N

N

Bulk microphysical properties of semi-transparent cirrus
from AIRS: a six year global climatology and statistical
analysis in synergy with geometrical profiling data from

CloudSat-CALIPSO
A. Guignard, C. J. Stubenrauch, A. J. Baran, Raymond Armante

» To cite this version:

A. Guignard, C. J. Stubenrauch, A. J. Baran, Raymond Armante. Bulk microphysical properties of
semi-transparent cirrus from AIRS: a six year global climatology and statistical analysis in synergy
with geometrical profiling data from CloudSat-CALIPSO. Atmospheric Chemistry and Physics, 2012,
12 (1), pp.503-525. 10.5194/acp-12-503-2012 . hal-01111221

HAL Id: hal-01111221
https://hal.science/hal-01111221
Submitted on 29 Jan 2015

HAL is a multi-disciplinary open access L’archive ouverte pluridisciplinaire HAL, est
archive for the deposit and dissemination of sci- destinée au dépot et a la diffusion de documents
entific research documents, whether they are pub- scientifiques de niveau recherche, publiés ou non,
lished or not. The documents may come from émanant des établissements d’enseignement et de
teaching and research institutions in France or recherche francais ou étrangers, des laboratoires
abroad, or from public or private research centers. publics ou privés.


https://hal.science/hal-01111221
https://hal.archives-ouvertes.fr

Atmos. Chem. Phys., 12, 50325 2012 iy —* -

www.atmos-chem-phys.net/12/503/2012/ Atmospherlc
doi:10.5194/acp-12-503-2012 Chemls_try
© Author(s) 2012. CC Attribution 3.0 License. and Phys|cs

B

Bulk microphysical properties of semi-transparent cirrus from
AIRS: a six year global climatology and statistical analysis in
synergy with geometrical profiling data from CloudSat-CALIPSO

A. Guignard?, C. J. Stubenrauch, A. J. Baran?, and R. Armante!

1L aboratoire de Nteorologie Dynamique, Ecole Polytechnique, Palaiseau, France
2Met Office, Fitzroy Road, Exeter, EX1 3PB, UK

Correspondence toA. Guignard (anthony.guignard@Imd.polytechnique.fr)

Received: 30 July 2011 — Published in Atmos. Chem. Phys. Discuss.: 1 September 2011
Revised: 9 December 2011 — Accepted: 21 December 2011 — Published: 10 January 2012

Abstract. This article presents a retrieval method and al Introduction
statistical analysis of the bulk microphysical properties of
semi-transparent ice clouds using the Atmospheric Infraredigh clouds (with cloud pressure smaller than 440 hPa) cover
Sounder (AIRS). The method relies on spectral differencesghout 30 % of the globe (e.gMWylie and Menzel. 1999
of cirrus emissivities in the 8-12um range and is sensitivewylie et al, 2005 Stubenrauch et al2006 201Q Chep-
to the effective ice crystal diametebg) and ice water path  fer et al, 2010 and therefore strongly influence the radiation
(IWP) of up to 85um and 120gT#, respectively. Anin-  pydget of the Earth. Depending on the formation process
dication of the most frequent ice crystal habit in the cir- of cirrus clouds (large-scale lifting, convection, atmospheric
rus has been obtained by using separately single scatteringaves (e.glvanova et al.2001; Stith et al, 2002 Boehm et
properties of column-like and aggregate-like ice crystals ing|, 2003 Luo and Rossow2004, one expects that their re-
the simulations. Uncertainties due to hypotheses on atmOSu|ting microphysical and macrophysical properties should
spheric parameters and ice crystal single scattering propemhe different. In General Circulation Models (GCM), is
ties are discussed and the cirrus emiSSiVity and temperatur@ften parameterized as a function of IWC or cloud tempera_
range for the appllcablllty of the method are determined. TOture using some deterministic po|yn0mia| fit (d\g:l:a”ane
be sure that the cirrus only includes ice crystals, one has t@t al, 1992 Donner et al.1997 Bony et al, 2001, Edwards
restrict the cloud temperature rangefgq < 230K. On a et al, 2007). Cloud optical properties are then calculated
global scale, these semi-transparent ice clouds (cirrus) reprérom the GCM diagnosede., assuming a single ice crys-
sent about 25 % of all high clouds and are mainly encoun+a| habit. The former parameterizations are based on only
tered in the midlatitudes during winter and in the trOpiCS, a few field Campaigns located about the Earth and for very
with an averageDe and IWP of 52um and 2794, re- |imited time periodsifeymsfield and Platt.984 Korolev et
spectively. A comparison with bulk microphysical proper- a|, 2001, Boudala et al.2002 McFarquhar et al2003 Gar-
ties from the TIROS-N Operational Vertical Sounder (TOVS) rett et al, 2004. Moreover, recent studies bigrolev and
shows an agreement on global mean values. The addition gkaag 2004 Field et al, 2006 McFarquhar et aJ2007) have
spectral information revealed improvements at the limits of gemonstrated that the particle size distribution (PSD) data on
the cirrus emiSSiVity range. Collocated Radar-Lidar Geometwhich the former parameterizations are based are probab|y
rical Profiling (GEOPROF) data have been used to study theyjased to smallebe values due to the shattering of ice crys-
vertical structure of these clouds and to infer average ice watals on the probe inlets. Even if satellite observations only al-
ter content (lWC) for cirrus with a small vertical extent. This low a retrieval of bulk microphysica] properties which relies
allowed us to compare and contrast parameterizatio%0f on various assumptions, they provide a unique possibility to
as functions of IWC and IWP, respectively. study geographical distributions and seasonal variability of
De and IWP as well as relationships betwebg IWP and
cloud physical properties and thermodynamic properties of
the atmosphere over the whole globe.
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504 A. Guignard et al.: Bulk microphysical properties of semi transparent cirrus from AIRS

Compared to other passive remote sensing instruments, tharrus with a relatively small vertical extent (less than 2 km).
high spectral resolution infrared (IR) vertical sounders pro-Our findings are summarized in Seét.
vide reliable properties of cirrus with a visible optical depth
aslow as 0.1, day and nightfylie and Menzel1994 Acker-
man et al. 1995 Stubenrauch etall999 Chungetal.200qg 2 Dataand methods
Kahn et al, 2004 2007 Stubenrauch et al2010. CO,- .
sensitive channels of IR vertical sounders allow the determi—z'1 AIRS cloud properties
nation of cloud height and cloud emissivity, and cloud SP€C-| Junched in May 2002 onboard the Earth Observing Sys-

t'ral ermssmty differences in the 8—'12 pm range al!ows an esy, (EOS) platform Aqua, the AIRS instrumerumann
timation of theD, and IWP of semi-transparent cirrus (e.qg.

