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ABSTRACT

An approach to make use of Atmospheric Infrared Sounder (AIRS) cloud-affected infrared radiances has

been developed at Météo-France in the context of the global numerical weather prediction model. The

method is based on (i) the detection and the characterization of clouds by the CO2-slicing algorithm and

(ii) the identification of clear–cloudy channels using the ECMWF cloud-detection scheme. Once a hypo-

thetical cloud-affected pixel is detected by the CO2-slicing scheme, the cloud-top pressure and the effective

cloud fraction are provided to the radiative transfer model simultaneously with other atmospheric variables to

simulate cloud-affected radiances. Furthermore, the ECMWF scheme flags each channel of the pixel as clear

or cloudy. In the current configuration of the assimilation scheme, channels affected by clouds whose cloud-

top pressure ranges between 600 and 950 hPa are assimilated over sea in addition to clear channels. Results of

assimilation experiments are presented. On average, 3.5% of additional pixels are assimilated over the globe

but additional assimilated channels are much more numerous for mid- to high latitudes (10% of additional

assimilated channels on average). Encouraging results are found in the quality of the analyses: background

departures of AIRS observations are reduced, especially for surface channels, which are globally 4 times

smaller, and the analysis better fits some conventional and satellite data. Global forecasts are slightly im-

proved for the geopotential field. These improvements are significant up to the 72-h forecast range. Pre-

dictability improvements have been obtained for a case study: a low pressure system that affected the

southeastern part of Italy in September 2006. The trajectory, intensity, and the whole development of the

cyclogenesis are better predicted, whatever the forecast range, for this case study.

1. Introduction

The Atmospheric Infrared Sounder (AIRS) on board

the Aqua satellite (Aumann et al. 2003) belongs to a new

generation of advanced satellite sounding instruments

that provide information about atmospheric tempera-

ture and humidity profiles with a spectral resolution far

exceeding that of previous sounders such as the High

Resolution Infrared Radiation Sounder (HIRS). The

Infrared Atmospheric Sounder Interferometer (IASI)

on board the MetOp satellite (Cayla 2001) with a better

spectral resolution than AIRS, also belongs to this new

generation of advanced satellite sounding instruments.

These highly informative observations are used to im-

prove numerical weather prediction (NWP) analysis and

forecast accuracy.

A large amount of measurements from advanced in-

frared sounders are affected by clouds [i.e., 90% according

to Fourrié and Rabier (2004)] and cloud-contaminated

observations are currently rejected by the data assimi-

lation system due to deficiencies in the representation of

cloud processes. Since clouds affect the infrared satellite

observations, clouds have to be detected before data are

assimilated. Indeed, unfiltered cloud-affected observa-

tions can have a negative impact on the quality of NWP

analyses if they are assimilated as clear observations.
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Several cloud-detection schemes have been used: the

most conservative method consists in rejecting all fields

of view classified as cloudy (English et al. 1999) and then

only to focus on completely clear locations. This tech-

nique leads to a yield in terms of exploited soundings of

about 5% (Pavelin et al. 2008). Another technique de-

veloped at the European Centre for Medium-Range

Weather Forecasts (ECMWF) by McNally and Watts

(2003), hereinafter called the ECMWF scheme, is based

on the detection of cloud-affected channels and consists

in using only channels that are thought to be unaffected

by clouds, inside clear or cloud-affected soundings. The

yield in terms of exploited sounders is higher than by

the previous method and the benefit in terms of addi-

tional assimilated channels is far from being negligible

(McNally and Watts 2003). However, only a small pro-

portion of the available soundings is being exploited,

especially for tropospheric channels: roughly 15% for a

stratospheric channel and 8% for an upper-tropospheric

channel. A third alternative approach, the so-called

cloud-clearing method, consists in simulating a clear

observation by using multiple fields of view and assum-

ing that only cloud fraction changes between these

adjacent fields of view (Eyre and Watts 1987; Li et al.

2005), but the assumption of homogeneous cloud char-

acteristics is not verified in the majority of cases (Pavelin

et al. 2008) and the successful exploitation of cloud-

cleared radiances by NWP is thus not obvious.

Nevertheless, the assimilation of only clear observa-

tions can lead to a poor description of some particular

atmospheric situations such as regions with high hu-

midity (e.g., low-latitude regions). Finally, it is well

known that the sensitive regions, where cyclogenesis

start to develop, are often cloudy (McNally 2002). The

underexploitation of advanced sounders and the wish to

better describe the atmosphere and to limit forecast

error growth in sensitive regions motivate our research

efforts to assimilate cloud-affected radiances. The ob-

served radiance spectra that contain temperature and

humidity information can also provide information

on clouds. Two main methods are actually investigated

in NWP centers to deal with cloud-affected infrared

radiances: the first approach is based on the insertion

of a physical cloud scheme into the observation opera-

tor. An approach based on a diagnostic cloud scheme

has been tested by ECMWF, for instance, with an en-

couraging impact on temperature and humidity fields

(Chevallier et al. 2004). This diagnostic cloud scheme

estimates cloud parameters from the model variables:

a cloud is assumed here to be a multilayer gray body. A

radiative transfer model (RTM) is used as an observa-

tion operator, then it simulates cloud-affected radiances.

The second approach is based on the use of the cloud-

top pressure (CTP) and the effective cloud fraction Ne

calculated by a cloud-characterization algorithm. These

parameters are then provided to the RTM to simulate

cloud-affected radiances. Several techniques are com-

monly used to retrieve cloud parameters from radiance

measurements, such as the minimum residual method

(Eyre and Menzel 1989). Pavelin et al. (2008) have dem-

onstrated that a one-dimensional variational data assim-

ilation (1D-Var) processing of CTP and Ne before being

used by the RTM results in a more accurate cloud pa-

rameter retrieval. This approach constitutes the opera-

tional configuration at the Met Office to assimilate AIRS

cloud-affected radiances.

For the purpose of this study, cloud parameters are

estimated with the second above-described approach.

