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Abstract. Cirrus are cloud types that are recognized to havepear to be coherent with our results. However, we have found
a strong impact on the Earth-atmosphere radiation balancehat the quality of our retrievals can be strongly impacted by
This impact is however still poorly understood, due to the dif- uncertainties related to the choice of a pristine crystal model
ficulties in describing the large variability of their properties and by poor constraints on the properties of possible liquid
in global climate models. Consequently, numerous airbornecloud layers underneath cirrus. Simultaneous retrievals of
and space-borne missions have been dedicated to their studiguid clouds radiative and microphysical properties and/or
in the last decades. The satellite constellation A-Train haghe use of different ice crystal models should therefore be
for instance proven to be particularly helpful for the study of considered in order to improve the quality of the results.
cirrus. More particularly, the Infrared Imaging Radiometer
(lIR) carried onboard the Cloud-Aerosol Lidar and Infrared
Pathfinder Satellite Observation (CALIPSO) satellite shows
a great sensitivity to the radiative and microphysical proper-1 Introduction
ties of these clouds. Our study presents a novel methodology
that uses the thermal infrared measurements of IR to retrievé€irrus are ice clouds that are situated in the high tropo-
the ice crystal effective size and optical thickness of cirrus.sphere, and recognized to have a major impact on the Earth-
This methodology is based on an optimal estimation schemeatmosphere radiation balandeiqu, 1986 Stephens et al.
which possesses the advantage of attributing precise uncet990 Lohmann et al.1995 Lynch et al, 2002. They are
tainties to the retrieved parameters. Two IIR airborne valida-composed of ice crystals with highly complex habits, which
tion campaigns have been chosen as case studies for illustramplies the necessity to deal with large ranges of microphys-
ing the results of our retrieval method. It is observed that op-ical, optical, and geometrical properties in order to account
tical thicknesses could be accurately retrieved but that largdor their radiative effectBaran 2009. The study of cirrus
uncertainties may occur on the effective diameters. Strondhas, for these reasons, become one of the main objectives of
agreements have also been found between the products of otire World Climate Research PrograitVCRP, 1986. Nev-
method when separately applied to the measurements of IIRrtheless, the radiative impact of clouds remains one of the
and of the airborne radiometer CLIMAT-AV, which consoli- largest source of uncertainties on climate model estimates
dates the results of previous validation studies of IIR level-(Forster et al.2007). More particularly, the large variabil-
1 measurements. Comparisons with in situ observations andly of cirrus properties can lead to difficulties in quantify-
with operational products of IIR are also discussed and aping the balance between their albedo and greenhouse ef-
fects (e.g.Zhang et al. 1999 Fusina et al. 2007). It is
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therefore important to observe these clouds and to developetrievals are later validated through comparisons with IIR
methods dedicated to a precise quantification of their micro-operational products and with in situ estimates obtained dur-
and macro-physical structure in order to supply accurate ining CIRCLE-2.

formation to climate models. Section 2 of this paper introduces the general context of

In this context, many airborne campaigns have been unthis study by briefly describing the instruments, the valida-
dertaken to successfully improve our understanding of cirrugion campaigns, and the main results of the aforementioned
(e.g. FIREAckerman et a].199Q ICE Raschke et a/199Q study bySourdeval et al(2012. Section 3 presents the re-
EUCREX Sauvage et gl.1999 FRENCH Brogniez et al.  trieval methodology, together with a summary of the theo-
2004 ACTIVE Vaughan et a).2005a CIRCLE-2 Mioche retical approach. The non-retrieved parameters used in the
etal, 201Q Sourdeval et a)2012 or TC* King et al, 2010). forward model are also listed, along with their uncertainties.
Databases constituted during such campaigns have becont@nally, the results of the retrievals are discussed and ana-
extremely valuable for the development of models describ-yzed in Sect. 4, where three days of CIRCLE-2 and Biscay
ing the microphysical and optical properties of these clouds08 are taken as case studies. Comparisons of these retrievals
(e.g.Baran et al.2009 Yang et al, 2005 Baum et al.2011). with operational products of IR and with in situ estimates
These campaigns are nevertheless too scarce to fully reprere also shown and discussed.
sent cirrus all over the globe, and a combined use of satellite
observations therefore appears necessary to obtain quantita-
tive global records of cirrus properties. 2 The CIRCLE-2 and Biscay '08 campaigns

Since the launch of its first satellites in 2002, the A-Train
constellation has greatly contributed to the study of the EarthThe two airborne campaigns CIRCLE-2 and Biscay '08 were
and its atmosphere by providing all kinds of measurementsonducted with the principal objective to validate measure-
and products. These contributions have become even momments of space-borne instruments, such as the Infrared Imag-
constructive since 2006, with the participation of the Cloud- ing Radiometer (IIR)Corlay et al, 2000. This radiometer is
Aerosol Lidar and Infrared Pathfinder Satellite Observationscarried onboard CALIPSO together with the Cloud-Aerosol
(CALIPSO) and CloudSat, which are more directly dedi- Lidar with Orthogonal Polarization (CALIOP) and the Wide
cated to the study of clouds and aerosols. Indeed, instrumentsield Camera (WFC). It performs radiative measurements in
such as the Cloud-Aerosol Lidar with Orthogonal Polariza-three spectral bands within the infrared atmospheric window
tion (CALIOP) (measuring at 532 nm and 1024 nm) and the(centered at 8.65, 10.60, and 12.05 um, with about 1 um of
Infrared Imaging Radiometer (IIR) (measuring in three nar-full width at half maximum). The swath of lIR is about 64 km
row band channels centered at 8.65, 10.60, and 12.05-pmyith a pixel size of 1 km.
onboard CALIPSO can provide accurate information on cir- CIRCLE-2 and Biscay '08 took place during the periods
rus position, optical thickness, extinction profile, and diverseof 12 to 26 May 2007 and 2 September to 18 October 2008,
crystal habits (e.gzarnier et al.2012 Vaughan et a).2009 respectively. Both campaigns involved a Falcon-20 aircraft
Winker et al, 2010. Along with these new possible syner- (hereafter referred to as FF20) that performed remote sensing
gies, the use of optimal estimation has become common imeasurements over cloud decks. This aircraft was equipped
retrieval algorithms. This method appears to be highly effi-by the SAFIRE (“Service des Avions Francais Instrungsnt
cient for dealing with a large number of measurements inpour la Recherche en Environnement”) with the Conveyable
order to retrieve very different kinds of parametddgland Low-noise Infrared radiometer for Measurements of Atmo-
and Hogan(2010, for instance, showed that this technique sphere and ground surface Targets (CLIMAT)-Airborne Ver-
can be successfully applied to retrieve accurate profiles ofion (AV) (Brogniez et al.2003, and the Lidar “pour I'Etude
cirrus properties from measurements of IIR, CALIOP and des interactions #rosols Nuages Dynamique Rayonnement
the 94-GHz Cloud Profiler Radar (CPR) onboard CloudSat. et du cycle de 'Eau” (LEANDRE)-New Generation (NG).