N . et al, 2003 Chahine et al.2006 provides very high spec-
Rade(lj et ar:‘ 2003 Kt"?lhn et lal, 2bOOS ngolonlls 20t10_. IR 197 ral resolution measurements of Earth-emitted radiation in
sounders have continuously observed our pianet since hree spectral bands (3.74—4.61 um, 6.20-8.22 um and 8.80—

W|th_|mprovements n spectral_resoluuon: the TIROS-N Op- 15.40 um), using 2378 channels with a spectral resolution
erational Vertical Sounder&ith et al, 1979 onboard the : - o

NOAA pol tellites. the At heric InfraRed Sound given by Ax/x =0.0008. The polar orbiting Aqua satel-
Chahi po atr jjaZ%CI) es, be dm:sp eric in rzaooez Ocl;r;herlite provides observations at 01:30 and 13:30 local time (LT,
I( p aRmde Ae\t ' h@_OnS oard_ qt:at(s]:nce tH'I) an i € equator crossing time). The spatial resolution of these mea-
nlrazoi rEospd ?\;'é_l_oogn ing gg(r)grorge |ﬁ)]n el d surements is 13.5km at nadir. Nine AIRS measurements
aﬁ’ . ? on Oi.r loud (since 3 nce it € clou (3 x 3) correspond to one footprint of the Advanced Mi-
physical properties (cloud pressure and emissivity) are "€ rowave Sounder Unit (AMSU). NASA level 2 (L2, ver-

trleveg, 3”,{“5 b_ulkdrrg)lcrop()jhysu:tal _properttleﬁf an_d I_V\_/tP dif sion 5) atmospheric temperature and water vapour profiles
fmay € 3vre]rm|ne i 5;13(? on e|rb_sp_ec ra _ET'Sf;Yéy I(;(Susskind et al2003 2006 are retrieved from cloud-cleared
erence. ereas techniques combining visible (VIS) an AIRS radiancesChahine et a).2006 within each AMSU

near IR (NIR) information (e.gPlatnick et al. 2003 Roe- f : . .
. . oo ootprint. We have averaged the atmospheric profiles of good
beling et al, 2006 Hong et al, 2007 provide estimations quality (Tobin et al, 200§ on a Flatitudex 1°longitude

of D.e and IWP for all ice CIO.UdS’ .IR techniques, basgd es- rid; and if no data are available, weekly running means are
sentially on spectral absorption differences, are restricted t heluded

semi-transparent ice clouds. However, uncertainties due to The cloud property retrieval (presented in F.‘Ig.devel-

ice crystal habit are smaller than in the VIS-NIR techniques . ; . :
. oped at the Laboratoire de@#orologie Dynamique (LMD)
(e.g. Cooper et a|.2007, and they may be retrieved day provides cloud pressure and emissivity of a single cloud

a'nd mghﬁ.( Iq th|shart!cl<el we pr(iseegnt a Letlnv\%a:) methd OfIayer (of the uppermost cloud layer in the case of multilayer
cirrus bulk microphysical properti€Se an ased N ciouds). It is based on a weighted? (x2) method using

cirrus spectral emissivities. For their determination the re-eight AIRS radiances in the range 11-13 um, sounding along
trieved cloud pressure is necessary. This retrieval extends thﬁ]e wing of the 15 um C@absorption bandS(tl,Jbenrauch ot

retrieval of cloud physical propertie_s using AIRSthpen- al., 2010. These calibrated radiances are provided by NASA
rauch et al.2010. Compared to earlier retrievals using ob- (level 1B, version 5). The,2 method determines the pres-

servations from TOVSStubenrauch et al1993 Radel et sure levelp ;4 for which the measured radiances at all wave-

al., 2003, the use of more spectral channels with AIRS al- : oo
’ Do ) L I h h h I :
lows an indication of the most frequent ice crystal habit in the engths provide the most coherent cloud emissiviy

cirrus (by distinguishing column-like and aggregate-like ice Im(hi) = Iar (M) _

crystals in the simulations). Simultaneous geometrical pro-€cid(Pk4i) = Ted (e i) — TarO) for i=18 (1)

filing (GEOPROF) dataNace et al. 2009 using combined clal Pk 2 e

measurements of the active lidar and radar of the missionsvherea; is the wavelength of AIRS channglpy is the pres-

CALIPSO (Winker et al, 2003 and CloudSat$tephens et sure levek out of 40 levels/y, is the measured radiandky

al., 2002 allow us to characterize the cirrus vertical struc- andI¢q are the computed clear-sky and cloudy (opaque) ra-

ture and to study relationships with the bulk microphysical diances, respectively.

properties. For the computation aof; and ¢ g we need spectral trans-
This article is structured in the following way: Data and missivity profiles corresponding to the observed atmospheric

retrieval methods are described in Sekt. After sensitiv-  profile as well as spectral surface emissivity. Spectral trans-

ity studies in Sect3, we discuss the retrieval applicability missivity profiles are taken from the Thermodynamic Initial

in Sect.4. Sections first presents geographical distributions Guess Retrieval (TIGR) datas€t§édin et al, 1985 Cheval-

and seasonal variations of the occurrence of semi-transparefier et al, 1998. They have been computed for the AIRS

cirrus and their physical and microphysical properties. Sec-channels by the Automatized Atmospheric Absorption At-

ondly, comparisons are presented against TOVS and relatiorlas (4A) radiative transfer modeS¢ott and Chdin, 1981)

ships betweerDe and IWP (IWC) are explored. The latter for about 2100 different atmospheric profiles. We compare

has been estimated from IWP and cloud vertical extent forthe observed NASA L2 atmospheric temperature and water

Atmos. Chem. Phys., 12, 50%25 2012 www.atmos-chem-phys.net/12/503/2012/
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3 x 3 AIRS footprints per AMSU footprint by using cloud

AIRSL2 TIGR** type information (according tggq andeqq: opaque high
L H,Oprof, T, | T. H,0prof. clouds, cirrus, thin cirrus, two types of midlevel clouds, two
\ | types of low-level clouds and clear-sky). More details can be
v found inStubenrauch et a{2010.
TIGR spectral Cloud amount and cloud properties have been evaluated
transmissions | | surface emissivities using two years of collocated CALIPSO da8t(benrauch et
! ' al., 2008 2010: the retrieved AIRS cloud pressure of 72 %
AIRSLIB clear sky . cloudy radiances of high (peid < 440 hPa) and of 59 % of low-levepq >
L Lo L 680 hPa) clouds lies within 75 hPa of the “apparent” middle
“ / (see Sect2.3) of the CALIPSO cloud layers. This means

that neither cloud pressure (and deduced cloud temperature)
nor cloud emissivity correspond to the top of the cloud, but
to a layer within the cloudStubenrauch et al2010. For
ice crystal this reason, the cloud IR emissivity is often called “effective
SSP's emissivity” (Pavolonis 2010, but since the retrieved cloud
height is also an “effective” or “radiative” cloud height, we
omit these attributes in the following for a more fluid reading.

X2 minimization

Iiil(/‘\i.-()( ) _Ic.‘h ‘Ae()()
Leta(pieAi 00) = L (A, 00)

Ecid(Pk :l =

i=]

'a posteriori’
cloud detection

4A*-DISORT

2.2 AIRS bulk microphysical properties of

Peid, €cld, Teld, Zeld Look Up Tables semi-transparent cirrus
ex(8—12 pm) €x(De. IW P,crystal habit)
~ - In the following we describe the methodology used to re-

trieve theDe and IWP of semi-transparent cirrus (see 2.