This method has been chosen because preliminary cloud-

affected radiance assimilation experiments have shown

that this method leads to promising impacts on analysis

and forecast (Dahoui 2006). It also presents the vantage

to provide a better computational efficiency. The cloud

parameter retrieval scheme used in this study is the CO2-

slicing method based on radiative transfer principles

(Chahine 1974; Menzel et al. 1983). The RTM used is

a fast RTM, the 8.5 version of the Radiative Transfer for

Television and Infrared Observation Satellite (TIROS)

Operational Vertical Sounder (RTTOV), which is

the operational version of RTTOV at Météo-France

(Saunders et al. 2002). In this framework, once a hypo-

thetical cloud-affected pixel is detected by the CO2-

slicing scheme and its parameters are retrieved, the

cloud-affected radiances are simulated by RTTOV.

Furthermore, channels of this pixel are flagged to be

clear or cloudy by the ECMWF scheme. Finally, cloud-

affected channels whose CTP is included between 600

and 950 hPa, and clear channels are assimilated over

the sea in the French NWP global model, Action de

Recherche Petite Echelle Grande Echelle (ARPEGE)

through a four-dimensional variational data assimilation

(4D-Var) scheme. Our assimilation period, which in-

cludes among others a strong mesoscale storm in the

Mediterranean Sea, begins at 0000 UTC 1 September

2006 and ends at 1800 UTC 30 September 2006. At that

time, the MetOp satellite was not launched yet and IASI

data were thus not available. For this reason, the pro-

cessing of IASI has not been mentioned in this paper and

we have just focused on AIRS data processing.

The plan of this paper is as follows. Section 2 focuses on

a brief description and evaluation of two cloud-detection

schemes applied to AIRS: the ECMWF and the CO2-

slicing scheme. The method used to directly assimilate

cloud-affected radiances in the 4D-Var assimilation

scheme of ARPEGE is presented in section 3. Experi-

ments assimilating clear and cloudy AIRS radiances have
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been performed. Section 4 focuses on these experiments

in terms of AIRS observation usage and characterization.

Results in terms of impact on the quality of the analysis

and on the skill of the forecasts are discussed in section 5.

Finally the impact on the forecast is further evaluated in

a case study of a strong mesoscale storm in section 6.

Concluding remarks follow in section 7.

2. Evaluation of AIRS cloud-detection schemes

a. AIRS cloud-detection schemes

1) ECMWF SCHEME

The ECMWF scheme (McNally and Watts 2003) aims

at detecting clear channels within a measured spectrum

rather than the detection of totally clear pixels. If the

background spectrum (defined as the spectrum com-

puted from the best available background estimate of

the atmospheric state) is close enough to the true state

of the atmosphere, the cloud signature is identified

by the first-guess departure of the observed spectrum

from clear-sky background values. The term ‘‘back-

ground’’ represents here a short-range NWP forecast

(6 h) from the previous analysis. In this study, a set

of 319 channels, chosen among the 324 available ones

in real time to NWP users, is used. Channels are first

reordered into a vertically ranked space according to

the lower tail of their respective weighting function. The

ranking consists in assigning to each channel, a pressure

level (in RTTOV coordinates) at which the radiation

effect of a one-layer blackbody is less than 1%. A low-

pass filter is then applied to the ranked departures

to reduce the instrument noise and the cloud emis-

sivity effect. Finally, a search for the channel at which

a monotonically growing departure can first be detected,

determines the first significant cloud contamination.

Once this channel is found, all other less sensitive

channels are flagged cloud free and the more sensitive

ones are flagged cloudy. A pixel is declared clear if all of

the 319 channels are flagged cloud free.

2) CO2-SLICING SCHEME

The CO2-slicing method (Chahine 1974; Menzel et al.

1983), based on radiative transfer principles, is widely

used to retrieve CTP and Ne. Here Ne conceptually

represents the product of the geometrical cloud fraction

and the gray body emissivity of the cloud. This method

uses a simplistic cloud model: the cloud is considered as

a single layer of opaque or semitransparent thin cloud

with a homogeneous emissivity. The algorithm uses

observed radiances of a set of 124 AIRS channels se-

lected in the CO2 absorption band (between 649.612 and

843.913 cm21), which is very sensitive to clouds. For

each AIRS pixel, and each channel in the set, the fol-

lowing function is calculated:

F
k,p

5
(Rk

clear 2 Rk
meas)

(R
kref

clear 2 R
kref
meas)

2
(Rk

clear 2 R
k,p
cld)

(R
kref

clear 2 R
kref ,p

cld )
, (1)

where p is the pressure level number, k is the channel

in the CO2 band, kref represents the reference window

channel (979.1279 cm21), Rk
meas is the measured radi-

ance for channel k, Rk
clear is the simulated clear radiance

for channel k, and R
k,p
cld represents the simulated black-

body radiance for channel k at the cloud level p. The

cloud-top pressure level assigned to each channel k is

the pressure level pc,k, which minimizes the function

Fk,p. Before ascertaining the CTP of a hypothetic cloud,

a filter that distinguishes channels with dTBs (difference

between observed brightness temperature and simu-

lated brightness temperature) lower than the radiom-

etric noise is applied to the algorithm. If all channels are

filtered out, the pixel is flagged clear. If the pixel is cloud

contaminated, the CTP is then calculated by the fol-

lowing expression:

CTP 5
� p

c,k
w2

k

� w2
k

, (2)

where wk 5 dFk,p/d lnp is the derivative of the cloud

pressure function.

The effective cloud fraction is obtained for the refer-

ence window channel by the following expression:

N
e
5

(R
kref

clear 2 R
kref
meas)

(R
kref

clear 2 R
kref ,pc

cld )
. (3)

If the algorithm produces a retrieved Ne smaller than

0.1, the pixel is flagged clear. Both above-calculated

parameters are used by RTTOV to simulate cloud-

affected radiances.

b. Results and discussion

The evaluation of both cloud-detection schemes is

fundamental as unfiltered cloud-affected observations

can have a detrimental impact on the quality of the

analysis if they are assimilated as clear. For this study,

a cloud-characterization product based on the Moderate

Resolution Imaging Spectroradiometer (MODIS) data

has been used as a reference. The MODIS imager is

a key instrument on board the Earth Observation Sys-

tem satellites. We have used data product collected from

the Aqua platform from the Interactions Clouds Aero-

sols Radiations Etc. (ICARE) center (more inform-

ation available online at http://www.icare.univ-lille1.fr/

archive/archive.php?dir=MODIS/MYD06_L2/), which
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are produced at an horizontal resolution of 5 km at nadir

and cover a 5-min time interval. Because of down-

loading resource limitations, the comparison is limited

to the Atlantic region. The validation is performed within

a 10-day period: from 1 to 10 September 2006. A total of

15 706 AIRS pixels have been processed. As the evalu-

ation of both cloud-detection schemes has already been

performed (Dahoui et al. 2005) and results are briefly

discussed in this paper.