In a study bySourdeval et al2012), CIRrus Cloud Exper- It is important to note that the spectral characteristics of
iment (CIRCLE)-2 and Biscay '08 were presented as two air-CLIMAT-AV are highly similar to the ones of IIR. The
borne validation campaigns of IIR. This study allowed an un-CIRCLE-2 campaign also involved a second aircraft (here-
ambiguous validation of IIR level-1 measurements in clear-after called GF20) equipped by the DLR (“Deutsches Zen-
sky areas, but denoted difficulties in achieving comparisondgrum fur Luft- und Raumfahrt”) with instruments dedicated
of radiometric measurements in cloudy areas due to a lacko perform in situ measurements of cirrus decks, such as
of precise knowledge of cirrus properties. The present paa Cloud Particle Imager (CPILéwson et al.2001), a PMS
per therefore aims to consolidate the results of this previ-FSSP-300 Knollenberg 1976, and a Polar Nephelome-
ous study by showing that similar cirrus properties can beter probe Gayet et al. 1997. During each campaign day,
independently retrieved from IR and CLIMAT-AV measure- the flights took place right under the track of CALIPSO.
ments. To perform the retrievals, a variational scheme basetiowever, only three days met the optimal conditions, i.e. an
on a bayesian approach and a Levenberg—Marquardt miniacceptable space and time collocation with CALIPSO, nec-
mization method has been used for both instruments. Thessary for our validation studies: 16 and 25 May 2007 and
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18 October 2008. During these days, the measurements wete the non-retrieved parameters and for prior analyses of in-

mostly performed over the Atlantic ocean in the Bay of Bis- formation content$hannon and Weavet949. Such anal-

cay. Further details on the instruments and the flight tracks/ses are extremely useful for characterizing the theoretical

are described in detail bdylioche et al (2010 andSourdeval  amount of information contained in different kinds of mea-

et al.(2012), and in the Secb of this paper. surements, which is important for understanding and improv-
The study bySourdeval et al(2012) presents direct com- ing the quality of the retrievalsQooper et al.2003 2006

parisons between brightness temperatures simultaneouslyEcuyer et al, 2006. A thorough development of the theory

measured by [IR and CLIMAT-AV during the three “optimal” is widely available in the preceding literature, and thus the

campaign days. These comparisons showed strong similarfollowing section only briefly summarizes how optimal esti-

ties, yet small deviations could be observed between the meanation is applied in this study. The following parts respect

surements made by both instruments, especially in their 8.6the approach and formalism developed Rygdgers(2000

pum channels. To explain these deviations, a radiative transfor the application of inverse methods to atmospheric prob-

fer code was used to simulate brightness temperatures ilems.

clear sky areas. An analysis of these simulations showed that

the deviations could be explained by slight dissimilarities 3.2 Application of optimal estimation study

between the spectral bands of both instruments and by the )

fact that one part of the atmosphere (above the aircraft) wagd N€ result of any measurement can generally be described by

seen by IR and not by CLIMAT-AV. Overall, these results Ed- (), wherex and y represent the state and the measure-

allowed validating the level-1 measurements of the spacement vectors, respectively. The functidrexpresses the link
tween these two vectors and is called the forward model.

borne radiometer. The authors nevertheless pointed out so ' i -
In this study, it is comparable to the radiative transfer model.

difficulties in applying the same methodology in the presence

of cirrus, as a precise knowledge of their properties is nec.Lastly,e defines the errors that result from the measurements

essary for effectuating brightness temperature simulationsa"d from the forward model. In retrieval schemes, this equa-
This paper therefore seeks to consolidate the validation ofiOn iS thus inverted in order to retriewefrom the informa-
IIR level-1 measurement by showing that coherent retrievaldio Provided byy, with respect to the errors defined by
of ice cloud properties can be obtained when applying our
IrIeF';nevaI method to the measurements of CLIMAT-AV and y=F(x)+e 1)
It is today widely known that measurements within the in-

frared atmospheric window are well adapted for retrieving

3 Description of the methodology ice cloud properties (e.gnoue 1985 Parol et al, 1991).
More particularly,Dubuisson et al(2008 have shown that
3.1 Discussion of the retrieval approach IIR channels are highly sensitive to the cirrus optical thick-

ness, and in a lesser extent to the ice crystal effective size.
This section introduces the variational scheme used in the&Consequently, the stater) and measurementy) vectors
present study. It follows an optimal estimation method, with used in this study are thus defined as
the aim of retrieving the optical thickness and ice crystal ef-
fective size of cirrus. The choice of the method was deter- Dest Ros
mined by its clear treatment of experimental errors, which is¥ =\ . > and y=| Ro |, )
made possible by using a rigorous mathematical framework. R12

!t also, on a genera}l note, shows great flexibility in t.re'at- where the component&os, Rio, and R1» correspond to the
ing the synergy of different kinds of measurements. Similar o jiances measured by IIR or CLIMAT-AV in their channels

variational schemes have already been successfully appliegantered at 8.65. 10.60. and 12.05 um, respectively. These

to measurements of A-Train instruments in order to retrieVecpannels are hereafter referred to as C08, C10, and C12. In
cirrus properties@ooper et al.2007 Deland@ and Hogan

2010 the state vector; corresponds to the cirrus extinction opti-

cal thickness at 12.05 um amk¢ is the effective diameter,

The optimal estimation method is based on a bayesian apghich corresponds to the ratio between the volunie) and
proach. It takes advantage of a formalism that uses probabilg, o projected ared (L) of a crystal of maximum lengtt

it)_/ density functions to link the measurement vector SPaCEGrenfell and Warren1999 Mitchell, 2002. For a pristine
with the state vector space (formed by the parameters t0 by 14| following a size distribution(L), the effective diam-
retrieved), together with their uncertainties. This powerful oo can thus be defined as

method allows finding a solution that is most likely to be con-

sistent with the measurements and any given a priori knowl-,, 3/, V(L)n(L)dL 3)
edge, within their uncertainties. Further, optimal estimation =3 fLA(L)n(L)dL'

is perfectly appropriate for posterior analyses of errors linked
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The optimal estimation method requires the use of a sowhereN is the number of non-retrieved parameters used in
called a priori state vector,, shown by Eq.4). This vector  the forward model and, , is the standard deviation at-
corresponds to the prior knowledge of the state vector, i.etributed to each non-retrieved paramefr This standard
before the measurements have been made. The sizes of ickeviation is given by the sensitivity of the forward model to
crystals in mid-latitude cirrus supposedly ranging betweenZ;, pondered by the a priori knowledgg, of this parameter,
20 and 100 pmGayet et al. 2009, Defr, has been set to as described by Eq6b).

