTSAT-1R radiances in channel at 1Qu&n show a slightly improved forecast of temperature arouriig®a
and of winds in the lower troposphere.

In this paper, the feasibility of assimilating Meteosati9sty SEVIRI radiances directly into ECMWF 4D-Var
is investigated. Following the approach described by MgN@&O009), the performance of one-layer cloud-
scheme constrained by cloud top height and cloud fractierbkean investigated within an operational context
with the all-sky radiances produced by EUMETSAT from SEVIRI

Meteosat-9 is the prime observational satellite’db@gitude, in geostationary orbit, 35 800 km above the Gulf
of Guinea, with a Spinning Enhanced Visible and InfraReddeng SEVIRI) on board. This optical imaging
radiometer observes the Earth’s atmosphere and surfagelvetchannels: three in the visible (0.4-1.1, 0.6, 0.8
um), one in the near-infrared (118m) and eight in the infrared (3/9m - 13.4um) and provide measurements
with a resolution of 3 km by 3 km at the subsatellite point v minutes (Schmetet al,, 2002). Since 2004,
infrared radiance data from SEVIRI were disseminated asa-aky radiance product. Along with the mean
brightness temperatures for cloud free pixels in a 48 km bikm&quare box (i.e, 16 pixels by 16 pixels) the
amount of the segment free of cloud expressed as percestagmigiven with the EUMETSAT CSR product.
The direct assimilation of Meteosat WV CSR data in the ECMWIFVar system is discussed in detail in
Munro et al. (2004) and Kopkeret al. (2004). Since 2009, EUMETSAT started to disseminate the ABR
product generated hourly in a 16 pixels by 16 pixels square(be, 48 km by 48 km at sub-satellite point).
The ASR product contains brightness temperatures inféomditom all water vapour and infrared channels
averaged over all pixels within a processing segment asageatlear-and cloudy-sky brightness temperatures
averaged over all clear and all cloudy pixels, respectivilgng with the averaged CSR and ASR, the percent
of pixels flagged as clear and cloudy considering three tgbémyer clouds (high, middle and low) are also
given by EUMETSAT.

Radiance measurements from geostationary infrared sefrson the WV channel provide valuable informa-
tion on the mid- and upper tropospheric humidity field. Ségddy Kopkeret al. (2004), Munroet al. (2004)
and Szyndeét al. (2005) have shown that the assimilation of high frequenciR @8m geostationary satellites
affects the 4D-Var wind field. Peubey and McNally (2009) hbeen clearly demonstrated that CSR leads to
an improvement in ECMWF’s 4D-Var wind analyses. They foumat the most important mechanism through
which the assimilation of CSR constrains the analysis idtimaidity tracer advection which clearly dominate
over the effects of balance constraints imposed on the sisand model cycling. Clear-sky geostationary radi-
ances have been found to improve the wind analysis throughetroposphere, with the strongest signal in the
middle and upper troposphere. It has also been shown thatjke simage at the end of a 12-hour assimilation
window provides much larger impact than a single image abéginning of it.

Currently, emphasis is being put on evaluating the extenwhih useful information on humidity can be
derived from cloud-affected SEVIRI radiances in ECMWF 4Bx¥nalysis. The main objective of this work
was to extend the humidity tracing capability, previousgnnstrated only in clear-sky to cloudy regions, to
obtain an all-sky constraint on the atmospheric wind fielthweostationary radiances. Of particular interest is
the impact of the cloudy radiance data on the wind analysigia-Var tracing, compared with cloudy AMVs.
AMVs are useful for NWP because they provide wind obserwatioith good coverage for the tropics and
midlatitudes, especially over the large ocean areas.
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Meteosat-9 atmospheric motion vectors datatsets aresdeatvE UMETSAT by tracking cloudy features in the
infrared 10.8um channel, the 0.§im visible channel and from cloudy and clear-sky images inGl2eum

and 7.3um water vapour channels. The hourly Meteosat-9 AMVs diseatad by EUMETSAT is an average
of three vectors calculated from a sequence of four imagdeudg AMVs from Meteosat-9 are currently
assimilated in the operational suite at ECMWF. Clear AMVs hat been used in this study because the height
assignment is particularly problematic for clear-sky AMa&sthe radiation in the WV channels under clear-sky
conditions is emitted from a deep upper-tropospheric layer

The structure of the paper is as follows. Section 3 descuaipeisitial evaluation of overcast SEVIRI data in
ECMWF 4D-Var. In Section 4, SEVIRI clear-sky radiances, roast and cloudy AMVs observations have
been introduced into a baseline (observation depletedndason system) in order to assess the impact on
NWP wind analyses. Results from data assimilation experis@ith overcast data assimilated in addition to
the Meteosat-9 SEVIRI clear radiances are also discus®atios 5 assesses the performance of SEVIRI ASR
direct assimilation in low-resolution operation-like exjments. The impact of all-sky SEVIRI observations
in the assimilation and forecast system is discussed instefDFS diagnostics and forecast error contribu-
tion. Finally, some conclusions are given in Section 6, eh#lidation experiments using SEVIRI clear-sky
radiances from both, CSR and ASR EUMETSAT products are destin Appendix .

3 Assimilation of overcast SEVIRI radiance

The scheme used operationally at ECMWF to directly assienitboud-affected infrared radiances from polar
orbiter data was extended to make use of the all-sky radsafioen SEVIRI. The 4D-Var analysis control
vector has been extended to include the cloud-top pre$Sajeand the effective cloud fractiofCr) as cloud
parameters. In this approach clouds are assumed to be-tggleblackbody with a negligibile depth. The
radiance observation operator RTTOV-9 (Matricaetial, 2004) is able to compute cloud-affected radiances
using additional inputs of single-layer cloud-top heightddraction of opaque cloud. Background estimates
of the additional analysis variables that describe cloudsd@agnosed from the observations, not taken from
the NWP model. Two channels per sensor, one aroundridand one around 1fim (channels 6 and 8 for
Meteosat-9) are used to define background estimates of plataeters and a value of 5 hPa has been used
for the background error in cloud-top pressure. Followimg approach introduced by Eyre and Menzel (1989)
the estimation consists in minimizing the sum of the squaiffidrences between observations and simulated
cloudy radiances through the following cost functibn

N
J= Z[Ross— ReLo(Cr,Cr))?, (1)
=
whereRogsis the observed radiance aRgy p is the cloudy radiance defined by a linear combination ofcagtr
Ro(Cp) and clear-sky radiancd®:| g using the following equation:

ReLo(Cr,Cr) = (1—Cr )ReLr+CrRo(Cp), (2

The first experiment uses an overcast SEVIRI observatiodgiaal onto a no-satellite baseline experiment
over a one-month period from 10 February to 10 March 2010g@xent identifierfivu, hereafter expv).
The baseline has been initialized with the ECMWF operatiamalysis on 2 February 2010 and the only
observations assimilated are conventional in situ data fiadiosondes, aircraft and surface observations. Al-
lowing the system to degrade over a period of 8 days, the Isadeeh used as initial conditions for all the
experiments performed in this study. Both assimilationeexpents used 12-hour 4D-Var, with a model res-
olution of T511 corresponding to about 40 km, an incremeautallysis resolution of T159 (125 km), and 91
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levels in the vertical up to 0.01 hPa. If the scene was detexthas overcast in the initial estimation process,
the cloud fraction was fixed at 1.0 and four channels (6.2,1038 and 13.4tm) were activated in the analysis.
Overcast scenes over land and ice surfaces or with an umagalsocloud-top pressure or when the cloud top
is determined to be below 900 hPa are not used in the curret@ray The observation errors assigned to each
channel for overcast radiances have been kept to the samesv@K) as those for operationally assimilated
clear-sky data. Additionally, the bias correction is theneafor cloudy as well as clear conditions. Obser-
vational biases are corrected using variational bias ctore employing a linear bias model that includes a
global constant, total column water vapour, 1000-300 he2@0-500 hPa layer thickness from the first-guess
as predictors for WV channels and a global constant offssdiptor for channels at 10.8m and 13.4um.