Performances for both schemes are similar in terms of

detection of cloudy and clear pixels. These results con-

firm previous studies (Dahoui et al. 2005). Figure 1

highlights the accuracy of the cloud detection for the

CO2-slicing and the ECMWF schemes for several ranges

of CTP inferred from MODIS. The detection of medium

clouds (between 400 and 800 hPa) delivers the best re-

sults. In contrast, the detection of low-level and high

clouds (CTP . 800 hPa and CTP , 400 hPa, respec-

tively) is not as efficient as for medium clouds for both

schemes. For low-level clouds, this must be due to the

similarity of the measured signal from clear-sky and low-

cloud scenes in some particular situations which make the

detection of these low clouds more difficult. Concerning

high clouds, the problem is mostly due to the insen-

sitivity of the sounding-based method to thin clouds

(identical thresholds are applied for the detection of

each type of clouds). Furthermore, clouds whose CTP

varies between 250 and 300 hPa and those whose CTP

varies between 900 and 1000 hPa are slightly better

detected by the ECMWF scheme. Clouds whose CTP

varies between 300 and 850 hPa are slightly better de-

tected by the CO2-slicing scheme.

The retrieved CTP from CO2-slicing exhibits a corre-

lation of about 0.79 with the CTP inferred from MODIS.

Correlation between the Ne retrieved from the CO2-

slicing scheme and the ones inferred from MODIS is

quite low for each range of Ne (about 0.51). This low

correlation may first be explained by the presence of

clouds distributed in the vertical (which are assumed to

be single-layer clouds by the RTTOV) whose radiative

effect is comparable to a cloud with a higher cloud

fraction located at a single level. Moreover, the relative

bad detection of low clouds that exhibit a low contrast

with the surface in some particular situations may also

account for this low correlation. These CTP and Ne

correlations are of the same order of magnitude as those

found by Pavelin et al. (2008) with the minimum residual

method: between 0.67 and 0.81 for the CTP and between

0.46 and 0.78 for the Ne.

3. Framework of the study

a. Methods to determine background cloud
parameters

The observation operator used here for the assimila-

tion of cloud-contaminated radiances is the 8.5 version

of RTTOV, complemented by horizontal and vertical

interpolations. It simulates infrared and microwave ra-

diances observed by satellite sounders (Saunders et al.

2002). For each channel, the optical depth is obtained

from linear regressions based on RTTOV input vari-

ables: temperature and humidity profiles and surface

data. Although RTTOV has initially been designed to

be used in clear-sky conditions, it is able to simulate

cloud-contaminated radiances. The radiative transfer in

cloudy conditions can be performed by two different

techniques:

d The cloud is assumed to be a single-layer blackbody of

negligible depth that CTP has been provided to the

RTM. The cloud-affected radiance is calculated using

the following expression:

Rcld
n (u) 5 B

n
[T(z

cld
)]t

n
(z

cld
, u)

1

ð‘

zcld

B
n
[T(z)][dt

n
(z, u) dz]/dz, (4)

where Rcld
n (u) is the cloudy monochromatic radiance

of frequency n going away from the top of the cloud

toward space with an incidence angle u, tn(zcld, u)

represents the transmittance between the cloud top

and space, T(zcld) represents the cloud-top tempera-

ture, T(z) is the temperature of an atmospheric layer

at altitude z, and Bn represents the Planck function.

Equation (4) defines the overcast radiance. In reality,

most of the pixels are partially cloud contaminated.

FIG. 1. Efficiency of the cloud detection according to the re-

trieved cloud-top pressure from MODIS. Evaluation period lasted

from 1 to 10 Sep 2006. The CO2 slicing is represented by a dashed

line with circles and the ECMWF scheme is represented by a solid

line with crosses. The number of observations is represented by the

dotted line.
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These kinds of pixels are defined by a linear blending

of overcast and clear radiances using the following

equation:

R
n
(u) 5 (1 2 N)Rclr

n (u) 1 NRcld
n (u), (5)

where Rclr
n (u) represents the clear-sky component of

the radiance and N represents the cloud cover.
d A more realistic multilayer parameterization of clouds

is in the RTTOVCLD module: clouds are defined by

several vertical levels and for different cloud water

phases (liquid or ice) from vertical profiles provided

to the RTM (temperature profiles, humidity, cloud

cover, liquid cloud water, and cloud ice) by a physical

cloud scheme. Clouds are assumed to be multilayer

gray bodies.

We made the choice to use the first method although

the use of a physical cloud scheme (second method) is

potentially valuable (Chevallier et al. 2004). Unfortun-

ately, the physics of the model in its current state is

far from the required accuracy. According to Dahoui

(2006), the first method provides a better computational

efficiency and leads to promising impacts on analysis

and forecast. The cloud emissivity is assumed to be equal

to 1, which is acceptable for thick opaque clouds but

not valid for thin clouds like cirrus. The latter are

high clouds whose impact is not taken into account in

our assimilation scheme (as only radiances affected by

mid- to low-level clouds are treated here). Thus, this

assumption has no impact in the simulation of cloud-

affected radiances in this study context.

b. Experiment setup

The NWP model used in this work is ARPEGE

(Courtier et al. 1991), which is the Météo-France opera-

tional global model. It uses a stretched grid with a hori-

zontal resolution of 23 km over France and 133 km

over the antipodes. The assimilation scheme is a 4D-Var

assimilation (Courtier et al. 1994; Rabier et al. 2000). It

uses the following data sources: land surface stations, sea

surface station (drifting buoys, ship reports, etc.), aircraft

data, in situ sounding data (radiosonde and pilot balloon

reports, etc.), wind profiler radar data, Global Positioning

System (GPS) ground-based data, geostationary satellite

winds (atmospheric motion vectors), and polar-orbiting

satellite radiances and winds. Radiances from polar-

orbiting satellites provide ARPEGE with roughly 50%

of the total volume of assimilated data. AIRS data rep-

resented roughly 65% of the volume of polar-orbiting

satellite data and more than 30% of the total volume

of assimilated data. All these data sources are subject

to various quality control checks and suspect ones are

rejected. The quality control applied to AIRS is based

on differences between observations and background

values, with a rejection of the observation if the differ-

ence is larger than a given threshold. Moreover, a geo-

graphical thinning of 250 km is applied to all radiance

data. Satellite data are bias corrected with an adaptive

variational method (viz., VarBC), using geometric and

flow-dependent predictors to remove systematic errors in

satellite radiance data (Dee 2004; Auligné et al. 2007).