The method is based on cirrus spectral emissivity differences
in the range 8-12 um. Cirrus emissivities are determined as
effective diameter (De), Ice Water Path (IWP), crystal habit in Eq. (1), by using the measured, clear-sky and cloudy spec-
tral radiances. The latter are computed using the retrieved
cloud pressure. They are then compared to simulated cirrus
emissivities which depend obe and IWP. Therefore, cir-
rus emissivities have been simulated using single scattering
properties (SSPs) of column-like or aggregate-like ice crys-
vapour profiles to those of the TIGR dataset and choose théals. We first describe the simulation of cirrus emissivities
spectral transmissivity profiles of the TIGR atmospheric pro-and choice of AIRS channels and then the retrieval using a
files which are the most similar to the observed one, as delook-up table (LUT) approach.

scribed inStubenrauch et a(2008. Spectral surface emis-

sivities are taken from monthly climatologies using AIRS in 2.2.1 Simulation of cirrus emissivities

the latitude band 3ON-30° S (Péquignot et al.2008 avail-

able at:http://ara.abct.Imd.polytechnique)feind MODIS at  The calculation of the radiative impact of cirrus requires the
higher latitudes $eemann et gl.2008. The XVZV method  precise knowledge of the SSPs of ice crystals. SSPs depend
was developed bgtubenrauch et a(1999 to take into ac- on the complex refractive index of the particle, on particle
count (1) the vertical weighting of the different channels, habit as well as on the size parameter (the ratio between
(2) the growing uncertainty in the computation m@fig with the characteristic particle dimension and the incident wave-
increasingp, and (3) uncertainties in atmospheric profiles. length). We use a data base of extinction cross section, sin-
When thex\,zv method leads to a non-acceptable valuegf gle scattering albedo and asymmetry parameter determined
(larger than 1.5, this threshold includes noise for low levelfor column-like and aggregate-like ice crystals provided by
clouds), the scene is set to clear-sky (as well as in the case dfletOffice Baran et al.2001, Baran and Francj2004. The

€cld < 0.05). Cloud temperaturgq is determined frompgg, aspect ratio of the column-like ice crystals decreases with
using the AIRS L2 temperature profile. The cloud property maximum dimension and is constant for aggregate-like ice
retrieval is applied to all AIRS footprints. The distinction crystals.

between cloudy-sky and clear-sky is essentially based on the To compute interactions between ice crystals and radia-
spectral coherence of cloud emissivity in the range 9-11 umtion over an entire population of randomly oriented particles,
Therefore the spectral cloud emissivities are determined, athe SSPs of the individual crystals have been integrated over
in Eqg. (1) by using this time the retrieved cloud pressure. In a bimodal size distribution, with an exponential behaviour
addition, we determine horizontal scene homogeneity of thefor small ice crystals and & distribution for larger ones

X2 minimization of g;

Fig. 1. LMD cloud property retrieval scheme.

www.atmos-chem-phys.net/12/503/2012/ Atmos. Chem. Phys., 12, 58135-2012
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with I, depending onDe and IWP. Therefordy, is simu-
lated by varyingDe from 7 to 85um and the IWP varying
from 1 to 120 g 2, separately for two different ice crystal
habits (column-like and aggregate-like) and for eight AIRS
viewing zenith angles betweerfdnd 30. Radiances for
clear-sky and for an opaque cloud situated at the same height
as the cirrus are also simulated for these eight AIRS view-
ing zenith angles. These pre-calculated cirrus emissivities at
wavelengths between 8 and 12 um are stored as look-up ta-
bles for the retrieval application. We want to point out that by
' £,=07 using cirrus emissivities instead of brightness temperatures,
© - €,=085 the surrounding atmosphere is taken into accoRael et
ol Lo Lo Lo Lo L al,, 2003; therefore, one does not need to produce LUTs for
0 20 40 60 80 100 120 different atmospheres. FiguBgresents the simulated range
IWP (g/m?) of De and IWP for a given cirrus emissivity at 12 um for
a cloud composed of aggregate-like ice crystals. From this
Fig. 2. Effective ice crystal diametel)e) as a function of ice water  Figure we first deduce that different couplesiaf and IWP
path (IWP) for various simulated cirrus emissivitieg§) indicated  ~gn produce the same cirrus emissivity: snizdland small
in the legend. Each value.aad corresponds to the average of an \wp to largeDe and large IWP. However, whereas the range
interval 0f+0.05 around this value. of De stays the same, the range of IWP increases with in-
creasing cirrus emissivity. Figui@presents cirrus spectral
(Mitchell et al, 19963. This kind of particle size distri- €missivity differences, normalized by emissivity at 12 um, as
bution is predicted from growth processes of water vapourd function of wavelength, separately for column-like and for
deposition and aggregation (eAynott et al, 1995 McFar- ~ adgregate-like ice crystals. Simulations are shown separately
quhar and Heymsfie|dL9973 and has been confirmed by for anIWP of 10g m? and of 20 g%, and each for three
in situ measurementsviitchell et al, 1996a Mace et al,  Values ofDe (10, 30 and 50 um). We observe that wave-
1998 Field et al, 2005 Field and Woo¢2007. The PSD  lengths between 8 and 10 um are the most sensitive to the
used in this study was probably not affected by the shattervariation of De. We also note that the sensitivity e de-
ing problem Witchell et al, 2011). The ice crystal popula- Creéases with increasing IWP. It appears that the cirrus emis-
tion is characterized by its crystal habit and by its ice crys-Sivity between 8 and 10 um is also sensitive to crystal habit:
tal meanD, which is considered as an effective photon path @ggregate-like ice crystals lead to larger cirrus spectral emis-
through the PSD (before internal reflection takes place). Ac-Sivity differences than column-like ice crystals. The cirrus
cording toMcFarquhar and Heymsfield 9978, Wyser and ~ €Missivity range for which a retrieval dde is possible has
Yang (1998 andMitchell (2002, it can be calculated as the 2lready been explored for TOVS Badel et al(2003. For a
ratio of total volume and total orientation-averaged projecteddiVen cirrus emissivity at 11 una{y), which corresponds toa

IIII:IIII'IIIIIIIIIIII

[op]
o
IIIIIIIII

Ec\d =02
++€,=03
gc\d =05

N
o
q T

b laaataaa byl

area of the entire crystal population as in E2): ( certain IWP,Ae€11_g increases with decreasiige. The dif-
ference is maximum for a semitransparent cirrus;t~ 0.7
3 fO°° V(r)-n(r)dr and becomes zero if the emissivity reaches 0 or 1. However,
De= 2 fooo < P(r)> -n(r)dr (2) AIRS provides more spectral information than TOVS.

where V and P are the volume and projected area of 2.2.2 Retrieval
an individual ice crystal and(r) the number of particles
with radiusr. The SSPs, which are functions &f, and For the retrieval ofDe and IWP we have selected two chan-
wavelength, are implemented into the line-by-line 4A ra- nels in the range around 9 um, two channels around the slope
diative transfer modelScott and Chdin, 1981 which is between 10 and 11um, and the average of two channels
coupled Pierangelo et al.2005 with a multiple scattering around 12 um (indicated in black in Fi§). The selected
model based on discrete ordinate radiative transfer (DISORT¢hannels in the 8—12 um range are those with the weakest ab-
Stamnes et g11988. For the simulation of cirrus emissivi- sorption lines and smallest noise (by studying the simulated
ties we use the same cloud, atmospheric and surface propefAlRS brightness temperatures of the TIGR dataset). Some
ties as inRadel et al(2003: cloud top height is 10 km (cor- channels could not be used, because they were not opera-
responding to cloud top temperature of 237 K), cloud verticaltional over the whole period (channels 518, 585 and 963),
extentis 1 km, surface temperature is 300 K, lapse rate is 6.and some channels provide redundant information, so that by
K km~ and surface emissivity is set to 1. Secti®rde- using more channels we obtained very similar results. This
scribes sensitivity studies linked to changes in these paramds in agreement with studies HyEcuyer et al, 2006 and
ters. Spectral cirrus emissivities are calculated as in Bg. (  Kahn et al, 2008, which have shown that the retrieval does

Atmos. Chem. Phys., 12, 50%25 2012 www.atmos-chem-phys.net/12/503/2012/
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IWP = 20 (g/m?)