50 um for the rest of the study. The other componentjs 9F,

set to 1.0 in order to be representative of thin cirrBagsen —€

and Chg1992. These values can however be taken approxi- 0Zi

mately since very large uncertainties are attributed to each oMore details on the instrumental accuracy and the non-

them, as explained in the next paragraph. retrieved parameter used in the forward model will be given
Deft in S_ect.3.3 _ _ o

X, = < . ) (4) Finally, under the assumption of gaussian statistics, the op-

timal estimation of the state vectok)(is found by minimiz-
In order to take the different sources of uncertainties intojng the scalar cost functiop:

account,x, and y are each related to an error covariance Te —1
matrix. We thus call the error covariance matrices related td? = [¥ = F(OI" S [y = F(0)] +
the a priori state vector and to the measurement ve&for [x —xa]" St x — xa]. (7)

andsS,, respectively. Additionally, the matri$; also needs Because the forward model is non-linear, a Levenberg—

to be considered. It represents the glot.JaI.errors assigned. t|9larquardt approachMarquardt 1963 is used in order to
the forward model because of uncertainties attached to "$ind the best estimate of the state vector that minimizes the

non-retrieved parameters (e.g. atmospheric profiles, quuidCost functiong. The iterative formula is expressed as
cloud properties, etc...). The two matricBg and S, can

be summed in order to form the total error covariance ma-y, , — y, 4 [(1+ VIS H+ KiTse_lKi]il
trix, called S.. The hypothesis that each component inside

the measurement or state vectors is independent from one an- KISy — Fx)] — St v — x4,
other is accepted in this study. It implies that the covariancewherey is the
matricesS,, S,, andS; are diagonal as expressed by Exg)(
and 6b). This hypothesis is generally adopted in optimal es-

Z (6b)

Ofz0 =

®)

regularization coefficient” of the Levenberg—
Marquardt approacly (Fletcher 1971). K represents the

timation schemes due to the difficulties connected with clear

identification of correlations between the parameters.

weighting (or kernel) matrix, which contains the sensitivity
of each measurement channel to each component of the state
vector, and is defined as

_ 012) 0 dRog 9Ros
Sa = ( Sffa 0-1_2 ) (5a) Dot 7
K= o 5 ©
Se=S,+5f 9R1> IR1p
03’308 +GJ%R08 0 0 dDeft 0T - -
_ 0 02 12 0 In the case of Iar_ge_ uncertainties attributed to the com-
YRio " " fRio 2 2 ponents of the a priori state vector, EQ) §hows that the
0 0 Oyryy + O fryy minimization is achieved when the best estimate of the state
O’ER 0 0 vector allows the forward model to be “close enough” to the
_ 008 2 0 (5b) measurements. By “close enough” we mean that the distance
- €R10 ) between the forward model and the measurements can be
0 0 Tery, explained by the uncertaintieMarks and Rodger§1993

Because the retrievals need to be mainly dependent on thghowed that a good coherence can be confidently concluded

measurement and not on any a priori considerations, larg@€tween the forward model and the measurements if the
errors are intentionally attributed to each component of thevalue of the cost function is lesser than the dimension of the
a priori state vector. The diagonal componentsSpf i.e. ~ Measurement vector.

o2, , are directly obtained from the instrumental accuracy Finally, the a priori and general error covariance matrices
are used, together with the weighting matrix, for the calcu-

A
of CLIMAT-AV or IIR in each channel, centered at The lati £ 1h . i of th .
diagonal components &, i.e.a} are defined as ation of the error covariance mat.nx 0 t. e post_e.nor state
‘ Ry, vectorS,, as shown by Eqg.10). This matrix identifies the

N errors ascribed to each retrieved parameter.

o2 = ZGZ

SR, - fz; 0

1=

6a
(62) S =KTsik +shHt

(10)
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3.3 Non-retrieved parameters characterization and of surface type should have no major impact on retrievals
accuracy in this area. Consequently, the surface is always considered

as oceanic in this study. Three values of seawater emissivity

One of the advantages of optimal estimation lays in that itcalculated for IR spectral bands are used: 0.9838, 0.9903,
takes into account the errors related to each non-retrieved pand 0.9857 for the channels C08, C10, and C12, respectively

rameter and to the instrumental accuracy in order to providgWwilber et al, 1999. A reasonable uncertainty of 1% is at-
accurate uncertainties on the retrievals. The following sub+ributed to the emissivity in each channel.

sections therefore discuss the non-retrieved parameters usedThe sea surface temperatures are derived from the
in our forward model, along with their accuracies (which cor- European Centre for Medium-range Weather Forecasts

respond to the terray; in Eq. 6b). (ECMWF) re-analysis along the track of CALIPSO. After
o comparisons with several in situ measurements made by sea
3.3.1 Radiative transfer model buoys during the three campaign days, the accuracy of sea

surface temperatures appears to be better than 1 K. This max-

In this study, the forward model is represented by theimum value of 1 K is thus taken as the associated error.

FASt Discrete Ordinate Method (FASDOM) radiative trans-
fer code developed bipubuisson et al(2005. The atmo- . -
sphere is therefore considered plane-parallel and is divided i§'3'4 Cirrus and liquid clouds

1 km-thick homogeneous layers, from the surface to 30 km of. . :

altitude. If a layer contains a cloud, it is subdivided in 100 m The forward model takes into acct_)un_t three possible cloud
sublayers for a better accuracy of the cloud positioning. FAS_Iayers: one cirrus layer and two liquid water cloqd Iayers
DOM takes into account the scattering and absorption effectyeferr?d to asnid and low Iay_ers hereafter, for being sit-
of clouds and of atmospheric gases in order to simulate acE""’mad in the lower and the middle parts of the troposphere,

. . ively). The altitude of each layer is determined using
curate radiances in each of the IIR and CLIMAT-AV spectral respective
bands. Multiple scattering processes are also treated. The réhe CALIOP data product3faughan et a].2009. Only the

diances simulated by FASDOM have shown an accuracy be,{gzloud layers detected in the 5-km or 20-km horizontally aver-
ged resolution of the lidar have been selected. A filter based

ter than 0.6 % in each channel when compared with a higHsl h ititude of hi has b din thi d
spectral resolution line-by-line codBbuisson et a].1996 on the top altitude of each layer has been tested in this study

2005 in order to separate the three layers and has proven to be effi-
' cient enough to treat the case studies that are analyzed in this
3.3.2 Atmospheric profiles paper.

The vertical accuracy of CALIOP at the altitude of cirrus
The computation of infrared radiances by FASDOM requiresand low liquid water clouds is about 30 m and 60 m, respec-
knowledge of the pressure, temperature, specific humidityfively (Winker et al, 2007). An accuracy of 100 m is however
and ozone concentration in each layer. In order to makeattributed to the base and the top of each cloud as it corre-
accurate comparisons with the official IIR products, thesesponds to the minimal size of a sub-layer in our method.
profiles are directly extracted from CALIOP Level-2 data
products, provided by the GOES-5 atmospheric model of
the Global Modeling and Assimilation Office (GMAOR(e- )
necker et a].2008. The uncertainties attached to these prod- Cirrus clouds
ucts are however not directly provided. Consequently the er- . .
ror attributed to each profile parameter is based on the know@Ur retrieval approach uses ice crystal models developed by
accuracy of AIRS/AMSU-A/HSB EOS products from Aqua Yapg et al(2005 in order to provide the cirrus optical prop- .
(Parkinson and Greenstqr2900 that are used in the GMAO e_rt|es that are necessary in the_ forward model. Seven pris-
re-analysis. An error of 1K and a relative error of 20 % are {in€ shapes are considered: Solid Column, Aggregate, Drox-