In this study, three types of predictors were used: a global

offset applied to each channel, a scan angle correction

based on the nadir-viewing angle (to the power of 1, 2,

and 3) and an air mass correction (predictors are the

four atmospheric thicknesses 1000–300, 200–50, 10–1, and

50–5 hPa). We have used the operational subset of

54 channels located in the temperature longwave band

chosen among the 324 channels available on the Global

Transmission System. This subset contains 19 strato-

spheric channels with weighting functions peaking from

56 to 85 hPa, 12 channels with weighting functions

peaking from 102 to 222 hPa sampling the tropopause,

and 23 upper-tropospheric channels with weighting-

functions peaking from 253 to 478 hPa (Fig. 2). These

channels are only assimilated over seas. The assimilation

period of this study covers a full month, from 1 to

30 September 2006. In this approach, once a cloud-affected

pixel is detected by the CO2-slicing scheme, cloud param-

eters (CTP and Ne) are retrieved from infrared radi-

ance measurements out of the observation operator and

are then directly used as inputs of RTTOV, which will

then simulate the cloud-affected spectrum. Thus, Ne

and CTP are determined at the beginning of the assimi-

lation cycle with no adjustments during the minimization.

FIG. 2. Weighting functions of the 54 assimilated AIRS channels.

Solid black lines represent tropospheric peaking channels, dashed

lines represent tropopause peaking channels, and solid gray lines

represent stratospheric peaking channels.
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Furthermore, the ECMWF scheme identifies each chan-

nel of the pixel as clear or cloudy. Finally, channels af-

fected by clouds whose CTP ranges between 600 and

950 hPa are assimilated together with clear ones and all

other cloud-contaminated channels are rejected from the

assimilation scheme. Two assimilation experiments have

been run to test the impact of the direct assimilation of

cloud-contaminated radiances: the first one is a reference

experiment that only assimilates clear AIRS radiances

with the others above-described data. This reference ex-

periment is called REF in the following study. The second

one assimilates cloud-affected radiances on top of clear

radiances and other above-described data sources. In

the following study this experiment is called EXP. The

adaptive variational bias correction from REF is applied

to both clear- and cloud-affected radiances in EXP. An

experiment similar to EXP (figures not shown) has been

run with its own adaptive bias correction but differences

with EXP remain small (e.g., no drift in number of active

assimilated observations). To disentangle effects of assim-

ilating cloud-affected radiances from those of bias correc-

tion variation, only EXP is discussed in this paper.

c. Application for mid- to low-level clouds

As previously seen, cloud-affected radiances are as-

similated here for clouds whose CTP is included be-

tween 600 and 950 hPa. On one hand, the rejection of

clouds situated higher than 600 hPa is motivated by the

assimilation of tropospheric channels (up to 478 hPa)

into our assimilation scheme and only clouds situated

lower than peaks of the weighting function are selected.

Indeed, the assimilation of clouds situated higher than

the weighting function peak of a given channel can lead

to large biases and root-mean-square (RMS) errors for

both background and analysis as shown by Pavelin et al.

(2008). On the other hand, it has been shown in section 2b

that the detection of low-level clouds (800 , CTP , 950)

was not as efficient as the detection of higher clouds and

their assimilation could thus appear delicate. A sensi-

tivity study has been performed to check whether or not

the AIRS spectrum was affected by the nondetection of

these low clouds. It consists in comparing EXP (which

simulates cloud-contaminated radiances) and REF (which

only simulates clear radiances) averaged innovations

(observations minus simulated radiances using the

background state of the atmosphere) with respect to the

channel number at a given CTP range (800–950, 600–

800, 400–600, and 200–400 hPa) for all the observations

(Fig. 3). The AIRS spectrum is almost not affected by

the simulation inside RTTOV of clouds whose CTP is

included between 800 and 950 hPa (Fig. 3a). Difficulties

of cloud-detection schemes to detect some low clouds

have thus a negligible impact on the background simu-

lation, contrary to other level clouds where the simulated

AIRS spectrum is more affected by the simulation of

clouds inside RTTOV (Figs. 3b–d). The assimilation of

such low-level clouds is also motivated by the large num-

ber of retrieved CTP between 900 and 950 hPa (Fig. 4).

However, very low clouds (CTP . 950 hPa) were re-

jected because the huge number of these cloud types

(Fig. 4) does not seem physically plausible. The CO2

slicing is obviously not able to accurately treat these very

low clouds, most probably because of their weak impact

on the signal measured by the sounder.

Our choice to assimilate cloud-affected channels

whose CTP is included between 600 and 950 hPa ap-

pears thus to be a good compromise between, on one

hand, the rejection of doubtful observations and those

potentially spoiling the analysis, and, on the other hand,

the assimilation of a nonnegligible volume of additional

cloud-affected observations.

4. Impact on AIRS observations

a. Number and localization of additional assimilated
observations

Figure 5 shows the number of active observations for

each assimilated channel for the first assimilation window

(0000 UTC 1 September 2006). This assimilation window

is particularly interesting because the background used is

the same for EXP and REF. The number of active ob-

servations is roughly the same for EXP and REF until

channel 138, which is one of the first channels whose

weighting function is pointing into the tropopause. Pre-

vious channels (from 15 to 117) are stratospheric chan-

nels, thus seldom cloud contaminated, and exhibit the

same behavior for both experiments. Channels 138 to 251

are upper-tropospheric channels and are thus potentially

contaminated by clouds. This hypothetical contamination

leads to a rejection of these contaminated channels in

REF whereas some of these contaminated channels

are assimilated in EXP. The lower the channel points in

the atmosphere, the larger the probability of a cloud

contamination and the larger is the difference between the

assimilated observation numbers for the two experiments.