e 9 10 1 12
A(um) A(um)
— De, =30pum De, =50 um — De, =70um
- - Dew‘ =30 pm Dew‘ =50 pm - - Dewl =70 pm

Fig. 3. Cirrus spectral emissivity difference, normalized by cirrus emissivity at 12 um, as a function of wavelength, separately simulated for
aggregate-like and column-like ice crystal habit (full lines and broken lines, respectively). Results are shown for two values of W8, 10 gm
(left) and 20 g n2 (right) and for three values dbe (10, 30, 50 um, red, green and blue, respectively). The six AIRS channels selected for
the retrieval are indicated as black squares.

not improve by adding additional spectral information when the case of optically thick clouds for which the lidar signal
the most sensitive channels are already being used. Onaenly penetrates the cloud to an optical depth of up to about 5
the physical cloud propertiepdq andecig) are determined  (Winker et al, 2003. The 94 GHz nadir-viewing radar CPR
by the x2 method (see Sec.1and Fig.1), cirrus spectral  (Cloud Profiling Radar) of the CloudSat missidtéphens
emissivities at 8.87, 9.12, 10.41, 10.70, 12.02 and 12.33 punet al, 2002 measures profiles of the power backscattered by
(corresponding to AIRS channels 1244, 1185, 903, 835, 557¢louds at a vertical resolution of about 250 m and with a hori-
502) are determined for high cloudsc(g < 440 hPa) accord- zontal resolution of about 2.5 km 1.4 km. The radar is able
ing to Eq. (). Icq is computed by using the retrieved cloud to probe optically thick cloud layers and therefore provides
pressurepcd. Then the cirrus emissivities[)) are com-  the correct cloud base. Combining these two instruments
pared to pre-calculated ones which have been stored in LUThas the potential to describe the complete vertical structure
(e%) as function ofDe and IWP, separately for the two as- of clouds. However, one has to remember that the narrow
sumed ice crystal habits (column-like or aggregate-like) (seeswath view of these instruments means that they observe only
Sect.2.2.]). We choose for each crystal halii, and IWP  a small fraction of all cloudy scenes. In this study we use the
for which the six simulated cirrus spectral emissivities are theCloudSat Radar-Lidar GEOPROF L2 data (Versionace
the most similar to the retrieved ones, E8), (vhereo (¢7) is et al, 2009 that merge the geometrical profiling of CALIOP
the root mean square of the spectral variance of the simulatednd CPR. These data have been collocated with AIRS data
cirrus emissivities: and CALIPSO cloud L2 data, averaged over 5km. The latter
6 . m < ) s provide a cloud feature flag and a flag which informs about
21 (€0, — €y (P WP) 50 (€7, ) (3)  the horizontal averaging< km, <20 km or<80 km) neces-
Z?zla(eijﬁv) sary to identify the cloudWinker et al, 2003. We excluded
subvisible cirrus by excluding cases in which it was neces-
and; representing theth channel ané, the viewing angle.  sary to average over more than 5 km for cloud identification.
For the analysis of the vertical structure of semi-transparent
2.3 Cloud vertical structure from geometrical profiling  high ice clouds, we have verified that the AIRS cloud “radia-
CloudSat — CALIPSO data tive” altitude lies between the cloud top and the base altitude
determined by the Radar-Lidar GEOPROF sample.

Ag, (De, IWP) =

The lidar CALIOP Winker et al, 2007, 2009 of the

CALIPSO mission provides backscatter profiles at 532 nm

and at 1064 nm with a vertical and horizontal resolution of

about 30m and 90 m, respectively. Horizontal sampling is3 Sensitivity studies

333 m along the track and the distance between two orbits

is about 1000 km. The backscatter ratio helps to distinguish~or our look-up tables the cirrus spectral emissivities were
between aerosols and clouds. CALIPSO provides the geosimulated (Sect2.2.1) under certain assumptions about the
metrical height of cloud top and “apparent” cloud base of thephysical parameters of the cloud as well as about the ice
cloud layers. It is even sensitive to subvisible cirrus. Thecrystals. In this section, we study the uncertainties on the
“apparent” cloud base is higher than the real cloud base inetrievedDe associated with these assumptions. We assume

www.atmos-chem-phys.net/12/503/2012/ Atmos. Chem. Phys., 12, 58135-2012
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the standard conditions for the simulation of ice cloud spec-45kmx 45km (AMSU footprint) by first distinguishing

tral emissivities: overcast scenes (all AIRS footprints cloudy) from partly
. cloudy scenes. For overcast scenes we distinguish scenes
— vertical extentZeiq =1 km, with cirrus only from those mixed with other cloud types

(see Sect2.1). We assume that heterogeneous scenes have a
higher probability for an AIRS footprint to be only partially
randomly-oriented aggregate-like ice crystals integratedcovered by an ice cloud. The retrieval is therefore applied to

cloud heightigg = 10 km <> Tgg = 237 K,

over a bimodal size distribution, overcast cirrus scenes. When including heterogeneous over-
. cast scenes (which add 12 % to the statistics of AMSU foot-
— atmospheric lapse rate of 6.3 Kkrh prints that are entirely covered by cirrus), the retrievkds

on average only 3 % smaller.

However, analyzing partially cloud covered AMSU foot-
surface emissivitygyf= 1. prints (with AIRS footprints not surrounded by other cloudy

footprints), De are on average 10 % smaller than the ones

To study the impact of changes in these assumptions, we havgeterminated for fully covered footprints. On the other
created for each change discussed in S&lsand3.2new  hand, the population of cirrus within partially cloud cov-
look-up tables. These have been used instead of the standagled AMSU footprints is, on a global scale, 10 times smaller
look-up tables, and average biases are determined by comhan the population of overcast cirrus. A simulation study by
paring standard retrieval results over the whole globe withrydel et al(2003 has already revealed that partially covered
these new results, separately for optically thin cirrus and Opti‘pixels lead to a smallebe.
cally thicker cirrus €12 € [0.3;0.4] ande12 € [0.7;0.8]), each
with two examples ofDe (15um and 60um). The scatter 3.2  Sensitivity to ice crystal properties
between new and old results provides the noise.