In this experiment, VarBC coefficients were inherited frdma previous cycle of the operational suite at T511
resolution (experiment identifiéhha) and they were updated at every analysis cycle.

Cloud fractions estimated within the ECMWEF 4D-Var assitiila system from SEVIRI observations have
been compared against independent estimates provided MEESAT. Our estimation of effective cloud

fraction, i.e., the product of fractional cloud cover andigsivity, agrees well with EUMETSAT independent
estimation, especially for the overcast scenes (Lupu andditg, 2011a).

Figurel displays the distribution of the overcast scenes from SEYdRhe first assimilation window (00 UTC
on 10 February 2010) separated into three categories dieygenwl cloud height. The quality control decisions
applied to overcast data leads to a rather low yield in teriagtive observations available to the analysis. The
overcast low clouds with the cloud top pressure between BAMA0 hPa account for the majority of overcast
scenes. An example of the coverage provided by the use of WR/f@n SEVIRI (channel at 6.2m) is also
shown in Figurel. It can be seen that the retained overcast data cover thewhesie CSR are not available.

< 100 - 300 300-600 < 600 -900 CSR (Ch. 2-6.2 microns)

60°N 7 60°N  60°N

40°N 40°N  40°N
20°N ko 20°N  20°N k.
20°S

20°S  20°S

40°S 40°S  40°S

60°S T 60°S  60°S 1 60°S

Figure 1: The distribution of overcast cloudy scenes (lefésseparated into three categories depending on cloughtei
(900-600 hPa (red), 600-300hPa (green), 300-100hPa (béune) clear sky scenes (right side, blue dots) from SEVIRI
water vapor channel at 6/2m for the first 12-hour analysis cycle 00 UTC on 10 February®01

The differences between temperature, humidity and windyaisaincrements in the SEVIRI overcast experi-
ment and the baseline has been examinated for the first 1aWs@ncycle. The increment differences at 300
hPa are shown in Figur2 for temperature, humidity and winds. The assimilation ofroast SEVIRI radi-
ances affects temperatures, humidity and winds in areasevdwercast observations are assimilated showing
a good correspondence between the altitude where the changer and the diagnosed height of the overcast
cloud. After many successive cycles of assimilation thengka due to the use of overcast radiances spread by
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advection into other areas.

2.5m/s
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Figure 2: For the first 12-hour analysis cycle (00 UTC on 10 kedry 2010), temperature increment differences (experi-
ment minus baseline) (in K on the left), relative humidity §gpercentage) and winds (m/s, on the right side) produced by
the overcast SEVIRI observations at 300 hPa (no-sateltitéext). The blue dots shows the location of overcast scenes
with cloud height between 200-400 hPa.

Overcast cloud-affected infrared radiance data from SEY#Re been introduced into the ECMWF Integrated
Forecasting System following the approach used operdtyotmadirectly assimilate cloud-affected radiance
from advanced infrared sounders. This has permitted a césopaof cloud parameters calculated within
the ECMWEF 4D-Var assimilation system from SEVIRI obsemwasi with EUMETSAT independent estimates
as well as an initial assessment of overcast SEVIRI data oW\EEE 4D-Var analysis. Overcast SEVIRI
radiances have been shown to provide temperature, hunaidityvinds increments in area where the overcast
observations were assimilated.

4 Basdline experiments: Wind tracing from SEVIRI clear and overcast radi-
ance assimilation

The assimilation of high temporal density water vapouraade data from geostationary satellites can influence
the wind field through humidity tracer advection induced +Var. It has been demonstrated by Peubey
and McNally (2009) that a 4D-Var assimilation system canveeuseful tropospheric wind information from
humidity sensitive radiances by advecting humidity feesuio improve the analysis fit to observations. In this
section we investigate the impact of clear-sky radiances,cast and cloudy AMVs observations from SEVIRI
Meteosat-9 on 4D-Var wind analyses.

4.1 4D-Var humidity and wind increments from SEVIRI clear radiances, overcast radiances
and cloudy AMVs

The results presented in this section were derived fromraxrpats carried out with the ECMWF Integrated
Forecasting System version CY36R3 at T511 resolution, &icaeglevels and 12 hour 4D-Var for the period 10
February 2010 to 10 March 2010. SEVIRI radiances from theaimmal CSR product (experiment identifier
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Table 1: Summary of experiments performed in a no-satélditeline context, discussed in Section 4.

SEVIRI data useg Configuration

Experiments Clear | OV | AMVs | Summary
CSR yes | X X ch.2,3; Land/Sea; adapt. VarBC, more than 70% clear pixels
oV X yes| X ch.2, 3, 6, 8; Sea; adapt. VarBC; Cf=1.
AMVs X X yes IR, VIS0.8, cloudy WV6.2 and cloudy WV7.3 ; Land/Sea.
ovi X yes| X ch.2, 3, 6, 8; Sea; static VarBC; Cf=1.
ov2 X yes| X ch.2, 3, 6, 8; Sea; static VarBC; Cf greater than 0.99.
ex1 CLEAR yes | X X ch.2,3; Land/Sea; adapt. VarBC, more than 70% clear pixels
ex1 CLEAR+QV yes | X | X CLEAR radiances: see eXILEAR.

OV radiances: ch.2,3,6,8; Sea; adapt VarBC; high and mediuym

overcast scenes with Cf=1.
ex2 CLEAR yes | X X ch.2,3; Land/Sea; static VarBC, more than 70% clear pixels.
ex2 CLEAR+QV yes | yes| X CLEAR radiances: see exQLEAR.

QV radiances: ch.2,3,6,8; Sea; static VarBC; Cf greater h@9

fhgl), overcast (OV) from ASR producfjyu), cloudy AMVs SEVIRI observationsfifp) as well as cloudy
AMVs SEVIRI observations over oceans arefligl) were each added to a base experiment which uses a
depleted observing system. The ba#i#\j has been initialized with the ECMWF operational analysis o

2 February 2010 and the only observations assimilated areentional data from radiosondes, aircraft and
surface observations. A summary of the main charactesisfithe experiments ran to assess the wind analysis
impact of SEVIRI observations is given in Table 1.

4.1.1 Impact of operational CSR and cloudy AMVs on analyses

The procedure to assimilate the CSR and cloudy AMVs from $HYA this study, is the same as in the current
operational ECMWF suite.

In the CSR experiment, checks on brightness temperaturesatetlite zenith angles are applied and also a
geographical thinning is performed prior to insertion iagsimilation. CSR from WYV channels are operational
assimilated. SEVIRI data are assumed uncorrelated andstactivalue of 2K has been assigned to the obser-
vation error standard deviation. For both WV channels, nlag®nal biases are corrected using variational bias
correction, employing a linear bias model that includesoball constant, total column water vapour, 1000-300
hPa and 200-500 hPa layer thickness from the first-guessdfmrs. SEVIRI CSR are thinned horizontally
to 1.2% and several quality control checks are applied. In the WVhokh all Meteosat-9 CSR having the
percentage of clear pixels less than 70% are rejected aed,sea, data having background departure in the
window channel outside a chosen range [-3K, 3K] are alsoueed. In the window channel, CSR are pas-
sively monitored and used for quality control. In this chelnmvhich have contributions from the surface, data
over land and having a percentage of clear pixels less th@émafé blacklisted. In addition to the variational
qualiy control checks a few data selection criteria areifipeldn the blacklist. For example, CSR observations
having satellite zenith angles larger thar? @ being over high terrain (higher than 1.5 km model orogyaph
are excluded.