Furthermore, the number of active clear observations is

lower for EXP than for REF for each tropospheric

channel. This may be due to the geographical thinning

of the assimilated pixels. This thinning is based on the

maximum number of nonrejected channels (monitored

and assimilated channels) per profile. REF keeps the

profile with the maximum number of clear channels as

cloud-contaminated channels are rejected from the as-

similation. It is the opposite for EXP that has a maximum

number of nonrejected channels in the profile in the
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presence of a cloud whose CTP is between 600 and

950 hPa (in that case, all channels are nonrejected, except

for the gross error).

Figures 6a,b, respectively, exhibit the number of as-

similated pixels and assimilated channels (many chan-

nels are potentially assimilated in a given pixel) for both

experiments with respect to their latitudinal position

and for the whole study period. Most of the active pixels

and channels are situated in the Southern Hemisphere,

which is consistent with the assimilation of overseas ob-

servations (the oceanic surface is larger in the Southern

Hemisphere than in the Northern Hemisphere). EXP

assimilates between 1% and 4% more pixels than REF

(Fig. 6a) with a slightly larger rate at mid- to high lati-

tudes. The 250-km geographical thinning restricts these

rates that would be higher if the geographical density

of assimilated radiances were higher. The difference of

assimilated channels between EXP and REF in mid- to

high latitudes (Fig. 6b) is much larger than the difference

of assimilated pixels (Fig. 6a): on average, 10% of addi-

tional channels against 3.5% of additional pixels. These

differences are not visible for low latitudes (1.5% of

additional pixels and channels on average). Thus, even if

the assimilation of cloud-affected radiances yields addi-

tional active pixels to ARPEGE with quite a uniform

repartition on the globe, the additional information is

FIG. 3. Averaged innovations (observations2background) after bias correction of all observations for the 54

assimilated channels 2006 according to cloud-top pressure for 1 Sep. Solid line is for REF and dashed line is for EXP.

FIG. 4. Distribution of cloud-top pressure retrieved from CO2

slicing on AIRS cloud-affected pixels (Ne . 0.1) used in the vali-

dation period (1–10 Sep 2006).
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much larger for mid- to high latitudes than for low lati-

tudes. This could be due to the nonassimilation of high-

level clouds (CTP , 600 hPa) that are most frequent in

the tropics [see the International Satellite Cloud Clima-

tology Project (ISCCP) Web site online at http://isccp.

giss.nasa.gov].

The daily evolution of the number of assimilated ob-

servations has also been studied at 1200 UTC (not

shown) for assimilated channels peaking at the tropo-

pause, upper troposphere, and midtroposphere in order

to check whether the quality control was stable all along

the assimilation period. For these channels, the number

of active observations is constant for both experiments

all along the study period, which proves that the quality

control (and the cloud detection) is reliable.

b. Residual bias of observations

Figure 7a compares innovations of REF and EXP for

each channel and for all observations (used and rejected

observations) for the first assimilation window. Only the

impact of the brightness temperature simulation by CO2

slicing is thus seen in this figure. Innovation amplitudes

fluctuate from 28 to 3 K for REF, with an absolute am-

plitude maximum for longwave surface peaking channels

(from 759.6 to 1030.5 cm21 and from 1061.8 to 1135.6

cm21) and from 1.5 to 4 K for EXP (with an isolated peak

at 25.5 K for channels 72 and 73). Innovations obtained

by EXP are thus globally 4 times smaller than the ones

obtained by REF for surface channels. It globally repre-

sents a cooling of the background estimation of about

6 K. Another significant cooling (from 6 to 3 K) is ob-

served for lower-tropospheric peaking channels sensitive

to water vapor (from 1218.5 to 1392.2 cm21). A smaller

cooling (1–2 K) is observed for upper-tropospheric peak-

ing channels sensitive to water vapor (from 1397.1 to

1605.1 cm21). Each shortwave channel (except short-

wave stratospheric channels) presents also a significant

cooling of about 4 K (from 2181.9 to 2298.7 cm21 and

from 2380.4 to 2664.1 cm21). These differences show that

to take into account cloud parameters into the radiative

transfer calculations leads to model equivalents more

consistent with observations. Figure 7b is a zoom on the

active channel part of the previous figure. Innovations for

EXP and REF are similar from 651.1 to 701.1 cm21

(stratospheric channels). Innovation amplitude differ-

ences are larger from 702.5 to 721.5 cm21, which are

tropospheric peaking channels and are potentially more

cloud contaminated. We have verified for the last day of

our assimilation period (30 September 2006) at 0000 UTC

that the variational bias correction was efficient through-

out the assimilation period: innovation amplitudes are of

the same order than those observed in the first assimila-

tion window for both experiments.

FIG. 5. Number of active channels at 0000 UTC 1 Sep 2006 with

respect to channel number. The total number of active channels of

REF is represented by the solid line, the total number of active

channels of EXP is represented by the dashed line, and the number

of active clear channels of EXP is represented by the dotted line.

FIG. 6. Geographical distribution of (a) active pixels and

(b) active channels with respect to latitude over the entire assimi-

lation period (1–30 Sep 2006). The solid line represents EXP and

the dashed line represents REF. The difference (%) between both

experiments is the dotted line.
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5. Impact on analysis and forecasts

a. Impact on analysis

EXP and REF statistics (differences in terms of biases

and RMS) from various types of assimilated observa-

tions (conventional and satellite data) have been studied

over the whole assimilation period. Both background

and analysis statistics are in the majority of cases

equivalent for both EXP and REF (not shown), but

slight improvements have been noticed. With regards to

conventional data, a slight reduction of, respectively, the

bias and the RMS is observed for winds from profilers

in the stratosphere over the Southern Hemisphere and

in the upper-troposphere over the Northern Hemi-

sphere. Regarding satellite data, a better fit to micro-

wave sounders sensitive to atmospheric humidity has

been noticed: analysis and background bias reduction

for the Special Sensor Microwave Imager (SSM/I) in the

tropics and over the Southern Hemisphere in the wider

atmosphere and a background bias reduction of mid-

tropospheric channels of the Advanced Microwave

Sounding Unit-B (AMSU-B) in the tropics.