thus assigned to each layer of the temperature and relativi: Plate, Hollow Column, Bullet Rosette, and Spheroids.
humidity profiles, respectively. The accuracy of the ozone T hree size distributions are available for each of the seven

profile is considered to be 10% of the total ozone columnsShapes: one monodisperse distribution (all particles have the

burden. same size), and two monomodal gamma generalized size dis-
tributions Walko et al, 1995 describing small and large ice
3.3.3 Surface properties crystals, respectively. These size distributions were precisely

tabulated byDubuisson et al(2008 for the study of cirrus
During the CIRCLE-2 campaign, all measurements wereusing IR measurements. A set of optical properties is thus
made over the Atlantic ocean. During Biscay '08, part of attributed to a given effective diameter for each combination
the measurements occurred over Spain. This part, howevegf shape and size distribution: the extinction coefficient, the
coincides with the presence of an extremely thick cirrusasymmetry factor, and the single scattering albedo of the cir-
deck Sourdeval et al.2012, and therefore the difference rus layer. It should be noted that 1IR operational retrievals

www.atmos-chem-phys.net/13/8229/2013/ Atmos. Chem. Phys., 13, 882914 2013
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use identical ice crystal shapes, along with a monodisperse For optimal comparisons with IR operational products, an
size distribution. absorption optical thickness is calculated from the extinction
The aforementioned study lubuisson et al(2008 has  optical thickness values at 12 um, using the corresponding
also shown that the IIR measurements have only little sensingle scattering albedo. For this reason, only the absorption
sitivity to the shape and the size distribution of ice crystals,optical thicknessapg is discussed in the following results.
as compared with their sensibility to the size. Therefore noA detailed analysis of the origins of errors has also been con-
attempt to retrieve these two parameters will be made in thiglucted for the case of 16 May 2007, as its results are repre-
study. In order to ease the analysis of our comparisons wittsentative of the two other days. Finally a comparison of our
IIR operational products, the crystal shapes used in our reretrievals with IIR operational products has been made in or-
trievals will correspond to the ones retrieved by the opera-der to strengthen the validity of both methods.
tional algorithm of IIR, and the size distribution will be set It has to be kept in mind that CLIMAT-AV and IIR mea-
to monodisperse. surements were not completely simultaneous and that the two
Errors are nevertheless attached to the shape and size disstruments have a different field-of-view. In order to make
tribution used in the retrievals. These parameters being tothem more comparable, corrections on the airborne measure-
discontinuous to apply in the standard process of errors calments were proposed byourdeval et al(2012), and the
culations described by Eg6lf), the radiances computed for same protocol has been followed here. However, that pre-
each crystal shape are compared with the radiances computetgbus study concluded, amongst other things, that despite the
for the shape retrieved by IIR, in order to calculate a de-corrections, the measurements from both instruments are still
viation. For each channel, the error attributed to the crystahot exactly comparable with each other, and a real correlation
shape thus corresponds to the maximal deviation of radiancthus cannot be observed. For this reason, the results of the re-
that is found. A similar process is followed to determine the trievals obtained from IIR or CLIMAT-AV measurements are
errors on size distribution. only presented globally superimposed.

4.1 CIRCLE-2: 16 May 2007
Liquid clouds

The cloud profile obtained from CALIOP products along the
The microphysical properties of liquid water clouds are sim-leg of the FF20 aircraft during 16 May 2007 is presented in
ulated using the Lorenz—Mie theory, with an assumed parFig. 1e. The presence of a large cirrus deck all over the scene
ticle size distribution that follows a two-parameter gammawith low liquid water clouds underneath is clearly identi-
standard distribution. The effective radius of these particledfied. The retrievals of optical thickness and effective diam-
is set to 11 um with an effective variance of 0.Bdphens  eter along this leg are presented in Flg, b, respectively.
1979. A relative error of 10 % is considered for the effective It should be noted that the Fig. 1a—d superimpose results ob-
radius. tained using IIR or CLIMAT-AV measurements (in black and

The 12-um extinction optical thickness of liquid clouds red color, respectively). Figurga shows that relatively low

is calculated from the 532 nm extinction optical thicknessoptical thicknesses have been retrieved along this leg (be-
provided by CALIOP Vaughan et a).2009. The relative  tween 0 and 0.4), with uncertainties of about 10 %. Fidilre
error attached to this parameter is usually also indicated irhowever shows much larger uncertainties attributed to the re-

CALIOP products or is otherwise set to 100 %. trievals of the effective diameter, which are around 100 % in
the first part of the leg (between 4718 and 48.4N) and
3.3.5 Instrumental accuracy ranging from 30 to 70 % in the second part of the leg, where

effective diameters are retrieved with values ranging from
The absolute accuracy of lIR is believed to be better than 1 K20 to 40 um. Global comparisons between the retrievals ob-
(Corlay et al, 2000, whereas CLIMAT-AV absolute accu- tained from IIR or CLIMAT-AV measurements nevertheless
racy is better than 0.1 KBfogniez et al.2003. Those two  show strong similarities for both parameters.
maxima are used to characterize the measurement error co- As explained in Sect.2, the cost functionp can help to
variance matrix. analyze the quality of the retrievals. If the cost function is
lower than the size of the measurement vector, then the re-
trieved state vector should allow the forward model to be
4 Results coherent with the measurements, with respect to their as-
sociated errors. The values of the cost function correspond-
This section presents the results of an application of our reing to the best estimates of the state vector obtained during
trieval methodology, based on the three “optimal” days of 16 May 2007 (i.e. the retrievals exposed in Flg—b) are
the CIRCLE-2 and Biscay '08 campaigns outlined in SBct. presented in Figlc. Out of areas where the optical thickness
The retrievals are performed using CLIMAT-AV and IIR data is low (under 0.2), the cost function is well situated under the
separately, in order to compare the results independently. size of the measurement vector (indicated by a red dashed
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Fig. 2. Scatterplots of comparisons between the radiances measured
and the radiances simulated using the optimal retrieved parame-
ters, along the 16 May 2007 le¢p—c) Using CLIMAT-AV mea-
surements(d—f) Using IIR measurementga, d), (b, e), and(e, f)
correspond to the channels centered at 8.6%@)n10.60 um(b),

and 12.05 um, respectively.

ameter, and can even be situated lower than the noise level
(represented by a red dotted line) when the cirrus are opti-
cally extremely thin. The sensitivity also gets consequently
0 lower when the size of the ice crystals increases, which im-

47.8° 48.0° 48.2° 48.4° 48.6° 48.8° 49.0° 49.2° 49.4° plies large uncertainties and no information above the noise
Latitude level for large particles. This behavior can be explained by

the fact that cirrus optical properties (e.g. the asymmetry fac-

Fig. 1.Results of the retrievals made along the 16 May 2097 leg, UStor, extinction parameter and the single scattering albedo)
Ing CLIMAT'A\./ (red)_and ”.R (black) measuremen(a) R_etneved tend to behave asymptotically toward large particles (over

cirrus absorption optical thickness with error bgbg.Retrieved ef- 40 um) in the infrared regionvang et al, 2005 Baran et al.