In the cloudy AMVs experiment, AMV data are horizontallyrihed by selecting the AMVs with the highest
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forecast independent quality indicator provided by EUMBT $1 boxes of 200 km by 200 km . AMVs are
then assimilated hourly with observation errors efms .

To illustrate the wind tracing capability of geostation&#VIRI radiances in 4D-Var, detailed comparisons
with AMVs have been performed to study how the wind informiatfrom both data sources is distributed in
the vertical (Lupu and McNally, 2011b). We display the as&yimpact of each of SEVIRI CSR and cloudy
AMVs in terms of the root-mean-square (RMS) of humidity ariddwspeed increment differences with respect
to the Base assimilation in figu@ These are shown as vertical profiles on pressure levelebetd000 hPa
and 1 hPa for Meteosat-9 disc area.

In figure 3, the relative-humidity (left side) and wind impacts (rigéitle), as provided by the RMS of the
SEVIRI CSR experiment minus Base, is shown in blue line wiieehumidity and wind impact, as provided
by the RMS of the SEVIRI AMVs experiment minus Base, is showiblack line. The vertical extent of the
relative humidity increments, from WV CSR, typically be®vel00 and 800 hPa, and their peak, typically at
300 to 400 hPa, reflect the sensitivity of the WV channels. ke WV CSR are assimilated, the 4D-Var
tracing mechanism fits the CSR by advecting deep layers oidityrand this leads to deeper layer adjustements
of the wind field. For the cloudy AMVs the wind information isguided as a single level wind information
and the structure functions of the background covariandgixr@ontrol the spread of this information on the
vertical. However, SEVIRI AMVs data does not have signiftdampact on the relative humidity field. SEVIRI
CSR and AMVs impact is complementary with respect to the ntage of wind increments and the altitude
range at which each observation type has maximum impact.

1007 100,
2007 200,
o o
5400’ 5400’
£ 500 2 500,
(2] (2]
@ 6001 @ 600
& 700 & 2007
800+ 8001
900+ 9001

1000755 0 o5 1 15 2 25 3 00501 “02 o3 o0z 05

Relative humidity (%) Winds (m/s)

Figure 3: Vertical profile of the monthly averaged RMS ralathumidity (left side) and wind speed (right side) incrate
differences between the CSR experiment minus base (bd)afid AMVs experiment minus base (black line).

4.1.2 Impact of overcast and cloudy AMVs assimilated oveoseanalyses

Figure4 displays the relative-humidity (left side) and wind impé&aght side), as provided by the RMS of the
SEVIRI OV experiment minus Base (blue line) and SEVIRI AM\igeriment minus Base (black line). As
the overcast radiances (with an effective cloud fractiomaéqt 1) from four channels (6.2, 7.3, 10.8 and 13.4
microns) are only used over sea, the AMVs dataset is also hesedover sea but not over land. Wind speed
vertical profiles from overcast radiances and AMVs assitmilaover sea, are very similar in shape, showing a
main peak at 250-300 hPa. The impact of AMVs is larger as that®n of completely overcast SEVIRI scenes
is reduced comparatively with the number of cloudy AMVs. ppaars that the humidity analysis increment
difference is constrained to within 1.5% inside the Meté@sdisc in the Southern Hemisphere (latitude within
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50°S-20'S) (not shown), where changes in monthly averaged humiditys Ricrements above the cloud top
are observed from the use of overcast data.

1007 100,
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Relative humidity (%) Winds (m/s)

Figure 4: Vertical profile of the monthly averaged RMS ralathumidity (left side) and wind speed (right side) incrate
differences between the overcast and base experiments|{ibd) and AMVs over oceans and base experiments (black
line).

4.1.3 Wind analysis scores

Peubey and McNally (2009) used the analysis scores to canipamwind analysis impact of CSR and AMVs
derived from geostationary satellites. In this work a samdomparison has been performed for all experiments
assimilating SEVIRI datasets: CSR, overcast, all cloudy\s\and cloudy AMVs restricted to oceans areas.
For each experiment, the wind analysis score is calculatsidé Meteosat-9 disc by averaging over rall
assimilation cycles as follows:

> (RMSE — RMSE)

ARMSE=
g;RMSQ

®3)

whereRMSE and RMSFjb are the wind analysis error for experiment and for the basgliespectively. For
every cyclej, wind analysis errors are calculated as departures frolB@MWF operational analysis that runs
at T1279 resolution and assimilate the entire observingesyss:

RMSE = \/ SYEENEE @)

RMSED - V LS v ®

whereu; andy; (uP andvP) are the analysis values of the zonal and meridional windpmrants at a grid point
i for the experiment (baseline); andv] are the corresponding values from the ECMWF operationsnaiad
the number of grid points inside the considered area (ladgitithin 50 W-50°E, latitude within 20N-50°N
for the Northern Hemisphere, 28-20°'N for the Tropics and 5(6-20'S for the Southern Hemisphere).

When a data set is added to the baseline the resulting ashadysiways expected to perform better when
compared to baseline. A zero value of the analysis score smeaimprovement over the baseline while the
100% value corresponds to an analysis that has no error @gfiect to the operational analysis.
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Figure6 shows the analysis scores of the wind speed for all expetsrassimilating overcast, CSR and AMV
SEVIRI data. Vertical error bars superimposed upon theiptiitate 95% confidence interval for wind analysis
scores and were calculated using the Student distribusan Beubey and McNally (2009). In the Tropics at
300 hPa, no improvement over the baseline is found when asedata are assimilated and this is related to the
limited number of overcast scenes assimilated. Additign@ISR and AMVs impact is complementary with
respect to the magnitude of wind increments and the altitadge at which each observation type has maximum
impact. The analysis scores indicate a positive impact efaast SEVIRI data through the troposphere over
the Southern Hemisphere and at 500 hPa over the Tropics.
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Figure 5: Wind analysis scores calculated inside Meted@sdisc in the Northern Hemisphere [28-5(°N], Tropics
[20°S-2@N] and in the Southern Hemisphere f®-2@S] for the experiments assimilating SEVIRI overcast, CBRdy
AMVs and cloudy AMVs over oceans for one month assimilagoiog 10 February 2010 to 10 March 2010: OV (black),
CSR(white), AMVs (dark grey) and cloudy AMVs over sea (leafch

4.2 Increasing the number of overcast SEVIRI data: impact on wind analyses

The evaluation of the daily evolution of the number of askited overcast observations in WV channels
has shown that the number of active observations is not @onhatl along the study period. The number of
assimilated observations drop by half in the first few adaiioin cycles (figures, green line). Since we are
interested here to maximize the number of assimilated agéscenes, we examinated the impact of increasing
the yield of overcast infrared data in the analysis. This dase first by applying a static bias correction
scheme where the bias correction coefficients, first imstal with the corresponding VarBC coefficients from
the operational suite, remain constant during all the expErt and second, by relaxing the restriction to strictly
overcast data.

We summarize here the configurations of two additional expents performed to increase the number of as-
similated overcast observations: the first experimentéerpent identifieffkgc hereafter, exppvl) is identical

to the previous one (only completely overcast scenes waniteted) except that a static VarBC was used. In
the second experimentkfyd hereafter, exmpv?2), the strict limitation of using only completely ovestasitu-
ations was relaxed by assimilating all scenes with effeatiboud fraction greater than 0.99 and also, using a
static VarBC. Using the static VarBC, the calculated biasmpeeters from the operational dataset are assumed
to apply statically over time.