Figure 8a highlights differences between EXP and

REF analyses for the temperature at 500 hPa for the

first analysis. Differences in model fields are, as ex-

pected, located in places where cloud-affected obser-

vations are assimilated in EXP showing that these

differences are mainly due to the assimilation of cloud-

affected observations. These differences are globally

located in the Northern Hemisphere between 408 and

908N and in the Southern Hemisphere between 308 and

708S. By contrast, the intertropical zone is almost not

affected by the assimilation of cloud-affected observa-

tions. Furthermore, our assimilation period spreads out

the austral winter, where oceans below 708S are fully

covered by sea ice, which is not the case for oceans

above 708N, mostly free from ice. Our assimilation sys-

tem includes a test that rejects observations situated

over sea ice, therefore explaining the negligible impact

from 808 to 658S.

A longitudinal cross section of analysis temperature

differences between EXP and REF is shown (Fig. 8b)

for the first analysis to characterize the impact of the

assimilation of some cloud-affected observations on the

analysis with respect to their diagnosed top pressure

(from the CO2 slicing). The cross section at 508S from

408W to 408E is shown because this area displays many

active cloud-contaminated observations with different

retrieved CTP. From 308 to 208W, medium clouds

are assimilated (600 , CTP , 700 hPa): a warming

spreading from the CTP down to the surface is visible. A

small cooling is also visible above the CTP up to the

upper troposphere (350–400 hPa). From 208W to 08 and

from 208 to 408E, very low clouds are assimilated (900 ,

CTP , 950 hPa): a small cooling is visible just above the

CTP spreading within the whole lower troposphere

(until 650–700 hPa). The upper troposphere is also

affected from 600 to 300 hPa: a warming is indeed

observed. For very low clouds, these changes can also

be accompanied by a slight cooling of the tropopause.

Even if these changes highlight the capacity of the cloud-

affected radiances to modify the analysis, the lack of

verifying data prevents us from assessing which analysis

better fits the real state of the atmosphere.

b. Impact on forecasts

The impact of the assimilation of cloud-affected radi-

ances on global forecasts was determined by comparing

the objective forecast scores in terms of RMS errors

with respect to radiosonde observations. Table 1 shows

the RMS forecast error differences for the geopotential

FIG. 7. Averaged innovations (observations2background) of all

observations for the 324 available AIRS channels at 0000 UTC

1 Sep 2006. REF is represented by the solid line and EXP by the

dashed line.
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FIG. 8. Analysis differences between REF and EXP for temperature at 0000 UTC 1 Sep 2006. (a) The 500-hPa level. Brown circles

indicate places where cloud-contaminated pixels are assimilated and the red line at 508S indicates the location of the cross section shown in

(b). The longitudinal cross section is at 508S and from 408W to 408E (shaded colors) and shows the corresponding cloud-top pressure for

the assimilated cloud-affected radiances.
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height. These errors have been computed with respect to

radiosonde observations for the validation period ranging

from 0000 UTC 1 September 2006 to 1800 UTC 4 Oc-

tober 2006. The impact is rather neutral to slightly pos-

itive. The most significant improvement was obtained

for the geopotential height according to a statistical

Student’s t test with respect to radiosonde observations

with a level of confidence of 95%. Over the Northern

Hemisphere, positive impacts are found for a 24–96-h

forecast range in the stratosphere and in the mid- to up-

per troposphere. Improvements at 100 and 250 hPa for

a 48-h forecast range are statistically significant. Over

the Southern Hemisphere, a positive impact is found for

a 24–48-h forecast range in the whole atmosphere. These

improvements are significant at the 24–48-h forecast range

at 850 and 250 hPa and for the 48–72-h forecast range at

100 hPa. A negative impact has been observed at longer

forecast ranges but it is not statistically significant. Over

the tropics, positive impacts are found for the 24–72-h

forecast range in the stratosphere and in the mid- to low

troposphere. These improvements are significant at 850

and 100 hPa for the 24–48-h forecast range. Over Europe,

the impact is mainly positive until the 72-h forecast range

in the whole atmosphere and negative for the 96-h fore-

cast range. These positive impacts are larger than for the

other domains but only significant at 100 hPa at the 48-h

forecast range. Scores with respect to ECMWF analyses

are rather neutral to slightly positive.

Regarding the other parameters (temperature, hu-

midity, and wind), impacts are roughly neutral to slightly

positive but not significant with respect to radiosonde

observations and ECMWF analyses. Similar results were

found over another 3-week period (from 0000 UTC

29 May to 1800 UTC 20 June 2008) in a different context:

more satellite data were assimilated (ATOVS from

MetOp, IASI, and GPS radio occultation observations)

and the model resolution was higher.

Figures 9a–d represent RMS errors and biases of the

48-h forecast over Europe for the geopotential, temper-

ature, humidity, and wind, respectively. The geopotential

is improved in terms of RMS in the whole atmosphere and

in terms of bias in the stratosphere. These improvements

are significant from 10 to 200 hPa. The temperature is

slightly improved in terms of bias and RMS errors from

the surface to the tropopause with significant impacts at

200 hPa. The humidity is slightly improved in terms of

RMS in the upper troposphere and in the tropopause but

not significantly. The wind is improved in terms of RMS

errors from the surface to the tropopause and from the

upper troposphere to the tropopause in terms of bias.

These improvements are significant from 100 to 200 hPa.

The impact of the assimilation of cloud-affected ob-

servations on forecasts will now be further discussed

by an evaluation of the predictability on a meteoro-

logical situation: the so-called Mediterranean hurricane

(MEDICANE) case.

6. Case study: The MEDICANE case

a. Synoptic description of the event by ECMWF
analyses

On 26 September 2006, a strong mesoscale storm with

some resemblance to a polar low hit the southeast part of

Italy and caused intense precipitation. This event has

been investigated from an observational and a numerical

(analysis and forecasts from WRF model) point of view

by Moscatello et al. (2008). In this paper, this description

has been completed by analyses from the ECMWF

model, which will be used as a verification to display the

relative performance in terms of predictability of both

experiments. The trajectory and the evolution of the

mean sea level pressure (MSLP) of the low with respect

to each time step are summarized in Fig. 10. ECMWF

analyses show that a small-scale cyclone was generated

in the southeast of the atlas Tunisian Ridge near the

Algerian–Tunisian border at around 0000 UTC 25 Sep-

tember 2006 with a MSLP of about 1007 hPa (Fig. 11a).