surface temperaturgs = 300 K,

o ) ) Additional sensitivity studies concern other ice crystal habit
3.1 Sensitivity to atmospheric properties and approaches to determine the single scattering properties.
We have independently made the following changes in theSS.PS byBaran a_nd FranC|$2_004) have_been _determlned
simulations: using thfa T-Matrix computations combined with computa-
tions using the Complex Angular Momentum approxima-
— increasing cloud vertical extent by 1 km, tion for larger particles. The SSP determinationNsigchell
et al. (19963g; Mitchell (2002 is based on the Anomalous
— increasing cloud height by 4 km (corresponding to a de-Diffraction Approximation. Comparisons kyitchell et al.
crease offgg by 27 K), (2006 have shown a good agreement between SSPs obtained
by both methods. Therefore, only the difference in habit
remains: aggregated columns (Baran) compared to aggre-
gated plates (Mitchell). To study the effect on our retrieval,
we have simulated cirrus emissivities using SSPs of aggre-
D. and IWP have then been retrieved over the globe by usgated plates by Mitchell, integrated over the same crystal size
ing these new LUTs, and the resulting retrieval differencesdistribution. Resulting differences are again shown in Ta-
(corresponding to biases) and standard deviations of the difble 1, for replacing aggregated columns by pristine columns
ference distributions (indicating the noise) are compiled inand for replacing aggregated columns by aggregated plates.
Table1, for the specific cirrus categories afg categories.  Mean biases are less than 6 % and the noise is slightly larger
The first column indicates the parameter change, with rewhen comparing aggregated columns to aggregated plates
spect to the standard simulation. The other columns show~10 %). By using LUTSs for both, pristine and aggregated
differences between initially retrievefle (D% and D, re- columns, the retrieval also provides an estimation of the most
trieved using the new parameter, normalized)ﬁﬁ. Results  probable ice crystal habit. For each retrieval we determine
are shown separately for optically thin cloudsy(m € [0.3—  the first and second best fit (minimum in Eq. 3) De and
0.4]) and relatively thick clouds:{>pm €[0.7-0.8]) and also  IWP for each crystal habit, and then we choose the overall
for small (D¢ >~ 15 um) and largelpe ~ 60 um) ice clouds. In  best fit. For most of the cases, the first and second best fits of
general, all changes have a small impact onflge&verages D, stem from the same ice crystal habit (96 % and 87 % for
(less than 5 %), with an average noise less than 5 %. In addismall and large particles, respectively). For these cases the
tion, we increased the vertical extent to 5 km: the uncertaintydifference between the first and second best solution of the
remains small for optically thick cirrusy; is 1 % smaller  retrievedDe is quite small (within 4 %). When both best fits
than DS1), do not present the same habit (4 % and 13 % for small and
To evaluate the effect of partial coverage, we have an indarge particles, respectively), the difference in the retrieved
dication of heterogeneity at the spatial resolution of aboutDe remain small (slightly larger for optically thin clouds). In

— increasing atmospheric lapse rate to 11.5 K#rand

— decreasing surface temperature by 15 K.

Atmos. Chem. Phys., 12, 50%25 2012 www.atmos-chem-phys.net/12/503/2012/
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Table 1. Compilation of the uncertainties sources and their influence on the retrieval of the mean ice-crystal dizfifetBiases and
noise determined as average and standard deviatioPZf — D)/ DS distributions from retrieval statistics over 2yr. For thin clouds
€cid € [0.3,0.4] and for thick clouds:gg € [0.7,0.8]. De=> 15 um corresponds the € [10 um, 20 pm] andDe 2~ 60 pm corresponds to
De €[50 um, 70 pm].

Thin clouds Thick clouds

15 um 60 pum 15 pm 60 pm
Vert. ext.: AZgg=+1km 3%+6% —-1%+3% 2%+3% —-1%+3%
Vert. ext.: AZgg=+4 km —8%+10% —-1%+5% 2%+5% —-1%+5%
Height: Ahglg=+4 km 1%+4% 1%+2% -1%+2% -1%+1%
Lapse Rate¢6.3— 11.5 Kkm~1) 2% +4% —-1%+3% 2%+3% —-1%+2%
Surf. tempATy = —-15K 1%+2% —-2%+1% 1%+2% —-1%+1%
complex habit— pristine habit —2%+5% 2%+5% 1%+4% 2%+5%
SSP (Baran~ Mitchell) 1% +8% 2%+10% —1%+8% 1%+9%

this case we choose the average of the iypand the habit  be conducted for AIRS foec g between 0.2 and 0.85, cor-

is set to uncertain. responding to semi-transparent cirrus. These boundaries are
consistent with previous studieRgdel et al. 2003. The
lower emissivity threshold for the TOVS retrieval was fixed

at ecjg = 0.3, but the improvement of the spectral and spa-
tial resolution of the AIRS instrument allows us to reduce
this value toecg = 0.2. Bulk microphysical properties of
these semi-transparent cirrus correspond to an average over

4 Retrieval applicability

We apply the retrieval of bulk microphysical properties to
all AIRS footprints supposed to be covered by ice clouds.

Therefore, we select overcast AMSU footprints, contalnlngthe whole cloud vertical extenRadel et al, 2003, whereas

high clouds pcg < 440 hPa) withTeq < 260K. The latter . . .
threshold corresponds to one for ice clouds in the Interna—]cor optically thick clouds, the instrument only sounds the up-

tional Satellite Cloud Climatology Project (ISCORpssow per part of the cloud (Seds.2). Within this range.De slightly
and Schiffer 1999. Furthermore, we only consider AIRS increases withicig, and the spread between latitudes and sea-

footprints observed under a zenith viewing angle smaller>°"s 1S larger than for IWP. The fraction of aggregate-like

than 30(52 % of AIRS fields of view), so that integral prod- ice crystals also slightly increases W.H‘hd’ reaching 0.6 for
uct of IWP corresponds closest to the cloud vertical extent,old ~ 0.55. The spread between latitude bands and seasons

increases towards smal}y, with less complex ice crystal

. ) : . , . Shabits for cirrus in Northern Hemisphere (NH) midlatitudes
cirrus bulk microphysical properties and their physical prop-Oluring winter

erties.

4.2 Distinction between ice clouds and mixed phase

4.1 Relationship with cloud effective emissivity clouds

FromRadel et al(2003 we know that the retrieval sensitiv-
ity of De decreases towards clouds with low and high emis-
sivity. Figure4 presents retrieve®. and IWP as well as

Figure 5 presents retrieved. and IWP as well as fraction
of aggregate-like ice crystals and of column-like crystals as

: i .. function of AIRS cloud temperature, separately for three lat-
fraction of aggregate-like ice crystals and the uncertainty mitude bands and two seasons. The sum of the fraction of

habit as a function of AIRS cloud emissivity determined by S . )
aggregate-like ice crystals and of column-like crystals is not

the szv method. Results are shown separately for three lat- o .
itude bands and two seasons. Abrupt changes in behavio qual to 1, because for some cases the habit is set to uncertain
: Sect.3.2). On the figure we distinguish two regimes:

indicate the range of cloud emissivity in which the bulk mi-

crophysical properties are well retrieved: the fraction of un-  _ 7, < 230K: D and IWP increase with increasirgq
certain habit (Sec8.2) strongly increases in the midlatitudes and the fraction of aggregate-like ice crystaisQ.6)
for cloud emissvity smaller than 0.2 and drops to nearly 0 remains approximately constant.

whenecg > 0.85. The retrieved IWP strongly increases with

€cid (and this similarly for all latitude bands and seasons) to

reach a maximum aicq around 0.85. These behaviours in-

dicate that the retrieval of bulk microphysical properties can

www.atmos-chem-phys.net/12/503/2012/ Atmos. Chem. Phys., 12, 58135-2012
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Table 2. Fraction of high clouds kept within cloud emissivity and cloud temperature boudaries for three latitude band$ (W&@5\,
Trop: 15 N-15° S, SH: 458 S—60 S), for boreal winter and boreal summer and over ocean and land separately.