Figure 6 shows the number of daily assimilated overcast obsenationwater-vapour channel at 6(Zm
in the experimental overcast system and in the two additiexigeriments performed. Relaxing the overcast
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limitation by assimilating all scenes with an estimate @ffee cloud fraction greater than 0.99, leads to an
increase of number of overcast scenes assimilated and wettkanalysis scores, particularly over the Southern
Hemisphere (figurg). It is worth noting that applying the simplified overcasipegach to scenes with an
estimate effective cloud fraction greater than 0.9 doesmptove the wind analyses scores (not shown).

Results using a no-satellite baseline have revealed trenjalt of overcast images for improving the wind
analysis in a 4D-Var context, particularly over the Southdemisphere through the troposphere.
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Figure 6: Number of assimilated overcast SEVIRI in WV chbain@?2 um in the experimental overcast system OV (green
line) and in two additionnal overcast : exqvl (pink line) and expv2 (red line).
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Figure 7: Wind analysis scores calculated inside Mete@sdlisc in the Northern Hemisphere [29-50°N], Tropics
[20°S-2@N] and in the Southern Hemisphere [-2(S] for three experiments assimilating SEVIRI overcast data
one month assimilation period 10 February 2010 to 10 March@@V (black), expvl(white), expv2 (dark grey).

4.3 4D-Var humidity and wind incrementsfrom SEVIRI clear radiances combined with over-
cast radiances

Using the new ASR products disseminated by EUMETSAT, th¢ step was to assimilate Meteosat-9 overcast
data in addition to the clear radiances from the two wat@oeua channels. In cloud free locations two WV
channels from the ASR are used (6.2 and 7.3 microns, as wasfoiotine previous CSR data), but for overcast
scenes, four channels are assimilated (6.2, 7.3, 10.8 addmi8rons), the extra channels being required to
determine the cloud conditions.
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The ASR file contains brightness temperatures informatiomfall water vapour and infrared channels aver-
aged over all pixels within a processing segm@ift-") as well as clear- and cloudy-sky brightness temper-
atures averaged over all cle@i$'R) and all cloudy pixel{ TS'P), respectively. An examination of the ASR
BUFR file revealed that{'" = TSR when the scene is completely clear (i.e., the percent ofpfiegged as
clear-sky is 100%) antiy\'- = TSP for completely overcast scenes (i.e., the percent of eftiggr-, middle- or
low-levels clouds or their sum is 100% and the percent oflpikegged as clear-sky is 0%). Particularly, for
WV channel at 6.2m, a more detailed classification was found as follows:

o T4 =TSP when the percent of either high-, mid-levels clouds or thain is 100% and the percent of
low-level clouds is 0% and the percent of pixels flagged aaraky is 0%.

o TP = TSER= TELD when the percent of low-level clouds is 100% and the percepixels flagged as
clear-sky is 0%;

In the following, ASR were added to the same base experimbithause a depleted observing systéhfy.
Two potential configurations were evaluated for the asatimwih of SEVIRI clear radiances combined with
overcast radiances. Wind analysis score calculations @me tbr each configuration as well as for the pair
experiment assimilating only the clear SEVIRI radiances.

The first configuration tested (hereafter, 62LEAR+OV) was to use, in addition to the clear-sky brightes
temperatures, the cloudy-sky brightness temperatureslifoigh and middle scenes identified by EUMETSAT
as overcast. In this scenario, overcast radiances in faumrais whose effective cloud fraction estimated as
1.0 was coincident with EUMETSAT high or middle overcastrexewith cloud top pressure ranges between
100 and 600 hPa were assimilated with the overcast apprdiagh (f the overcast scene fails to meet those
requirements or if the scene is not overcast, the cloudifrads fixed at zero and the system reverts to a
clear-sky treatment of SEVIRI data. The adaptative vamti bias correction was applied to both clear- and
cloud-affected radiances. The overcast radiances anmitgeid only over sea and the same quality control
decisions as for the assimilation of clear radiances as InGhEAR+OV experiment was applied for a pair
experiment assimilating only the clear radiances datasseéfter exICLEAR, fivf).

Figure8 shows the number of daily assimilated overcast obsenaiiomll four channes in the experimental
cloudy system exCLEAR+QV as well as the amount of clear SEVIRI radiancesnaigsied in both water-
vapour channels in exCLEAR and exICLEAR+QV experiments. The additional overcast SEVIRI data
assimilated in the exCLEAR+QV experiment accounts for only 1.5% of the total of\@EI assimilated
observations. The number of active clear SEVIRI obseruaatis roughly the same in both experiments.

Figure9 shows analysis scores of the wind speed calculated ovessimitation period 10 February 2010 to 10
March 2010 for the experiments assimilating SEVIRI cleaiaaces, SEVIRI clear radiances combined with
overcast radiances restricted to high and middle overcastes and cloudy SEVIRI AMVs. In the context of
no-satellite baseline experiment, SEVIRI clear radiaraves SEVIRI clear radiances combined with overcast
radiances have been found to improve the wind analysis din@ut the troposphere. SEVIRI clear radiances
combined with overcast radiances restricted to high andlimiovercast scenes have a better performance than
clear radiances dataset particularly over the Southernisfdrare at 300 hPa.

The second configuration to possibly increase the numberetast scenes in the assimilation was to use the
cloud-affected dataset in the initial estimation of ovetaituations and the clear-sky dataset for the assimilatio
of clear scenes. In this scenario, overcast radiances fnogetfour channels whose effective cloud fraction
was larger than 0.99 were assimilated. For all overcasesceith an estimated effective cloud fraction greater
than 0.99 and the cloud top pressure ranges between 100 ankdP20 four channels were activated in the
analysis and assimilated only over sea. For all non ovesiasttions, the cloud fraction was then fixed to zero
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Figure 8: Number of assimilated SEVIRI: (a) Overcast SE\d&Ily assimilated in four channels at 6/2m, 7.3um,
10.8um and 13.4um; (b) Clear SEVIRI data in both WV channels at & and 7.3um. The red line represents clear
radiances from exCLEAR experiment and the green line represents clear radisifrom exICLEAR+OV experiment.
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Figure 9: Wind analysis scores calculated inside Mete@®sdisc from 10 February 2010 to 10 March 2010 in the North-
ern Hemisphere [2EIN-5(°N], Tropics [2°S-2@N] and in the Southern Hemisphere 8-20S] for the experiments
assimilating SEVIRI clear radiances (eXLEAR, black), SEVIRI clear radiances combined with ov&rcadiances
restricted to high and middle overcast scenes (EXEAR+QV, white) and cloudy SEVIRI AMVs (dark grey).
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and the system will use the clear-sky brightness tempastlataset for the direct assimilation of clear scenes.
The assimilation of SEVIRI clear radiances in the combine®dl @LEAR+OV (flhc) and ex2CLEAR (flh3)
experiments used the same data selection criteria. In Bp#rienents a static VarBC was applied to both clear
and overcast radiances. Using this configuration the nuoiflaily assimilated overcast observations increase
in the experiment exZLEAR+QV (flhc) as shown in figurdO.
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Figure 10: Time series of the number of overcast SEVIRI defimilated in four channels in e2LEAR+OV (experi-
ment flhc, grey line) and exCLEAR+QOV (experiment fivg black line).