fective diameters with error bar&) Final values of the cost func- 2000, It i hel b d that | h he ef
tion. (d) Final information contenf{ in bits (Rodgers 2000 on ). Itis nevertheless observed that in areas where the ef-

each retrieved parameter (crossesfik and circles forrgpd. (€)  fective diameters are less than 40 um (in the second part of
Cloud profile used in the retrievals (cirrus are plotted in black color the leg, as aforementioned), the errors are strongly decreas-
and liquid water clouds in grey color). ing, and the information content is higher.
For a better understanding of the errors, a detailed analysis
of their origins is proposed in this paragraph. This analysis
line), which shows that the retrieved optical thicknesses and:an be done by using the total error covariance magiy (
effective diameters are at least radiatively equivalent to theat the end of the iterations. Indeed, this matrix carries the in-
reality. Higher values of the cost function appear in the areagormation on the impact that the instrumental accuracy and
where the optical thickness is extremely low, which meansthe errors attached to non-retrieved parameters have in each
that the retrievals may not be reliable. Overall, we can neverchannel. The black lines in Fi§a—c represent the relative er-
theless expect, judging from Fitg, that the retrieved param- rors in each measurement channel due to the accuracy of the
eters allow good agreements between the forward model antistruments and of the non-retrieved parameters, i.e. the ratio
the measurements. This fact can be verified by comparingpetweeroe, (that is, the square root of a diagonal compo-
directly the measuredy} and simulated K (x)) radiances. nent ofS,), and F; (x). Under these lines, the contributions
Such comparisons are presented in Eaf where strong of each group of non-retrieved parameter (cf. S8@) and
correlations are observed in each channel and for both inef the instrumental accuracy to the relative errors are rep-
struments. resented. From these figures, it can first be observed that
In order to understand these results, a proper informathe relative errors in channel C08 are much higher than in
tion content analysis (as theoretically introduced in the Ap-the other channels. This is primarily due to the insufficient
pendix) has been performed and is presented inTeiglt is knowledge of cirrus non-retrieved parameters (in grey), such
observed that the level of information is high on the optical as the ice crystal shape that strongly impacts this channel.
thickness all over the scene, but is lower on the effective di-An impact of liquid water clouds (in pink and dark-blue) can

W
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Fig. 4. Scatterplots of our retrievals results versus IIR operational
products, compared pixel per pixel along the 16 May 2007 leg.
(a) The absorption optical thicknesses with their uncertainties.
(b) The effective diameters with their uncertainties. Only opera-
tional retrievals obtained with arpper layercomposed exclusively

of high ST layers are presented.

Relative Error on C10

47.8° 48° 48.2° 48.4° 48.6° 48.8° 49° 49.2° 49.4°
Latitude

Finally, our retrievals have been compared pixel per pixel
with IR operational retrievals of effective absorption opti-
cal depth at 12.05umGarnier et al. 2012 and ice crys-
tal effective diameter, as presented in Fg, b, respec-

tively. It should be reminded that identical atmospheric pro-
47.8° 48° 48.2° 48.4° 48.6° 48.8° 49° 49.2° 49.4° . . . .
Latitude files and ice crystal models have been used in both retrieval
methods. Such comparisons aim to strengthen the validity of
Fig. 3. Total relative errors (thick plain black line) associated to each POth methods since they adopt different approach for the re-
measurement vector components corresponding to the 8.5um trieval of ice cloud properties. However these comparisons
10.60 pm(b), and 12.05 unfc) channels of IIR, with the decompo-  Still need to be carefully considered due to possible differ-
sition of their origins (in color patterns). ences between the cloud profiles used in both methods. In-
deed, despite the use of identical information (from CALIOP
products) for identifying cloud layers, the different treatment
also be observed in each channel. This impact increases witbf these layers by both methods can lead to strong diver-
their altitudes, as the gradient of temperature with the groundjyences between their retrievals. The IIR operational algo-
gets higher. In channels C10 and C12, the errors are dormrithm first determines a background reference, which can
inated by measurements, which is the expected situation itbe either the surface or the highest opaque layer detected
a good optimal estimation scheme. Indeed, if a non-retrievedy CALIOP (hereafter referred to as thewver layer). Each
parameter brings more uncertainties than the measuremesemi-transparent (ST) layer detected above the reference is
itself, this means that it should also be part of the state veclater used to compose a unique cloud layer calleduge
tor. This kind of error analysis study is thus extremely valu- per layer, which properties will be retrieved. The ST lay-
able for identifying what additional parameters could be re-ers are characterized by centroid parameters (i.e. altitude or
trieved with the same amount of information. For instance,temperature) provided by CALIOP productf@a(ghan et a.
a proper retrieval of the crystal shape would be difficult with 20058. Hereafter, each ST layer composing tipper layer
this methodology since this parameter is very discretized. In-will be referred to asigh or low depending if their centroid
direct attempts have been made in this study, by testing whiclaltitude is situated higher or lower than 7 km, respectively.
ice crystal shape reduces the cost function the most, but reFhe centroid parameters of thpper layercorrespond to the
sults have not been successful enough since the cost functiamean of the centroid parameters of each ST clouds above the
is already very low. The ice particle shape provided by IIR reference, weighted by their respective mean attenuated scat-
is thus trusted. It should however be noted that, despite théering backscatter. The centroid altitude of ungper layer
fact that correlations between the measurements have beanust be higher than 7 km, although high and low ST clouds
neglected in our study, these correlations may still exist andmay be used in its composition depending on the IR clas-
consequently limit the amount of pieces of information to be sification type Garnier et al. 2012). The presence of low
retrieved. The accurate retrieval of an additional parameteST cloud layers can however be the cause of strong diver-
could therefore necessitate the addition of new independergences with our methodology, as we only consider layers
measurements to the measurement vector. with a top altitude higher than 7 km to compose our cirrus.

Relative Error on C12
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4.2 CIRCLE-2: 25 May 2007

The cloud profile obtained for 25 May 2007 is presented in

Fig. 5e. This figure shows the presence of scattered cirrus all
over the scene with liquid water clouds in the middle part

(e) of the troposphere underneath between 48.2nd 47.0 N.