Ocean Land All
DJF JJA DJF JJA DJF JJA
0.2 <€ <085
NH midlatitudes 70% 69% 79% 69% 73% 69%
Tropics 66% 67% 71% 70% 68% 68%
SH midlatitudes 64% 73% 74% 75% 64% 73%
Tolg <230K

NH midlatitudes 63% 18% 50% 28% 62% 23%
Tropics 5% 55% 46% 41% 55% 51%
SH midlatitudes 20% 66 % 42% 73% 21% 66%

— Teg > 230K: De and IWP decrease with increasiffigy the tropics and SH midlatitudes, separately in boreal winter
and the fraction of column-like ice crystals strongly in- and in boreal summer. We recognize a strong summer-winter
creases with increasiriyg difference in the midlatitudes: more than 60 % of semitrans-

) ) parent cirrus present a temperature lower than 230K in win-
The change in behaviour dde and IWP around 230K as . and only less than 20 % in summer. From Tablee
well as the increase of the rate of column-like ice crystalsdeduce that the seasonal difference is stronger over ocean
(with SSPs more similar to spheres than to aggregate-like icg,5y gyer land. In the tropics the frequency distribution is
crystals) demonstrate that clouds witlly between 230 and )0 proader and does not show a seasonal variation in the
260 K may include a substantial part of water droplets Wh'Chtropics (with a frequency of 55 %). Figu@ presents ge-

influence the retrieval. Thus_; pure ice clouds preferab_ly OC-ggraphical maps of high cloud amount, of semi-transparent
cur whenTgg < 230K. This is in agreement with previous pigh cjoud amount and of semi-transparent high ice cloud
studies Yang et al. 2002 Hu and Winkey 2009 Riedi et 540t all relative to total cloud amount, separately for bo-

al, 201Q Martins et al, 2011). Cloud temperature does not o) winter (December, January and February) and for bo-
much affect the crystal habit in pure ice clouds, which is CON-real summer (June, July and August). Averages correspond
sistent with the fact that the aspect ratio of small particles is;, ihea period 2003-2009. Whereas many of the uppermost
aweak function of temperaturégrolev and Isaac2003. clouds in the tropics are semi-transparent high ice clouds, a
large fraction of high clouds in the NH midlatitudes over land

are also semi-transparent, but also includes liquid droplets in
From the findings in Sectst.1 and 4.2 we define Semi- Summer. In the SH midlatitudes we observe a small fraction

4.3 Occurrence of semi-transparent high ice clouds

Transparent Cirrus, referenced as ST-HIC, as: of ST-HICs only in winter. Associated statistics is summa-
rized in Table3. ST-HICs correspond to about 15 % of all
high clouds: pcq <440hPa clouds and to about 25 % of high clouds in the tropics, with

pure ice clouds: Tyq < 230K almost no difference between ocean and land. In the mid-
- latitudes, ST-HICs occur mostly during winter where they

semi-transparent clouds: .2< ecig < 0.85 represent practically 30 % of high clouds, with a higher oc-
(corresponding to visible optical depth: .4G< 1yjs < 3.8) currence over land.

We deduce from Table that about 70 % of all high

clouds belong to the semi-transparent cloud category, keeps  Analysis of De, IWP and ice crystal habit

ing slightly more clouds in winter. Considering thgq dis-

tributions of ST-HICs in Fig6, they are rather flat, with a 5.1 Geographical and seasonal variations

peak towards largeg g in the midlatitudes, especially in win-

ter. The seasonal variation is stronger in the NH, where the=igure 9 presents geographical maps of mean IWP &xd
distribution in summer is similar to the ones in the tropics as well as dominating ice crystal habit, separately for bo-
(with more cirrus at lowecg). This may be linked to the fact real winter and for boreal summer. As cloud emissivity (not
that over the ocean band in the Southern Hemisphere (SH3hown) and IWP, the averad®. is larger in winter than in
midlatitudes storms may also develop in summer. Figure summer in the midlatitudes. The ice crystal habit is defined
presents frequency distributions Hjig, in NH midlatitudes, as dominating, when one habit appears 10 % more often

www.atmos-chem-phys.net/12/503/2012/ Atmos. Chem. Phys., 12, 58135-2012
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Table 3. Amount of high clouds (HC) and semi-transparent high ice clouds (ST-HIC) relative to total cloud amount, averaged over the period
2003-2009 in three latitude bands (NH°4%-60° N, Trop: 15 N-15 S, SH: 458 S—60 S), for boreal winter and boreal summer and over
different surfaces (ocean, land and all surfaces).

(=1
b,
=]

Ocean Land All
DJF JJA DJF JJA DJF JJA
High Clouds (HC)
NH midlatitudes 26% 26% 43% 37% 29% 32%
Tropics 64% 59% 70% 62% 65% 60%
SH midlatitudes 10% 25% 29% 51% 11% 25%
Semi-Transparent High Ice Clouds (ST-HIC)
NH midlatitudes 7% 1% 15% 3% 9% 2%
Tropics 18% 15% 16% 12% 17% 15%
SH midlatitudes 1% 8% 5% 19% 1% 8%
Ocean Land
) F > F
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g i . r
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Fig. 6. Normalized frequency distributions of high cloud emissivity over ocean (left) and over land (right), separately for three latitude bands.
Boreal winter and boreal summer are represented with black and red lines, respectively. Statistics is over the period 2003—-2009.

than the other over the period, otherwise it is set to mixedtion of ice clouds containing aggregate-like ice crystal habit
habit. Furthermore, when no distinction was possible be-is about 50—-60 % over ocean and about 40-50 % over land,
tween aggregate-like and column-like ice crystals in morerespectively. As already deduced from Figsand 5, ST-
than 40 % of the cases within the grid cell, the dominatingHICs seem to consist slightly more often of aggregate-like
habit was set to uncertain. According to Tallethe frac-  ice crystals. This is consistent with in situ measurements
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Table 4. ST-HIC means of physical properties and medians of bulk microphysical properties over the period 2003-2009, in three latitude
bands (NH: 48N-6C° N, Trop: 18 N-15> S, SH: 48 S-60 S), for boreal winter and boreal summer and over ocean and land.

€cld Teid (K) AZ (km) % SL De(jum) IWP (gnT?) Agg(%) %D 85um
DIF  JJA DIF  JJA DIF JJA DIJF JJA DIJF  JJA DIF  JJA DIJF JJA DIJF  JJA
Ocean
NH midlatitudes 67 047 222 224 % 39 52 41 57 54 26 16 50 53 15 5
Tropics 049 049 217 217 ® 45 50 48 51 54 19 20 56 56 2 4
SH midlatitudes &7 061 225 221 5 60 48 49 46 54 18 30 56 62 4 10
Land
NH midlatitudes 67 051 220 223 % 38 67 62 50 53 23 18 41 39 3 1
Tropics 052 050 218 218 3 43 51 48 52 53 21 20 44 45 2 2
SH midlatitudes &7 058 221 219 ¥ 32 76 58 29 44 13 20 53 46 1 2
All
NH midlatitudes (67 049 221 224 % 38 62 55 54 53 25 17 48 44 12 5
Tropics 050 049 217 217 ® 45 50 48 51 54 19 20 53 54 3 4
SH midlatitudes &7 061 224 221 D 59 49 49 45 54 18 30 56 61 4 10
Ocean Land
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Fig. 7. Normalized frequency distributions of high cloud temperature (in Kelvin) over ocean (left) and over land (right), separately for

three latitude bands. Boreal winter and boreal summer are represented with black and red lines, respectively. Statistics is over the period
2003-2009.
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Relative Semi-Transparent High Cloud Amount

T T 7 T T T T T T T

Fig. 8. Geographical maps of high cloud amount (top), semi-transparent high cloud amount (middle) and of semi-transparent high ice cloud
amount (bottom), relative to total cloud amount, for boreal winter (right) and boreal summer (left). Statistics is averaged over the period

2003-2009.
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Effective Diameter

Aggregated Uncertain Mixed shape Hexagonal
columns shape columns

Fig. 9. Geographical maps of ice water path (top), effective ice crystal diameter (middle) and of dominating (occurrence larger than 40 %)
ice crystal habit (bottom), for boreal winter (left) and boreal summer (left). Statistics is averaged over the period 2003—2009.
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increasesNlitchell, 2009. Figure 11 presents normalized