An example of the additional coverage provided by the usevefaast data in the ex2LEAR+OV/(flhc) is
shown in figurellfor the first 12-h assimilation window.
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Figure 11: The distribution of overcast cloudy scenes safeatinto three categories depending on cloud height (900-6
hPa (red), 600-300hPa (green), 300-100hPa (blue) and ci&sirscenes (blue dots) from SEVIRI water vapor channels at
6.2um (left side) and 7.8m (right side) for the first 12-hour analysis cycle 00 UTC orFebruary 2010.

The additional impact of the overcast SEVIRI radiances uperassimilation system is illustrated in figur2

as provided by the vertical profiles of RMS relative-humjidind wind speed increment differences from each
of the ex2CLEAR+QV, ex2 CLEAR and cloudy AMVs experiments and the base experimemés& have been
estimated by substracting the humidity or wind speed inergmf baseline experiment from the increment of
the considered experiments. Wind speed increments fromSElear radiances (ex€LEAR) and SEVIRI
clear radiances combined with overcast radiance_@xEAR+OV) are very similar in structure but a larger
magnitude with a maximum at 300 hPa is obtained from the@xEAR+QV experiment particularly in the
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Southern Hemisphere region inside of the Meteosat-9 didus demonstrate the effect of humidity-tracer
advection involved in the production of wind incrementsnfréhe additional assimilated overcast SEVIRI
observations.
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Figure 12: Vertical profile of the monthly averaged RMS hutyidnd wind speed increment differences between:
ex2CLEAR+OQOV and base experiment (red line), &2PEAR and base (blue line) and cloudy AMVs and base (black
line) inside Meteosat-9 disc (top) and Southern HemispE3e5-20'S, bottom)

Analysis scores have been also calculated for the expetardascribed above and compared with cloudy
AMVs results (fig. 13). In the context of no-satellite baseline experiment,_ &XEAR+OV have a positive
impact on wind analyses through the upper-troposphere latter performance than ex2LEAR particu-
larly over the Southern Hemisphere. Over the Northern Heheige and Tropics, wind analysis scores for the
ex2 CLEAR+QV (white bars) and exZLEAR (dark bars) are very close, showing that in those regiaind
analyses only get benefits from the clear radiance assiomlatHowever, over those regions the number of
overcast scenes is limited. The impact of cloudy AMVs is sigantly larger at 850 hPa and 200 hPa, owing
to the large number of cloudy AMVs assimilated.

The results reported here are sufficiently encouraging ggesting the potential benefits of assimilating over-
cast SEVIRI observations in wind analyses scores andyustither work. However, it should be noticed that

in the context of a no-satellite baseline experiment, aiglgrrors are larger than might be expected from a
full observing system. Consequently, the improvement indaanalysis scores from the combined clear and
overcast dataset with respect to the clear dataset mayde than would be expected when those data sets are
added to a full observing system.
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Figure 13: Wind analysis scores calculated inside Mete®sédisc in the Northern Hemisphere [29-5(°N], Tropics
[20°S-20N] and in the Southern Hemisphere ®-2(S] for the experiments assimilating SEVIRI clear, combined
clear and overcast and cloudy AMVs for the assimilation @10 February 2010 to 10 March 2010): CLEAR(black,
ex2CLEAR), CLEAR+QV (white, ex2LEAR+QV), AMVs (dark grey).

The next section explores how the full operational forangssystem will work with EUMETSAT cloud-
affected SEVIRI radiances.

5 Towardsan operational assimilation of SEVIRI clear and overcast observa-
tions

Because a new cycle (CY37R3) went operational on 15th Noee2®l 1 at ECMWF, the modifications related
to the assimilation of ASR products from Meteosat-9 wergetbwithin this new cycle with the full observing
system. Before looking to the additional use of overcast,daé had to validate SEVIRI clear dataset obtained
from the new ASR product.

Experiments have been run in the global 4D-Var configuratiith 12-hour assimilation window for winter
period (1 January 2011 - 1 March 2011) and were based on a ktvaaroperational horizontal resolution
(T511 rather than T1279) to save computer resources. llntiaditions came from the operational analyses
for 12Z on 31st December 2010. Only one medium-range fordwasbeen run per day as opposed to two
forecasts in the operational configuration. The experimeatried out were therefore:

e Control experiment CTRLfkvl) used all available conventional and satellite data, iiclgy WV Meteosat-
9 clear-sky radiances from EUMETSAT CSR product.

e Experiment EXP1ftnrQ) is identical with the control experiment except that WVatlSEVIRI radiances
from the new ASR product are assimilated in the place of SEWR CSR.

e Experiment EXP2f(ns) has been designed to test the cloudy assimilation schetheSEVIRI ASR.
The experiment EXP2 uses the same selection criteria fadsienilation of WV clear SEVIRI radiances
as the previous experiment EXP1 and exclude all scenesfiddras overcast in the cloud parameters
estimation process. The purpose of this experiment wasctnieally check the cloudy assimilation
approach code changes and to validate that the performétiteassimilation system remain unchanged
when only the clear SEVIRI dataset is assimilated.
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Results of the validation experiments EXP1 and EXP2 usingebkat-9 ASR were compared to the CTRL
and were shown in the Appendix 1. The next section focus omiteecorrection of SEVIRI data in 13/4m
channel.

51 ECMWEF biasmonitoring statisticsof SEVIRI data

An important part of assimilating satellite radiances saglSEVIRI is the bias correction since the differences
between observed radiances and the model derived radiaree®ither bias-free. In the control experiment,
a bias correction is only calculated for the two assimilatéd channels and for the 10,8m channel (which

is only corrected for its use in the observation quality calnbut is not directly assimilated). An examination
of the equivalent statistics obtained over two months froetédsat-9 in both experiments EXP2 and CTRL
show almost identical results. An example is shown in Fidu¢hat compares the time series of first guess
and analysis departures for SEVIRI clear radiances in WMk at 6.2um and 7.3um in the Northern
Hemisphere. Identical biases are evident and VarBC is apptie same bias correction for clear Meteosat-9
radiances in both experiments. Similar findings are vako &br statistics over the Southern Hemisphere and
Tropics and also for 10.8m channel (not shown).

In the EXP2, the 13.4im channel, used to estimate the cloud parameters, shoulbdéias corrected. A
constant offset predictor was used to correct the diffexserietween observed and model derived radiances.
Due to the spectral location, its radiance shows temperanmsitivity through the troposphere with a maximum
amplitude in the lower troposphere around 850 hPa. Thed®i4hannel is also predicted to be most sensitive
to ice contamination. Figurg5 shows the time series of first guess and analysis deparmreteir SEVIRI
observations from EXP2 in channel at 13t before and after bias correction. The amplitude of theadign

the uncorrected radiance departures that was nearly 2.i6ckntered around 0.03 K after the VarBC scheme
was applied.

The final aim of this study is to evaluate the impact of cleat evercast SEVIRI data from the ASR product
with respect to the operational CSR dataset. Since in the WEMperational context clear-sky SEVIRI radi-
ances from 10.&m and 13.4¢m channels are not assimilated, in the next section furtkiger@nentation has
been conducted only with SEVIRI clear and overcast radsufrten WV channels at 6.2m and 7.3um.

5.2 Impact of SEVIRI ASR in the operational ECMWF system

Results of one assimilation experiment ASR (experimenttitier fnf2) run over the period 1 January 2011 -
31 March 2011 making additional use of overcast SEVIRI data sea with an effective cloud fraction greater
than 0.99 only in WV channels at 6/8m and 7.3um are now presented.