% 10 - -f'_"r Low liquid water clouds are present on the rest of the leg.
i 5 | The retrievals effectuated along this leg are presented in
';“; Fig. 5a, b. Figureba shows that the optical thicknesses are
0 : ‘ ‘ : : : accurately retrieved, yet with larger uncertainties in the pres-

455°  46.0° 46.5° 47.0° 47.5° 48.0° 485° 49.0° ence ofmid liquid water clouds. Figur&b however shows

Latitude that apart from few areas (i.e. between 43\5and 46.0 N

_ o ) or around 46.6N and 47.68N), high uncertainties (around

Fig. 5. Similar to Fig.1, for 25 May 2007. 100 %) are attributed to the retrievals of the effective diam-

eter. This can be explained by the fact that, similarly to the

It thus appears that comparisons between our retrievals ant S€ 8f216 IIVIay 2?07’ E{htf] opt|r<]:all tT'Ckrlle?T]'s vfery low (It_esse(;
IIR operational products are meaningful when the uigper en 0.2) alang almost the whole track. The aforementone

layer is composed only dfigh ST clouds (IIR classification specific areas \(vhere the retrievals of effgctive _diameters are
type 21, 31 or 40). Under this condition, the optical thick- M°"® accurate indeed seem correlated with an increase of the
ness and effective diameter would be retrieved for cloudsoptICaI thlckness. The presence of large crystals also con-
with absolutely similar top and base altitude in both methods.mbUteS to higher uncertainties since the measurements carry

Only retrievals obtained in such conditions are consequentl)!e_SS information. D?Sp'tg this lack of confidence in the_ re-
shown in Fig 4a—b. trievals of the effective size, the values of the cost functions

Fig. 4a shows a strong correlation between the retrieveopre“:'ented n F|g§c show a globally good confidence in re-
absorption optical thicknesses. A slight deviation appears ianevaIs during th'.s campaign day. Strong global agreements
the retrievals of effective diameters presented in Big.but etween the retrievals obtained from IIR and CLIMAT-AV
the differences remain acceptable after taking the uncertamr_neasurements are also observable for both parameters.

ties assigned to the retrievals into account. It can also be no- The information content analysis presented in Fad.

ticed that the uncertainties attached to the effective diameterg.rt‘ov"tS (tjhat t:e |:1r:orm§t|or1l on tlherc]-:‘ ffei::ve d'?m?tﬁ]r. |skmostly
are significantly higher in our method than in IR operational situated under the noise fevel when the optical thickness 1s

retrievals, but further comparisons need to be done. OveraIIIOW' which is perfectly coherent with the previous observa-

it can nevertheless be concluded that good correlations witﬁ'ons' _The presence of "q!“d wate_r clouds all along the leg,
IIR products are found, for both retrieved parameters, whene.SpeCIaIIy w_hen sﬂugted n t_he m|d-tropo.sphere,. also dete-
the cirrus layers have similar locations. riorates the information on cirrus propert|_e§ ca.rne.d by t_he
measurement, and therefore adds to the difficulties in retriev-
ing an accurate effective diameter.
Direct comparisons with IR operational products have
also been performed for this campaign day and show good

coherence between the retrievals of both methodologies, as
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Fig. 8. Similar to Fig.6, for 18 October 2008.

thicknesses. Comparisons between IIR operational products
and our retrievals of the effective diameter are nevertheless
satisfactory when taking into account their respective uncer-
tainties.

4.3 CALIPSO-BISCAY: 18 October 2008

During the 18 October 2008, CALIOP products (presented in

I 1 Fig. 7e) show two extended cirrus decks with only few liquid
3 " water clouds underneath.
g 5 1 The retrievals of optical thickness and effective diameter
< 0 ‘ ‘ ‘ ‘ ‘ ‘ obtained along this leg are presented in Hig, b, respec-
40.0° 405° 41.0° 415° 42.0° 42.5° 43.0° 43.5° tively. High values of optical thickness are found between
Latitude 40.0 and 41.6N, with good agreements between the two
instruments. The retrievals of effective diameters are nev-
Fig. 7. Similar to Fig.1, for 18 October 2008. ertheless inaccurate along almost all the track, possibly due

to their high values (over 50 um) during this campaign day,
which implies low information carried by the infrared chan-

observed in Fig6a, b for the absorption optical thickness nels. The information content analysis presented in Fig,

. ! . o .~ _supports this conclusion by indicating a lack of information
and the effective diameter, respectively. Like in the previous . : .
.on the effective diameters along most of the scene. Despite

case study, the red dots correspond to retrievals obtained I[‘his lack of information on the effective size, the values of

ixels wh h iti f the ci I imil - . . .
pixels where the position of t © CIITUS ‘ayers are simuar be the cost function presented in Fige show that the retrievals
tween both methods. The additional blue color indicates theallow the forward model to be coherent with the measure-
presence of anid liquid water cloud layer in the cloud pro-

. : ments.
file used by our methodology. Since these clouds are often The comparisons with IIR operational retrievals presented

considered opaque in the operational algorithm, the back: _. S
: .. in Fig. 8a, b show strong similarities. These results are co-

ground temperature used to compute the effective emissiv; ; : .
herent with the observations made for the previous cam-

ity does not correspond to the surface temperature, but to theai n davs. A sliaht deviation can be observed for large op-
temperature of the atmosphere at cloud top. In the case Q29 yS- 9 ge op

mid liquid water clouds that are not perfectly opaque to in- tical thicknesses, but larger uncertainties and possible con-
y . tribution from multiple scattering in the IIR retrievals (up to

frared measurements, the impact of the surface might be mi >_109) make them acceptable. The comparisons between
takenly neglected, and the background temperature might bFn : .
e two methods are again satisfactory.

lower than it should be. The radiative impact of cirrus would

thus be underestimated, which would result in the retrieval
of a lower optical thickness by IIR operational method. Out5  Comparisons with CIRCLE-2 in situ measurements

of those specific areas, a strong correlation can be observed

between both retrieved optical thicknesses (red dots). Sucithe microphysical and optical in situ observations discussed
conclusion would be hard to make concerning the effectivein this section were performed onboard the GF20 aircraft
diameter, due to the high uncertainties attributed to its val-that flew inside cirrus decks right under the track of the

ues by each retrieval method. Fig@teshows that the effec- FF20 aircraft. The altitude of the GF20 during two selected

tive diameters are again much less correlated than the opticalcenes of 16 May and 25 May 2007 is exposed in Ba.
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(a) position GF-20 — (b) proposed byLawson and Bake(2006 with an uncertainty
12 14 expected to be around 60 %.
= . 2 The FSSP-300 instrument provides information on the
< 08 € particle size distribution for the size range 3um-21.8 um
E 10 0.6 55 (Baumgardner et 311992. The upper size limit (21.8 pum) of
2 9 04 © the instrument was selected in order to be consistent with the
0 g 8'2 first channel of the CPI in terms of particle concentration and
48.6° 48.8° 49.0° 492° 49.4° 456° 457° 458° 459° 46.0° ice water content. For the calculation of the ice water content,