10 L LI LI T T T T
o T ! ! ! ! = TTH 1 frequency distributions obe and IWP for NH midlatitudes,
o} o g K B . . .
7 B . tropics and SH midlatitudes, separately for boreal summer
5 o8- & & E ] and for boreal winter. Wheread3, distributions are nearly
s r § E o ° ] Gaussian, IWP distributions have a long tail towards larger
= 06~ n é ] values. In general, less than 5 % of the ST-HICs hav& a
g L & i which is larger than the retrieval sensitivity 85um), with
2 04l ] 10 to 15 % over ocean in winter (Tabdy. Therefore we
= ] present in Tablé for bulk microphysical properties median
E - . values instead of mean values. They are about 10 % smaller
2 oz ] than the corresponding mean values. The IWP distributions
£ C ] reflect the seasonal variation of IWP in the midlatitudes, with
00— e larger values in winter. Itis interesting to note that thedis-
IWP(g/m?) tribution in the SH midlatitudes is also shifted towards larger
10 _IIIlIIIIIIIHI\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ Values
@
ﬁ u |
= o0sf ™ -]
§ C . ] 5.2 Relationship with cloud vertical structure
2 o6l T N
% ™ # ] The Radar-Lidar GEOPROF data, collocated with AIRS data
g o ¥ ] over two years, allow us to characterize the vertical struc-
§ s o g ture of the ST-HICs. Figuré&2 presents the normalized fre-
5 B ¥ g $ ] guency distributions of ST-HIC vertical extent separately for
s 02r ] boreal winter and for boreal summer for ocean and land in
g r . the three latitude bands. The peak values lie around 2.5 km
L 0.0, _IIIIIIIIIIII\I\IIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIIII_ in the midlatitudes, Wlth a Sllght Shlft tOWardS Iarger VaIUeS
20 30 40 50 60 70 80 90 o ? . : L
De (um) in winter, and around 3.5km in the tropics. Winter midlati-
SSNGONDIF | 30°N-30°S DOF | 45°5.60°S DIF tude and tropical distributions are similar, because of occur-
25N-60°N JJA ONGONIA [ ] 45°5.60°5 10a rence of frontal systems and of convection, both leading to

more vertically extended cloud systems. Tabimmarizes
these averages, separately for ocean and land in the three lati-

Fig. 10. Relationships between fraction of aggregated-like ice crys- . )
tals and IWP (top) and between fraction of aggregated-like ice crys-_tude bands. In general, we observe less single layer ST-HICs

tals andDe (bottom) over ocean, separately for boreal winter (+ |n.the_tr0p|cs and in the_ case of winter storm tracks in the
signs) and for boreal summer (squares). Green symbols are fomidlatitudes and more single layer ST-HICs over land, espe-
NH midlatitudes, red for the tropics and blue for SH midlatitudes. Cially in the midlatitudes. Single layer ST-HICs also largely
Statistics is averaged over the period 2003-20009. dominate over the Sahara. We have also studied frequency

distributions of D¢ and IWP separately for single and multi

layer cloud systems (not shown).Distributions are very simi-
that suggest that irregular is the dominant habit of ice parti-lar. To explore a possible relationship, Fif presents aver-
cle grown in natural clouds (e.grancis et a].1999 Korolev age cloud emissivityDe, IWP and fraction of aggregated ice
and Isaac2003 Gayet et al.2011). Considering Fig9, in crystals for ST-HICs as function of cloud vertical extent, sep-
the SH midlatitudes during summer, in the Northern Westarately over ocean and over land for the three latitude bands
Pacific and generally over land ST-HICs seem to be moreand two seasons. In general, emissivity and IWP of ST-HICs
often composed of column-like ice crystals. Figdi@re- increase with vertical extent, once their extent is larger than
veals that the fraction aggregate-like ice crystals increase km. The behaviour is similar over ocean and over land.
with IWP, thus explaining the higher frequency of this habit However, at the same vertical extent, emissivity and IWP of
in the midlatitudes during winter and the higher frequency ST-HICs are largest in the SH midlatitudes and smallest in
of column-like ice crystals over land, where ST-HICs have athe tropics. This is probably linked to the different types of
slightly smaller IWP, especially in summer. This is in agree- cirrus, those from anvils in the tropics and those from storms
ment with a study byStubenrauch et a(2007) which has in the midlatitudes. The spread in IWP is less pronounced.
revealed that aggregate-like ice crystals are more probabl®, and fraction of aggregated ice crystals do not show a de-
for ST-HICs with larger IWP. For a fixed IWP, the fraction pendency on ST-HIC vertical extent, with exception for ST-
of aggregate-like ice crystals decreases with increaBing  HICs in summer over land in the NH midlatitudes. At the
This is consistent with in situ measurements that show thasame vertical extenf)e in summer over the SH midlatitudes
the habit of ice crystals becomes less spherical as its sizes on average slightly smaller than in the other regions.
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Fig. 11. Normalized frequency distributions dde (left) and IWP (right) of ST-HICs for three latitude bands. Boreal winter and boreal
summer are represented with black and red lines, respectively. Statistics is over the period 2003—-2009.

Fig. 12. Normalized frequency distributions of vertical extent of ST-HICs for three latitude bands. Boreal winter and boreal summer are
represented with black and red lines, respectively. Statistics is over the period 2007—-2008.
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Fig. 13. Relationships between microphysical properties and vertical extent, separately over ocean (left) and over land (right). Green, red
and blue signs stand for NH midlatitudes, tropics and SH midlatitudes, respectively. Plus signs and squares indicate boreal winter and borea
summer, respectively.

5.3 Comparison with TOVS at 8.3 and 11.9um) and in a second step IWP (using LUTs

depending onDe andey1) were retrieved; semi-transparent
Bulk microphysical properties of semi-transparent cirrus cirrus were defined as.®< egg < 0.85 with Teg < 260K;
have already been retrieved with TOVStgbenrauch et al.  retrievals are available over the period 1989-1990. Another
1999 2004 Radel et al.2003, using a similar methodology. important difference is the spatial resolution of the retrievals:
Compared to the AIRS retrieval presented in this article, wel00 km for TOVS compared to 13.5 km for AIRS. In Fi,
summarize the following main differences in the TOVS re- we compare global annual normalized frequency distribu-
trievals: single scattering properties have been determinetions of De and IWP from TOVS (in black) and AIRS (in
by assuming ice crystals as aggregated platisell et al, green), separately for three intervals with increasing cloud
19963; only two channels (at 8.3 and 11.9 pm) were avail- emissivity and at last for the emissivity intervals for which
able and therefore firsbe (using LUTs depending oggg
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Fig. 14. Normalized frequency distributions dde (left) and IWP (right) retrieved from TOVS (dashed black lines) and from AIRS ob-
servations (dotted green), separately for different cirrus emissivity intervals. Statistics is over 1987-1990 and 2003-2009, respectively. In
addition, the AIRS retrieval has been performed with only two channels and using the same single scattering properties as in the TOVS
retrieval (full red lines).