5.2.1 Analysis impact

Departure statistics for the observing system are compatedthe experiment period (from 1 January 2011

- 31 March 2011): mean and standard deviation of the diffeerbetween observations and NWP first guess
are computed after the bias correction of satellite radian®©ver the Southen Hemisphere, the assimilation
of combined SEVIRI clear and overcast radiances slightlgroves the standard deviation of background and
analysis departures in WV channel at guéh (e.g. Fig.16). The fit to other assimilated observations are not

changed in the ASR experiment compared to the CTRL (not shauggesting that both experiments agree

similarly well with the rest of the observing network. Chasdo the mean analyses are also very small for the
troposphere.
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Figure 14: Time series of mean and standard deviations ofiteeguess and analysis departures (before and after the
bias correction) from EXP2 (left) and EXP1 (right) for CSRrfr SEVIRI in WV channel at 6/2m (top) and 7.3um
(bottom) in the Northern Hemisphere. Also shown are the semies of bias correction and observation numbers.
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statistics for radiances from METEOSAT-9/SEVIRI
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Figure 15: Time series of mean and standard deviations ofiteeguess and analysis departures (before and after the
bias correction) in EXP2 for all clear SEVIRI radiances in tRannel at 13.4um. Also shown are the time series of
observation numbers.
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Figure 16: Standard deviation and mean of the first-guessamalysis departures calculated over the Southern Hemi-
sphere for SEVIRI water-vapour channel(ft2) from ASR (black) and CTRL (red) experiments.

5.2.2 Forecast impact

To verify how atmospheric variables are affected by the Mlede9 clear and overcast radiances assimilation,
the difference in forecast scores between ASR and CTRL ewpats were computed for different variables
and regions. Forecast results are computed for 90 daysiofiEgBn experiments.

Figure17 shows the normalized difference in 500 hPa geopotentialaotbr wind RMS error in the Northern
Hemisphere, Southern Hemisphere and Tropics between tReeXSeriment and the control CTRL as a func-
tion of forecast range in days. Both experiments have begfieceagainst own analysis. Negative (positive)
values indicate a reduction (an increase) in forecast &rdhe ASR experiment. Error bars highlight the level
of significance of the changes based on a 95% confidence [Ekelreader is referred to Geer al,, (2010)
for details on the method used to calculate RMS error andtétistical signifiance of the difference. Averaged
over a three month period, 500 hPa height and wind forecesttseare, overall, not statistically significantly
different for the ASR experiments and the CTRL.

Some wind forecast improvements in the upper troposphera the ASR experiment are present in the short
range in the Southern Hemisphere at 200 hPa (see fif)rdut the changes are statistically neutral beyond
day 3.

5.3 Advanced diagnostics

The analysis of the information content of observationsthedelated contribution in the short-range forecast
error are routine activities at ECMWEF (Cardinatial,, 2004; Cardinali 2009; Cardinali and Prates, 2011). The
DFS and the 24-hour forecast error contribution of all theesbing system components has been computed for
January 2011, to assess the impact of geostationary CSR padicular, the impact of SEVIRI clear radiances
and combined SEVIRI clear and overcast radiances.

For any data assimilation system, the DFS is used to inditeteself-sensitivity of analysis to different ob-
servation types being assimilated. The DFS is the image $erghtion space of the trace of the derivative
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Figure 17: Normalised difference in the root mean squareefRMS) of the 500 hPa geopotential (left side) and vector
wind (right side) between the ASR and the CTRL experimengrifged against own analysis for Northern Hemisphere
(top), Southern Hemisphere (middle), Tropics (bottom)gdtige values indicate a reduction in the forecast erromiro
using clear and overcast radiances compared to operati@®iR. Error bars indicate 95% confidence intervals.
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Figure 18: As Fig.17 but for the 200 hPa temperature (left side) and vector winghfrside) forecasts.
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of the analysis with respect to observations. The readezfisred to Cardinalet al., (2004) for details on
DFS calculations at ECMWF. The DFS is a function of the oletiom and background covariance matrices,
the model itself as a time-spatial propagator and the nummbebservations. From figurg9 (left side), the
largest contribution in the CTRL analysis is provided by AWM (23%), IASI and AIRS (15%), AIREP(8%),
GPS-RO(6%) followed by SYNOP, TEMP, HIRS (4%). All other ebstion types contribute up to 4%. The
geostationary radiances and AMVs from five geostationaisilgas contribute up to 5%. For any assimilated
set of data, the observation influence shown in figl®@dright side), is defined as the DFS normalized by
the number of observations. We note that the observationeinfle number is in theory comprised between 0
and 1. The occurence of values bigger than one for dribusisig@rtly due to the self-sensitivity calculation
approximation as explained in Cardinatial., 2004.
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Figure 19: DFS as percentage (left side) and observatiomarfte (right side) for all observation types assimilated in
CTRL experiment in January 2011.

An observing system experiment (OSE) is a traditional agindo estimate the impact of a specific observing
network on a numerical weather prediction system. An OSBisposed of two experiments, both covering
the same period. In the first experiment (control), all theevtations operationally available are used. In the
second experiment, selected datasets are systematieadtyved from the assimilation procedure to assess the
degradation in quality of a model forecast when that obsienvaype is denied (e.g., Kelly et al. 2007). Using
such methods the contribution of each observation typesissagd one by one. However, using OSE to assess
the observation values of each assimilated observatianttyforecast accuracy could be very expensive.

Adjoint-based observation sensitivity procedures hawnhesed to diagnose the impact of all assimilated ob-
servations on forecast (Langland and Baker, 2004; Caidl68B). The observation contribution to the forecast
is evaluated with respect to a scalar function represerttiagshort range forecast error. Using adjoint-based
method all observation impacts are produced simultangotisle impact of any instrument can be computed
over the globe or only over an interest area or by instrumieancel. Cardinali et al. (2009) and Gelaro and Zhu
(2009) have compared adjoint-based impact calculatioamsiyesults from OSEs. Despite some fundamental
differences between adjoint-based and OSE techniqueggtieral conclusions of these studies were that the
two approaches provide unique, and complementary, infoomaThe 24-h forecast error contribution (FEC)
presented as a percentage in figR@eshow that the forecast errors decrease for all observagjpest When
the impact value is negative, this induces a positive inflteeon the forecast as it reduces the forecast error.
Results show that AMSU-A has the largest impact in decreasia forecast error (23%), followed by AIREP
(10%), IASI and AIRS (8%), GPS-RO (6%).
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Figure 20: 24-h forecast error contribution as percentatgdt(side) and the mean observation impact for all obseorati
types assimilated in CTRL experiment from 1 January to 2b5dgn2011.

Figure21 show the DFS and FEC for the geostationary satellites. Mate® shows the largest contribution
in the analysis among geostationary satellites and thisiéstd the large numbers of assimilated clear-sky
radiances and AMVs. The analysis impact of MTSAT-2 clearssidiances is very small particularly, because
the MTSAT-2 radiances were blacklisted during the periothisf experiment. It is worth mentioning that CSR
and AMVs observation influence show quite similar valuesalbgeostationary satellites. AMVs observation
influence is larger than CSR observation influence. On thh fitecast impact, Meteosat-9 is measured as
having the largest contribution to the decrease of foremaist of any geostationary platform, its impact being
mainly due to AMVs. The ranking of 24-h forecast error cdmition from geostationary satellites is led by
Meteosat-9, followed by GOES-11, Meteosat-7 and GOES-13.

In particular, for Meteosat-9, the per channel observaitiflnence and mean observation impact is shown in
figure 22 as obtained when the clear-sky radiances (CSR) or the de#nces combined with the overcast
data (ASR) were assimilated. SEVIRI CSR and ASR observatithmence in the analysis is very similar with

a value of observation influence equal to 0.15 in channel ahh channel 3, respectively. When comparing
the mean observation impact, the largest contributione®#h forecast comes from the combined clear and
overcast radiances.