During the following 18 h, the low moved through an

east–northeastward direction without intensifying to

reach eastern Malta Island at some 800 km away from its

initial position (Fig. 11b) at 1800 UTC 25 September. At

0000 UTC 26 September, the low entered the Ionian Sea

near the Ionian coast of Calabria. At this stage, it began

TABLE 1. RMS errors of the differences (%) between the geo-

potential forecast by EXP and REF for a 4-day forecast range with

respect to radiosonde observations. Results are averaged from

0000 UTC 1 Sep to 1800 UTC 4 Oct 2006. Boldface indicates

a positive impact and regular font indicates a negative impact.

Italics indicate values that are statistically significant.

Verifications Level Forecast range

Domain (hPa) 24 48 72 96

100 0.2 0.5 0.6 0.4

208N 250 0.31 1.5 1.9 0.9
(.208N) 500 0.0 0.35 2.3 0.8

850 20.2 20.2 2.2 0.3

100 0.5 1.1 0.8 20.2

208S 250 0.2 1.2 21.8 20.5

(,208S) 500 0.7 1.1 21.0 1.4

850 1.3 2.4 20.1 0.0

100 0.7 0.7 0.4 0.0
Tropics 250 0.0 20.1 0.0 20.5

(208N, 208S) 500 0.5 0.4 0.6 20.1

850 0.2 0.7 0.8 0.6

100 1.6 2.0 2.0 0.1
Europe 250 0.2 4.1 4.7 20.4

500 0.0 3.5 6.9 20.9

850 20.3 2.6 6.7 21.2
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to intensify reaching a MSLP of 1005 hPa. Between 0000

and 0600 UTC, the low moved northeasterly certainly

in response to a low pressure system (1001 hPa) visible

in the Tyrrhenian Sea (Moscatello et al. 2008) to reach

the southern Torente Gulf at 0600 UTC (Fig. 11c). All

along this time, the low strongly intensified, reaching

a MSLP of about 996 hPa at 0600 UTC. Between 0600

and 1200 UTC, the trajectory of the low curved north-

ward and the depression then crossed the Apulia regions

to reach the Adriatic Sea with a MSLP of about 994 hPa,

the absolute minimum of the depression at 1200 UTC

26 September. For the next 6 h, the low moved along

a northwestward direction and reached the Gargano

promontory at 1800 UTC (Fig. 11d) with decreasing in-

tensity (997 hPa). The low then moved inland where it

finally died.

b. Predictability of the event

Four sets of numerical simulations have been per-

formed for both experiments in order to compare

the predictability, position, and intensity of the cyclone

during its whole development, from 0000 UTC 25 Sep-

tember 2006 to 1800 UTC 26 September 2006.

1) The first set, hereinafter called FCST2300, begins at

0000 UTC 23 September 2006 and ends at 1800 UTC

26 September 2006 after a 90-h forecast.

2) The second set, FCST2312, begins at 1200 UTC

23 September and ends after a 78-h forecast.

3) The third set, FCST2400 begins at 0000 UTC 24

September and ends after a 66-h forecast.

4) The fourth set, FCST2412 begins at 1200 UTC

24 September and ends after a 54-h forecast.

Figures 12a–d exhibit the trajectory of the MEDICANE

depression forecast by FCST2300, FCST2312, FCST2400,

and FCST2412, respectively, ranging from 0000 UTC

25 September 2006 to 1800 UTC 26 September 2006.

Forecasts provided by EXP display a better positioning

of the low with respect to the ECMWF analyses than

REF forecasts for each forecast set and globally for each

FIG. 9. RMS and mean (bias) of the (a) geopotential, (b) temperature, (c) humidity, and (d) wind differences

between 48-h forecasts and radiosonde observations for EXP (gray lines) and REF (black lines) as a function of the

pressure. RMS and mean are represented by solid and dashed lines, respectively. Statistics are calculated over the

European region and averaged over the period ranging from 0000 UTC 1 Sep to 1800 UTC 4 Oct 2006.
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forecast range. This assessment is true for each time step

except for forecasts whose validity date is 1800 UTC

26 September. The position of the low at 1800 UTC

25 September is not forecasted by REF contrary to EXP

whichever the considered set. Moreover, the position of

the low is neither forecasted by REF at 0000 and 0600 UTC

26 September for the FCST2300 contrary to EXP.

Figures 13a,b highlight the evolution of forecast MSLP

minimum by FCST2300 and FCST2312 and FCST2400

and FCST2412, respectively, with respect to the ECMWF

analysis. The evolution of the intensity of the low is better

forecast by EXP than REF throughout its whole evolu-

tion period for each forecast set. FCST2400 displays

the largest averaged difference between EXP and REF

(Fig. 13b): differences of MSLP between EXP forecasts

and ECMWF analysis are 1.5 hPa on the mean against

3.5 hPa for REF. Furthermore, these differences be-

tween EXP and REF tend to grow with the forecast range

(at least for FCST2400).

c. Accumulated precipitation

According to Moscatello et al. (2008), the storm

caused intense precipitation over the southeastern part of

Italy. The first MEDICANE landfall occurs between 0600

and 1200 UTC 26 September 2006 over the Salentine

Peninsula. Equitable threat scores (ETS), which are de-

fined as the intersection of the forecast and observations

divided by the union of the forecast and observations at

a given threshold, have thus been calculated (Fig. 14).

These scores highlight forecast performance of both ex-

periments in terms of cumulated precipitation (within

a 6-h window). The closer the score is to 1, the better the

forecast. These scores are calculated with respect to cu-

mulated precipitation observations (SYNOP situated

between 288 and 558N and between 08 and 308E) available

from 0600 to 1200 UTC 26 September 2006 for four dif-

ferents threshold (0.1, 1, 5, and 10 mm) and according to

seven different forecast ranges (6, 12, 36, 48, 60, 72, and

84 h).