Latitude Latitude the particles are assumed to be ice crystals with a density of

Fig. 9. Altitude of the GF20 aircraft during selected legs of 0.9 gcnT>. The accuracy of the IWC measurements is esti-
16 May 2007(a) and 25 May 2007b). The extinction profiles cor- mated to be around 75 %sgyet et al.2002).
respond to CALIOP products at 1 km horizontal resolution. In this section, the comparison between the cloud proper-
ties retrieved from CLIMAT-AV remote sensing observations
and obtained from in situ observations will focus on the visi-
b, respectively. In these figures, the cloud positions and exble extinction coefficient and the effective diameter. The vis-
tinction profiles are provided by CALIOP product¥aighan ible extinction 6eyy) is derived from the PN measurements.
et al, 2009. It should be noted that these extinction profiles Mioche et al.(2010 showed that the PN extinction coeffi-
are purely informative and will not be compared to CIRCLE- cient is more accurate and is well correlated with the extinc-
2 measurements since such a study has already been succetisn derived from the combination of the FSSP-300 and CPI
fully performed byMioche et al.(2010. The instruments measurements. The effective diamet®gf) is calculated us-
used in this study for the assessment of in situ effective diaming the following relationship:
eters and extinction coefficients included three independent WC
techniques: the Polar Nephelometer (PN), the SPEC IncorDefi = A , (11)
porated Cloud Particle Imager (CPI), and the PMS Forward Text
Scattering Spectrometer Probe 300 (FSSP-300). The combinith Det expressed in pm, IWC in g3, oext in km~1, and
nation of these techniques provides a description of cloudA = 3000mn?g~! (Gayet et al.2006. In this relationship,
particles within a size range varying from a few micrometersIWC is the combined ice water content calculated from the
(typically 3 um for the PN and the FSSP-300) to about 2 mmFSSP-300 and CPIl measuremeits; is obtained from the
(for the CPI). The method of data processing, the reliability PN measurements. Therefore, the accuracy of the effective
of the instruments and the uncertainties of the derived mi-diameter is estimated to be within 55-65 %. However, the
crophysical and optical parameters are described in detail byccuracies of the derived microphysical parameter could be
Gayet et al(2006. seriously reduced by the shattering of large ice crystals on
The Polar NephelometeiGayet et al. 1997 measures the probes inlets (sddcFarquhar et al.2007, Korolev and
the angular scattering pattern (non normalized scatteringsaa¢ 2005 andHeymsfield 2007for further details).
phase function) of an ensemble of cloud particles (i.e., water The in situ measurements have been averaged over 5s (i.e
droplets, ice crystals, or a mixture of these particles) rangingl km according to the mean Falcon-20 airspeed) in order to
from a few micrometers to approximately 1 mm in diameter. be consistent with the IIR and CLIMAT-AV products pre-
The measurements are performed at a wavelength of 0.8 prsented in the previous section and to reduce the inherent er-
with scattering angles ranging fro#nl5° to +162° and with rors in comparing two different aircraft measurements. Fig-
aresolution of 3.5. In this study, direct measurements of the ure 10a, b shows the comparison between in situ measure-
scattering phase function are used to calculate the extinctioments (in red) and CLIMAT-AV retrievals (in black) for a col-
coefficient with an uncertainty estimated to be 25Gayet  located leg during 16 May 2007. The visible extinction cor-
et al, 2002. responding to CLIMAT-AV retrievals have been directly ob-
The CPI registers cloud particle images on a solid statetained from the extinction optical thickness) (etrieved by
one-million-pixel digital charge-coupled device (CCD) cam- our methodology.
era by freezing the motion of the particle using a 40-ns The crystal shape used for CLIMAT-AV retrievals during
pulsed, high power laser diodegwson et al.2001). Each 16 May 2007 has been set to plate in order to be coherent
pixel in the CDD camera array has an equivalent size in thewith the dominant crystal habits observed by the CPI along
sample area of 2.3 um, so particles of sizes from approxithis leg Mioche et al, 2010. Comparisons between the
mately 20 um to 2 mm are imaged. The method of data angroducts obtained from in situ observations and our method-
image processing as well as the calibration of the CPI are deelogy show strong agreements for the effective diameter and
scribed in detail byGayet et al(2009. In the present study, the visible extinction. The retrieved and in situ estimated ef-
the CPl measurements are mainly used to derive the ice wafective diameters have the same order of magnitude all over
ter content (IWC) of particles with size larger than approxi- the leg, yet the latter having lower values. This observation
mately 20 um. The IWC is determined following the method can be explained by the shattering effects on probes inlets,
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Fig. 10. Effective diamete(fa) and visible coefficien{b) retrieved Fig. 11. Effective diamete(a) and visible coefficientb) retrieved
from the GF20 instruments (in red) and by our methodology us-from the GF20 instruments (in red) and by our methodology us-
ing CLIMAT-AV measurements (in black) for the 16 May 2007 leg ing CLIMAT-AV measurements (in black) for the 25 May 2007 leg
presented in Figla. presented in Figdb.