A more detailed diagnostic may be investigated with a rolststistical sample to quantify the individual
contributions of the clear and overcast radiances from tBR AAdditionally, forecast error contribution maps
will allow us to identify the areas with beneficial or detrimal observation impact. However, the forecast error
contribution is only used to diagnose the impact on the staorge forecast, whilst OSEs are more indicated
for evaluating the observation forecast impact on the nmedind long range.

6 Discussion and conclusions

The use of cloudy radiances from satellite instruments larpar geostationary orbit is still a great challenge
for numerical weather prediction. Work is in progress tdragate such data that should contribute to a more
accurate description of the atmospheric state and inaeasguracy in numerical weather prediction. This
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report documents the introduction of cloud-affected nacks from the Meteosat-9 SEVIRI instrument into the
ECMWEF Integrated Forecasting System, starting with theraksgion of cloud-affected radiances for restricted
conditions such as overcast scenes. The main findings ofvtiris are summarized in the executive summary
at the beginning of the report. Here we briefly summarise them

In the first part of the work, the ECMWF 4D-Var analysis systeas been successfully extended to directly
assimilate cloud-affected geostationary radiances imcagé conditions from Meteosat-9. We have chosen
to use the observation depleted baseline system as redefiesic to assess the individual impact of overcast
SEVIRI data on ECMWF 4D-Var analysis. The assimilation dfyfovercast infrared radiances have been
shown to systematically affect temperature, humidity amth& analysis increments in area of overcast cloud
regimes showing a very good correspondence between thaleltivhere the changes occur and the diagnosed
height of the overcast cloud. One of the main results wasithercast geostationary images from SEVIRI have
a small positive impact on improving the wind analysis ssorBy relaxing the overcast definition to scenes
with an estimated effective cloud fraction greater thar®0tBe number of assimilated cloud-affected SEVIRI
data is increasing and this enhances the impacts that havedeenonstrated on wind analysis.

In the second part of this work the focus was to investigagerd@hative-humidity and wind analysis impact of
each of the following observations types from Meteosat-¥IRE clear-sky radiances, overcast and AMVs.
The geostationary overcast radiances in four channels ugs@ only over sea while clear-sky radiances from
the 6.2um and 7.3im water-vapour channels were used also over land. The @atysact of each of those
observation types was expressed in terms of the root-nmaare of humidity and wind speed analysis differ-
ence with respect to the baseline assimilation and was slaswrertical profiles on pressure levels between
1000 and 1 hPa inside Meteosat-9 disc area. The WV CSR havsitav@ampact on wind analysis and the
maximum was found at 300 hPa and 500 hPa. For the cloudy AMsmiaximum impact on wind analysis
was obtained at 250 hPa and 850 hPa. The vertical profilesrafsrspeed from overcast SEVIRI and AMVs
assimilated over sea have shown a main peak located at Zb@f8® The impact of AMVs is larger as the
number of completely overcast SEVIRI scenes is reduced aoatipely with the number of cloudy AMVSs.
Further, assimilated overcast radiances on-top of alreadinilated clear-sky SEVIRI radiances have a posi-
tive impact on wind analysis through the troposphere witetdel performance than clear-sky radiances over
the Southern Hemisphere. This result demonstrate thati@uli dynamical information was extracted from
the assimilated cloud-affected SEVIRI radiances. Thegast of this work focussed on the assessment of the
impact of cloud-affected SEVIRI radiances in the full systé/Vhile results for the current implementation of
the scheme already used for hyperspectral sounders areragsw, some issues remain to be addressed to be
able to extend the geostationary infrared situations teawamncast situations. At the present time, it was im-
portant to examine the capabilities of extracting wind infation from the assimilation of geostationary data,
in order to guide preparations for the next generation oehgjpectral infrared sounders on geostationary orbit.

7 Acknowledgements

Cristina Lupu’s work at ECMWF was funded through a EUMETSAEBearch fellowship. Anne Fouilloux,
Alan Geer, Niels Bormann and Carla Cardinali are thankedHeir help in this work. The authors thank to
Stephen English and Jean-Noél Thépaut for their inteaéw of the manuscript.

26 Research Report No. 25



Assimilation of cloud-affected radiances from Meteosait-£CMWF ECMWF

References

Bauer P., T. Auligné, W. Bell, A. Geer, V. Guidard, S. Heitte, M. Kazumori, M.-J. Kim, E.H.-C. Liu, A.P.
McNally, B. Macpherson, K. Okamoto, R. Renshaw, L.-P. Rijaard, 2011: Satellite cloud and precipitation
assimilation at operational NWP centr€x,J. R. Meteorol. Socl137, 1934-1951.

Cardinali C., S. Pezzulli , E. Andersson, 2004: Influencerxaiagnostics of a data assimilation syste@.
J. R. Meteorol. So¢130, 2767-2786.

Cardinali C., 2009: Monitoring the observation impact oa #hort-range forecasQ. J. R. Meteorol. Soc.
135, 239-250.

Cardinali C, F. Prates, 2011: Performance measurementagitanced diagnostic tools of all-sky microwave
imager radiances in 4D-Va@.J. R. Meteorol. Sod37, 2038-2046.

Chevallier, F., P. Lopez, A. Tompkins, M. Janiskova, E. B, 2004: The capability of 4D-Var systems to
assimilate cloud-affected satellite infrared radian€gsl. R. Meteorol. Soc130, 917-932.

Dee, D. P., 2004: Variational bias correction of radiancta da the ECMWF system. Proceedings of the
ECMWEF workshop on assimilation of high spectral resolusonnders in NWP, 28 June-1 July 2004. Reading,
UK.

Eyre, J. R., and W. P. Menzel, 1989: Retrieval of cloud patarsdrom satellite sounder data: A simulation
study.J. Appl. Meteor.28, 267-275.

Geer, A. J., P. Bauer, and P. Lopez, 2010: Direct 4D-Var akgtion of all-sky radiances. Part Il: Assessment.
Q. J. R. Meteorol. Soc136, 1886-1905.

Gelaro, R., and Y. Zhu, 2009: Examination of observationdotp derived from observing system experiments
(OSEs) and adjoint model3ellus 61A, 179-193.

Heilliette, S., and L. Garand. 2007: A practical approaattfie assimilation of cloudy infrared radiances and
its evaluation using AIRS simulated observatidimosphere-Ocead5(4), 211-225.

Kelly, G., J-N. Thépaut, R. Buizza, and C. Cardinali, 200%e value of observations. |: Data denial experi-
ments for the Atlantic and the PacifiQuart. J. Roy. Meteor. Sqd33, 1803-1815.

Kdpken, C., G. Kelly and J-N. Thépaut, 2004: AssimilatadiMeteosat radiance data within the 4D-Var system
at ECMWEF: Data quality monitoring, bias correction and &ngycle experimentsQ. J. R. Meteorol. Sogc.
130, 2293-2313.

Research Report No. 25 27



ECMWF Assimilation of cloud-affected radiances from Meteosat-8CMWF

Langland, R. H., and N. L. Baker, 2004: Estimation of obsgovaimpact using the NRL atmospheric varia-
tional data assimilation adjoint systeifellus 56A, 189-201.

Lupu, C., and A. McNally, 2011a: Assimilation of radianceogucts from geostationary satellites: 1-year
report. EUMETSAT/ECMWEF Fellowship Programme ResearchdrisgNo.21, 27 pp.

Lupu, C., and A. McNally, 2011b: Assimilation experimentghithe cloud-affected geostationary observations
at ECMWF, Proceedings 2011 EUMETSAT Meteorological Sige{Conference, 5-9 September 2011, Oslo,
Norway.