For very low precipitation (threshold 5 0.1 mm),

performances of both experiments are quite bad at each

forecast range (not shown) but they are slightly im-

proved in EXP. The same assessment can be made re-

garding a threshold of precipitations of 1 mm (not

shown). However, for longtime forecast ranges (from 72

to 84 h), performances of REF are slightly better than

EXP for this threshold. As can be seen in Figs. 14a,b,

regarding thresholds of 5 mm (steady precipitation) and

10 mm (strong precipitation), respectively, EXP glob-

ally exhibits better scores with respect to observations

than does REF. For steady precipitation (threshold 5

5 mm), performances of both experiments are better

than for lower precipitations (Fig. 14a) with better per-

formances of EXP at each forecast range except for the

84-h forecast range. Regarding stronger precipitation

(threshold 5 10 mm), both performances are reason-

able (Fig. 14b) but EXP also exhibits better perfor-

mances at each forecast range. Cumulated precipitation

forecasts are thus improved whatever the rainfall rate

but especially for steady and strong precipitation.

7. Conclusions and future developments

The ARPEGE 4D-Var assimilation system has been

modified to directly assimilate some AIRS cloud-affected

radiances in addition to clear ones. Once a cloud-affected

pixel is detected by the CO2-slicing scheme, cloud pa-

rameters (CTP and Ne) are retrieved and directly

provided to RTTOV, which will then simulate the cloud-

affected spectrum. Furthermore, the ECMWF scheme

identifies each clear and cloudy channel of the pixel.

Finally, channels affected by clouds whose CTP ranges

between 600 and 950 hPa are assimilated in addition to

clear ones. All other cloud-contaminated channels are

rejected from the assimilation scheme.

ECMWF and CO2-slicing schemes have been evalu-

ated using independent MODIS data. It has been found

that both schemes were performing well in terms of cloud

detection. Both cloud-detection performances fluctuate

with respect to the diagnosed height of the considered

cloud: medium clouds (400 , CTP , 800 hPa) are best

detected whereas the detection of low and very low

clouds is not very efficient. However, it has also been

FIG. 10. Trajectory of MEDICANE from ECMWF analysis from

0000 UTC 25 Sep to 1800 UTC 26 Sep 2006. Black numbers in-

dicate the time step and red numbers indicate the corresponding

MSLP pressure (hPa).
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demonstrated that difficulties of cloud-detection schemes

to detect some low-level clouds have a negligible impact

on the simulation of observations contrary to the other

levels of clouds. The retrieved cloud-top pressure from

CO2 slicing exhibits a good correlation with the cloud-top

pressure inferred from MODIS. The retrieved effective

cloud fraction exhibits lower correlations with the effec-

tive cloud fraction inferred from MODIS.

Assimilation experiments have been run with the new

assimilation scheme: on average, 3.5% of additional

pixels are assimilated over the globe with quite a uni-

form geographic repartition but additional assimilated

channels are much more numerous for mid- to high

latitudes (10% of additional assimilated channels on

average). These extra assimilated data first affect the

simulation of model equivalents, which are more con-

sistent with observations as shown by the significant

reduction of innovations, especially for longwave sur-

face peaking channels and shortwave channels. Second,

the assimilation of cloud-affected observations in addi-

tion to clear ones permits the analysis and the back-

ground to better fit some conventional observations such

as wind profilers and some satellite data sensitive to the

atmospheric humidity, such as SSM/I and AMSU-B in

terms of bias and RMS errors. Finally, analysis model

fields are affected, especially where the extra data volume

is important (e.g., mid- to high latitudes). Changes within

the atmosphere column differ in accordance with the

diagnosed height of the assimilated cloud.

Global forecasts using cloud-contaminated observa-

tions have been performed for two validation periods:

impacts are rather neutral to slightly positive for each

parameter over all domains and for both validation pe-

riods. However, they are on the whole not significant

except for the geopotential where significant improve-

ments have been highlighted for the 24–48-h forecast

range in the stratosphere and in the high troposphere

over each domain and in the low troposphere over the

tropics and the Southern Hemisphere.

The new assimilation scheme has also been tested on

a practical study case: MEDICANE, a strong mesoscale

storm, which hit the southeast part of Italy on the

FIG. 11. Analyses of MEDICANE by the operational ECMWF model for 0000 UTC 25 Sep to 1800 UTC 26 Sep 2006. Contours are MSLP

(interval of 1 hPa) and shading indicates values ,1006 hPa.
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26 September 2006. Forecasts run from the analysis us-

ing cloud-affected radiances are improved with respect

to those assimilating only clear ones: the trajectory, in-

tensity, and whole development of the low are better

predicted for all the forecast range. Cumulated pre-

cipitation forecasts are also improved whatever the rate

of rainfall but especially for steady and strong pre-

cipitation.

FIG. 12. Trajectory of MEDICANE from (a) FCST2300, (b) FCST2312, (c) FCST2400, and (d) FCST2412. The lines represent the

trajectories forecasted by REF (red) and EXP (blue), and given by the ECMWF analysis (black). Black numbers indicate the corre-

sponding time step of MEDICANE.
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Although results presented in this paper are encour-

aging, several issues are still to be adressed. First, the bias

correction used for clear radiances is applied to cloud-

affected radiances and the corrections required should

differ from cloud-affected to clear observations. Second,

cloud parameters are directly provided to RTTOV in

the current assimilation scheme. A prior adjustment by

a 1D-Var scheme could admittedly slightly improve the

assimilation scheme (Dahoui 2006; Pavelin et al. 2008)

but this method, besides being expensive in calculation

time, may create discrepancies between cloud parameters

and other control variables. The adjustment of cloud

parameters inside the iterative process of the 4D-Var

could lead to more consistent cloud parameters with

other variables. Finally, the rejection of cloud-affected

channels whose CTP is situated above 600 hPa leads

to a rather low yield in terms of additional active data.

Experiments assimilating clouds up to 400 hPa (with

a rejection of channels whose weighting-function peak is

below the CTP) have been run with a rather neutral (to

negative) impact on forecasts. The assimilation of these

kinds of clouds thus requires additional developments.

This new assimilation method is obviously valid for

other advanced sounders and regarding the short-term

development of the approach described in this paper,

the next step will be to extend this cloud-affected radi-

ance assimilation scheme to IASI data. Its higher spec-

tral resolution could lead to promising results.

On February 2009, the new assimilation scheme de-

scribed here was implemented in the operational data

assimilation configuration at Météo-France.
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