but also by the fact that the GF20 performs measurements g Summary/conclusion
the top of the cirrus deck (see Figa), whereas CLIMAT-
AV measurements are, due to the low optical thickness of theThis study presents a novel methodology that uses the in-
cloud, more sensitive to integrated cirrus properties. It shouldormation contained in three thermal infrared channels to re-
therefore be expected that retrievals from radiometric estitrieve the optical thicknesses and effective diameters of ice
mates indicate higher vertically averaged values of effectivecrystals of cirrus. The approach is based on a variational
diameter than in situ estimates obtained at cirrus top. Considmethod, which uses a Levenberg—Marquardt minimization
ering that the in situ estimates could be biased to lower valuescheme to find the best estimate of the parameters to be re-
by the aforementioned effects, our retrieval and in situ esti-trieved. This method has the advantage of clearly transcrib-
mates are consistent for the effective radius, and well withining the uncertainties due to each non-retrieved parameter and
uncertainties. A similar effect can also explain the differ- instrumental accuracy on the retrieval, and allows the com-
ences observed for the visible extinction, as the CLIMAT-AV bined use of the information content theory.
extinctions are extracted from the cloud optical thicknesses Three days of the validation campaigns CIRCLE-2 and
(i.e. vertically integrated), whereas the in situ extinction is Biscay '08 have been used as case studies to perform the
representative of the cloud top. Large differences are noticeretrievals. The infrared measurements are provided by the
able between 49°2and 49.4 N, but they can be explained IIR radiometer onboard CALIPSO and by the collocated
by a possible area of higher extinction within the cirrus asairborne radiometer CLIMAT-AV. The cirrus optical thick-
this latitude range corresponds to measurements performegesses are found to be accurately retrieved during the three
at a lower altitude in the cirrus (see Fp). Despite the dif-  campaign days whereas larger uncertainties appear on the re-
ficulties in comparing in situ and remote sensing measureirieved effective diameters. An information content analysis
ments, the orders of magnitude are well respected. has been performed and clearly showed a lack of informa-
Figure 11a, b presents a similar study effectuated for tion on the particle effective size, with a level of informa-
25 May 2007. The CPI observations indicated a dominanttion that is often less than the noise level when the particles
mixture of plate and bullet rosette during this ledi¢che are too large or when the cirrus is optically extremely thin.
et al, 2010, and the ice crystal shape has thus been setnformation on the optical thickness is always sufficient for
to plate as our retrieval approach only allows to use oneaccurate retrievals, but tends to become lower for high op-
kind of pristine shape. As observed for the case of 16 Maytical thicknesses or in the presence of liquid clouds in the
2007, the in situ measurements indicate smaller values of efmid-troposphere. Nevertheless analyses of the cost function
fective diameter and extinction than the retrievals obtainedhave shown good global confidence in the retrievals during
from CLIMAT-AV measurements, which can be explained the three days and prove that the retrieved parameters allows
by the aforementioned expected differences between in sitthe forward model to be consistent with the measurements
and remote sensing products. The discrepancy observed béwith respect to the attached uncertainties).
tween 45.85 and 46.0N is explained by the fact that the ~ Comparisons between retrievals independently obtained
GF20 slowly exited the cirrus deck in this latitude range (seeusing IR or CLIMAT-AV measurements are consistent with
Fig. 9b). These comparisons nevertheless allow concludinghe results of a previous validation study Bgurdeval et al.
that the retrievals obtained from CLMAT-AV measurements (2012 that pointed out difficulties in comparing radiometric
and the in situ observations are well within uncertainties.  data over cirrus decks without an accurate knowledge of their
properties. We have shown in this study that strong similar-
ities are found between the optical thicknesses retrieved us-
ing the respective measurements of both radiometers. Such
conclusion would be harder to make concerning the effective
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diameters because of the large uncertainties attached to thi&ppendix A
parameter, but the comparisons are still satisfactory, particu-
larly during the leg of 16 May 2007, where uncertainties are The information content theory as applied to optimal
lower. estimation
The retrievals made during this study have also been com-
pared with IIR operational products. Similar atmospheric If the remote sensing literature is full of algorithm de-
profiles and ice crystal models have been used in order t&criptions for inferring atmosphere parameters from dis-
make the retrievals perfectly comparable. In the case of simtinct combination of measurementMi(ler et al., 2000,
ilar cloud positioning between both methods (i.e. when thevery little reference is made to the information content car-
upper layer of IIR algorithm is only composedhifjhsemi-  ried out by such combination®orden et al.(1999 and
transparent layers), the retrievals of optical thicknesses apEvans et al(2002, for instance, theoretically studied how
pear to be well correlated. The correlations between effecmuch information content is gained in a retrieval, relatively
tive diameters are, again, more difficult to observe due tot0 the prior knowledge of the system or the amount of infor-
large uncertainties. Comparisons of the exact retrieved valmation provided by additional measurements. More recently,
ues (without the attached uncertainties) nevertheless shol Ecuyer et al.(2006§ and Cooper et al(200§ developed
good correlations. These Comparisons thus Strengthen the V@.detailed information content analysis in order to select an
lidity of both methods since different retrievals approachesoptimal combination of visible, near-infrared and thermal in-
are used. The uncertainties attributed to effective diameter§ared channels for liquid and ice clouds properties retrievals.
are nevertheless found be significantly lower in IIR products. In the present study a similar information content analysis
Our retrievals have also shown to be globally consistent withis made, focused on IIR measurements. The aim is never-
the in situ estimates obtained during CIRCLE-2. Higher val- theless not to find the best channel combinations but to un-
ues of effective diameters and visible extinctions are foundderstand the limits of the observing system to retrieve the
by our methodology, but these differences can be explairfelected ice cloud properties. A detailed information content
by inherent difficulties in comparing remote sensing prod-analysis is thus not performed but is just used to emphasize
ucts with in situ estimations (i.e. the shattering of ice crystalssome conclusions in the retrievals.
and/or the specific altitude of the plane in the cirrus decks). Rodgerg2000 uses channel information content to relate
Finally, an error analysis has been led in order to deterdirectly entropy to a state described by its probability density
mine which non-retrieved parameters have the strongest imfunction, as mentioned previously. In the case of a Gaussian
pact on the forward model errors. It appears that the impacprobability density function Rodgers has demonstrated that
of uncertainties related to the choice of the ice crystal shapdhe entropy ascribed to a vectorcan be written as
is consequent on the 8.6-um channel of IIR. Also, the pres- 1
ence of liquid clouds is responsible for large uncertaintiesS[P (x)] = 5'092|SX| +c, (A1)
in the three channels. This error analysis, together with the

information content analyses, helps to understand how thgyhere P (x) is the probability density function attachedito
quality of the retrievals could be improved for future stud- and¢ is a constant. From EqA() it is possible to define
ies. On one hand, the information content analyses show thahe information content/ (in bits) in the state space as the
there is a lack of information on the cirrus particle effective difference of entropy between the prior knowledge of the sys-
diameters. On the other hand, the error an_alyses ShOW thQém (|eS[P(x)], before the measurement is made) and the
the shape of ice crystals as well as the radiative and microposterior knowledge of the system (i$.P (x|y)], after the

physical properties of liquid water clouds underneath havemeasurement is made). The entrayis thus calculated as
a strong impact on the forward model uncertainties. Therepresented in the following relationship:

fore, to significantly improve the retrievals, those parameters
(i.e. liquid cloud effective radius, optical depth, and ice crys- H = S[P(x)] — S[P(x|y)]

tals shape) should be added to the state vector. Information 1 1

on these ‘new’ parameters could be provided by additional =5 logy [S.| — > log, ISy |

measurements in the visible and near infrared regions (with

the possible help of polarization). The choice of more realis- = 109, S, S, !, (A2)

tic ice crystal models (i.e. representative of shape mixtures)

could also help reducing the uncertainties. wherex andy represent the state and measurement vectors,

respectively. With the entropy defined as the logarithm in
base 2 of the total number of statd$, provides the infor-
mation content in bits, which implies theoretically that the
measurements allow to distinguish betweé&nstates within
the prior state space.
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By using Egs. 10) and A2), H can be presented as Baumgardner, D., Dye, J. E., Gandrud, B. W., and Knollen-
1 e berg, R. G.: Interpretation of measurements made by the forward
H=-log, K K+1,], (A3a) scattering spectrometer probe (FSSP-300) during the airborne
2 arctic stratospheric expedition, J. Geophys. Res., 97, 8035-8046,
whereK is a modified kernel matrix, defined by 1992.
_ N N Brogniez, G., Pietras, C., Legrand, M., Dubuisson, P., and Haeffe-
K =S572KS,z2. (A3b) lin, M.: A high-accuracy multiwavelength radiometer for in situ

It h . v b thigt tains inf i measurements in the thermal infrared, Part 2: Behavior in field
as previously been seen contains information experiments, J. Atmos. Ocean. Tech., 20, 1023-1033, 2003.

on the sensitivity to the measurement. This matrix appears @ ogniez, G., Parol, F., Becu, L., Jourdan, O., Gayet, J.-F., Au-
be difficult to interpret buRodgerg2000 shows that thé riol, F., Verwaerde, C., Balois, J.-Y., and Damiri, B.: Deter-
matrix is perfectly representative of the signal to noise ratio. mination of cirrus radiative parameters from combination be-
When the singular values & are greater than unity, thus  tween active and passive remote sensing measurements during
when H greater than 0.5 (cf. Eqp34), it can be considered FRENCH/DIRAC 2001, Atmos. Res., 72, 425-452, 2004.

that the measurements bring information on the parameter§ooper, S. J., LEcuyer, T. S., and Stephens, G. L.: The impact of
to be retrieved. Consequently, parameters retrieved with ~ explicit cloud boundary information on ice cloud microphysi-
that tends toward 0.5 will be expected to be very inaccurately cal property retrievals from infrared radiances, J. Geophys. Res.,
retrieved. If the entropy is lower than 0.5 then the measure- 108, 4107, doit0.1029/2002JD00261 2003.

: . L. Cooper, S. J., LEcuyer, T. S., and Gabriel, P.: Objective assessment
ments do not add any information to the a priori knowledge. . . - . i
of the information content of visible and infrared radiance mea-
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