Matricardi, M., F. Chevallier, G. Kelly, J.-N. Thépaut,@0 An improved general fast radiative transfer model
for the assimilation of radiance observatiofs.J. Roy. Meteorol. Sqcl30, 153-173.

McNally, A., 2002: A note on the occurrence of cloud in metdogically sensitive areas and the implications
for advanced infrared sounde®. J. R. Meteorol. Soc128, 2551-2556.

McNally, A., 2009: The direct assimilation of cloud-affedt satellite infrared radiances in the ECMWF 4D-
Var. Q. J. R. Meteorol. Socl135, 1214-1229.

Munro, R., C. Kopken, G. Kelly, J-N. Thépaut and R. Sausd2004: Assimilation of Meteosat radiance data
within the 4D-Var system at ECMWF: Assimilation experimeand forecast impacQ. J. R. Meteorol. Soc.
130, 2277-2292.

Okamoto, K., 2012: Assimilation of overcast cloudy infriradiances of the geostationary MTSAT-1R imager.
(submitted taQ. J. R. Meteorol. Sok.

Pangaud, T., N. Fourrie, V. Guidard, M. Dahoui, F. Rabie@20Assimilation of AIRS Radiances Affected by
Mid- to Low-Level Clouds.Mon. Wea. Rey137, 4276-4292.

Pavelin, E. G., S. J. English, and J. R. Eyre, J. R. 2008, Tsiedation of cloud-affected infrared satellite
radiances for numerical weather predicti@).J. R. Meteorol. Socl34, 737-749.

Peubey, C., and A. P. McNally, 2009: Characterization ofithgact of geostationary clear sky radiances on
wind analyses in a 4D-Var contex@. J. R. Meteorol. Socl35, 1863-1876.

Schmetz, J, P. Pili, S. Tjemkes, D. Just, J. Kerkmann, S.,RotRatier, 2002: An Introduction to Meteosat
Second Generation (MS@ull. Amer. Meteor. Soc83, 977-992.

Stengel, M., P. Undén, M. Lindskog, P. Dahlgren, N. Gustais R. Bennartz, 2009: Assimilation of SEVIRI
infrared radiances with HIRLAM 4D-VaRQ. J. R. Meteorol. Soc135, 2100-2109.

28 Research Report No. 25



Assimilation of cloud-affected radiances from Meteosait-£CMWF ECMWF

Stengel, M., M. Lindskog, P. Undén, N. Gustafsson, R. Bemn&010: An extended observation operator
in HIRLAM 4D-VAR for the assimilation of cloud-affected wdlite radiancesQ. J. R. Meteorol. Socl136,
1064-1074.

Szyndel, M. D. E., G. Kelly, J.-N. Thépaut, 2005: Evaluatiof potential benefit of assimilation of SEVIRI
water vapour radiance data from Meteosat-8 into global mialeweather prediction analysestmos. Sci.
Let, 6, 105-111.

Research Report No. 25 29



ECMWF Assimilation of cloud-affected radiances from Meteosat-8CMWF

APPENDI X I: Validation experiments using SEVIRI clear sky radiances

As the ASR extend the information already available in therafional CSR product, validation of clear radi-
ances from the new ASR was accomplished through comparisdghe operational CSR product.

Experiments have been run in the global 4D-Var configuratwth 12-hour assimilation window for winter
period (1 January 2011 - 1 March 2011) and were based on a linaaroperational horizontal resolution
(T511 rather than T1279) to save computer resources. llniaditions came from the operational analyses
for 12Z on 31st December 2010. Only one medium-range fordwasbeen run per day as opposed to two
forecasts in the operational configuration. The experimeatried out were therefore:

e Control experiment CTRLfKvI) used all available conventional and satellite data, iiclg WV clear-
sky radiances from Meteosat-9 from EUMETSAT CSR product.

e Experiment EXP1f(nr0) is identical with the control experiment except that WVatlSEVIRI radiances
from the new ASR product are assimilated in the place of SEWR clear radiances from CSR product.

e Experiment EXP2f(ns) has been designed to test the cloudy assimilation schetheSEVIRI ASR
clear and overcast observations. The experiment EXP2 bhsesme selection criteria for the assimila-
tion of WV clear SEVIRI radiances as the previous experinieXP1 and exclude all scenes identified
as overcast in the cloud parameters estimation processpurpese of this experiment was to techni-
cally check the cloudy assimilation approach code changddavalidate that the performance of the
assimilation system remain unchanged when only the cle¥ifSElataset is assimilated.

Similar data selection and blacklist change criteria agieg in both CTRL and EXP1 experiments, except
that no basics check on satellite zenith angles are donetpribe insertion into IFS. An examination of ASR

BUFR file prior to the assimilation shows that for WV channegb2um, the sum of pixels flagged as clear-sky
and of pixels with low-level clouds is the equivalent petegie of clear pixels provided with the CSR product.
Additionally, SEVIRI observations from the new ASR prodaet rejected if the total percentage of pixels
flagged as cloudy and clear-sky in a segment is less than 100%.

The overall characteristics of the first guess or analygderes for clear SEVIRI radiances are unchanged
when the new ASR product is used (not shown). For other alsgedi observations, there is no significant

impact on the departure statistics, suggesting no signtfichange to the quality of the first guess or the

analysis.

Forecast results are computed for different variables agwns for 60 days of assimilation experiments. The
forecast scores are calculated as the normalised differenmot mean square errors between the EXP1 and
CTRL and EXP2 and CTRL, respectively. Each experiment’s analyses is used as the reference.

Figures23 show normalised difference in the root mean squared foremagr (RMS) between the EXP1
experiment and the CTRL for the 00Z forecast of the 500 hPpafeatial and temperature, for 1 January 2011
to 1 March 2011. Positive differences in RMS indicate a ddgtian in the EXP1 experiment compared to
the control and negative differences show an improvemamdar Bars indicate the 95% confidence range for a
significant difference between experiment and control.r&lieno significant change to geopotential forecasts
between forecast day 1 and 8.

The forecast impact of the EXESR versus the CTRL is mostly neutral (see figedidor the forecast of the
500 hPa geopotential and temperature).
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Figure 23: Normalised difference in the root mean squareefRMS) of the 500 hPa geopotential (left side) and temper-
ature (right side) between the EXP1 and the CTRL experinanterified against own analysis for Northern Hemisphere
(top), Southern Hemisphere (middle), Tropics (bottom)gdtige values indicate a reduction in the forecast erromiro
using clear radiances from ASR compared to operational E3iRr bars indicate 95% confidence intervals.
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Figure 24: As Fig.23 but for the EXP2 compared to the CTRL experiment
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APPENDIX Il: Accronyms and abbreviations

4D-Var
AIRS
AMVs
CSR
ASR
DFS
ECMWF
EUMETSAT
FEC
HIRS
HIRLAM
IASI

IFS

IR

NWP
OSE
RMS
RTTOV
SEVIRI
WV

Four-dimensional variational data assimilation
Atmospheric InfraRed Sounder

Atmospheric Motion Vectors

Clear Sky Radiances

All Sky Radiances

Degrees of Freedom for Signal

European Centre for Medium Range Weather Forecast
European Organisation for the Exploitation of B@logical Satellites
Forecast Error Contribution

High Resolution Infrared Radiation Sounder

HIgh Resolution Limited Area Model

Infrared Atmospheric Sounding Interferometer
Integrated Forecasting System

Infrared

Numerical Weather Prediction

Observing System Experiment

Root Mean Square forecast error

Radiative Transfer for TOV

Spinning Enhanced Visible and Infrared Imager
Water vapour
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