the retrievals are valid. For this comparison we considerlWP results foreciq between 0.5 and 0.7, which corresponds
clouds withTg g < 230 K. In addition, we have included re- to the range of maximum sensitivity (Fig. 1 Bfdel et al.
sults (in red) from an AIRS retrieval we have performed by 2003. Differences appear when considering smaller and
using only two channels (channels 557 and 1244) similar tdarger cirrus emissivities, largdbe and smalletD and IWP
those in TOVS and using the same single scattering properebtained by TOVS. Assuming that the better spectral and
ties in the simulationNlitchell et al, 19963 as for the TOVS  spatial resolution of AIRS has led to improvements in the
retrieval. In general, the overall distributions (lowest panel) retrieval, a slight overestimation dj. by TOVS for clouds
agree quite well, with a slightly wider IWP distribution from with small emissivity could be explained by partial cloud
AIRS. cover or spatial heterogeneity (Table 1R#del et al. 2003.
Considering the different cirrus emissivity intervals, we The better spectral resolution and the additional channels at
observe that both instruments provide very simifayand  wavelengths greater than 8.3 pm of AIRS lead to a slightly
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deeper sounding (see Fig. 8 BAdel et al. 2003, which behaviour ofDe with Tgiq: it increases in the tropics whereas
in the case of optically thicker clouds (see Figl) leads it decreases in the midlatitudes. Previous studiempva et
therefore to largeDe (if one assumes thdde increases from  al., 2001, Boudala et al.2002 Edwards et a).2007) used
cloud top to cloud base due to aggregation). From Hgwe the temperature to parameterizg. We found that these
also recognize that IWP increases withy. The increase is parameterizations, generally established for clouds warmer
stronger by using AIRS than by using TOVS. This is becausethan 230K, underestimatb by about 10 to 20 pm com-
D¢ obtained from AIRS also increases witky. Moreover,  pared to our data (not shown only varies by about 15 pm
the IWP distributions from AIRS become wider, whereas within the temperature range between 200 and 230K (see
those from TOVS stay quite narrow. This is probably due also Fig.5), another sign that the dependence on IWP is bet-
to the fact that the TOVS two channel method first deter-ter suited to parameteriz@e (Baran et al.2009. Compared
minesD, and then IWP fromDe andecig, Wwhereas the AIRS  to a parameterization developed for in situ measurements
multi-channel method extraci3. and IWP simultaneously. at a specific latitude band as for exampleByudala et al.
(2002, it seems to be difficult to determine a global multi-
5.4 D parameterization variate parameterization fdde dependent on both IWP and
temperature, because the latter is not independant as can be
As mentioned in the introduction, cirrus bulk microphysical geen in Fig5. Liou et al. (2008 developed a similar pa-
properties depend on many environmental factors. Howevefyameterization by using in situ data. They distinguished be-
for modelling cirrus radiative effects in GCMBe has to be  tween warm and cold cirrus, the latters corresponding to our
predicted from other variables. Simple relationships betweensgses. Since field experiments presBpparameterized as a
temperature, ice water content and have been suggested fynction of ice water content (IWC) (references above) and
(Kristiansson et al., 200@u et al.(199; Donovan and van  |R sounders only provide the integrated IWC (correspond-
Lammeren, 2002). Our global data set allows us to examinq'ng to IWP), we make use of the synergy with radar-lidar
such relationships and to verify if a global parameterizationGEQOPROF data to provide an estimation of IWC. Therefore,
may be found suitable for GCMs. Figufs presents the e determine IWC as the ratio between IWP and the verti-
correlation betwee®e and IWP, separately for the three lat- 5] extent of the cloud layer, by assuming a vertically con-
itude bands. For each latitude band we consider three cloudiant \WC. This assumption is only realistic for cirrus with
temperature intervalsDe increases with IWP, a relationship 5 relatively small vertical extenSgo and Liy2006. Fig-
already revealed by different field campaightitChell etal, e 16 presents the relationship betwebg and IWC, sepa-
19963 Korolev et al, 2001). We recognize a rapid growth of - ately for the three latitude bands in boreal winter and sum-
De for IWP smaller than about 20 gmA. For larger IWP val-  mer.” We consider ST-HICs with a vertical extent between
ues, the increase becomes weaker. However, the increase@ss and 1 km and between 0.5 and 2km. The statistics of
stronger compared to the studies cited above and to a studyyo years is not sufficient to separate into different temper-
by Stubenrauch et 2007 using collocated Scanner of Ra-  atyre intervals D, also increases logarithmically with IWC,
diation Balance (ScaRaB) and TOVS data. The latter differ-j, agreement with different field campaigriéofolev et al,
ence in behaviour may be explained by the deeper soundingggs; McFarquhar et a).2003 Heymsfield 2003 Garrett
of AIRS in the case of optically thicker cirrus (see S&B) ot a1, 2004. However, the increase seems to be smaller for
and also by considering only pure ice clouds (silgemay  |arger IWC values than the one for large IWP in Fi§. This
be smaller forZcig > 230K, see Fig5). The parameteriza-  coyld be explained by the fact that only ST-HICs with a rela-
tion of De as a function of IWP that leads to a best fit of these tjyely small vertical extent are considered. We deduce further
global data (full black line) is described by the expression: fom Fig. 16that for cirrus with low IWC,De increases more
4 strongly for geometrically thicker clouds than for geometri-
_ A i cally thinner clouds. The parametrizationd§ as a function
De(IWP) = Za' In(WP) @ of IWC that leads to a best fit of these global data is described
by the equation:

i=0

with g =9.945,01 = —11.245, a0 = 27.426, 03 = —9.192

andag =0.974. 2
We studied the robustness of the parameterization by ranp,(\wWcC) = Zo‘i In(IWC)! (5)
domly separating the data set into two halves and refitting i—0

the data again. The coefficients were stable within 0.005. . . . . )
For a fixed IWP, when considering different latitude bandsW|th the following parameters for different vertical extents:
and cloud temperature intervals, the overall spreafhofs AZ <1km: «p=92608a1=16544 ar=—5.126
abo.ut 1p %. 'ThIS indicates that, depends strongly on IWP CAZ<2km:  ap=83582 oy =3.981 ap=—6319
(which itself is also related to cloud temperature as shown in

Fig. 5), and only slightly directly on cloud temperature. For ~Some GCMs use a parameterization ©§ as a func-
ST-HICs with the same IWP, we recognize even a differenttion of IWC (McFarlane et a).1992 Liou et al, 2008 at
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noted that this kind of parameterization depends for geomet- _ _ o
rically thicker clouds on the position relative to the cloud top. Fig. 16. Relationship betweele and an estimation of the average

Therefore, it could be interesting for radiative flux computa- IWC for ST-HICs with vertical extent between 0.5 and 1km (top)
tions to use the parameterizationiof by IWP. and between 0.5 and 2 km (bottom). Results are shown for three lat-

itude bands in boreal summer and in boreal winter. The global an-
nual dependence is also shown (black cross), as well as the param-
eterization of Eq.%) (black line). For comparison is shown param-
eterization developped iklcFarquhar et al(2003 (black dashed

) ) ) lines). Statistics is over the period 2007—-2008.
In this article we have presented a retrieval method and a cli-

matological analysis of the bulk microphysical properties of

semi-transparent ice clouds using AIRS observations. The

retrieval is based on a look-up table approach, for which cir-Mean biases linked to assumptions of horizontal homogene-
rus emissivities in the spectral range between 8 and 12 unity are also on average less than 5 % and therefore smaller
have been simulated as a function/af and IWP. Therefore than for TOVS, essentially because of spatial and spectral
single scattering properties of randomly oriented column-resolution improvements of the AIRS instrument. The use
like or aggregate-like ice crystals, distributed according toof six channels between 8.5 and 12.5 um allows a distinction
a bimodalfr" size distribution, have been implemented into between column-like and aggregate-like ice crystals. The re-
the radiative transfer model 4A, coupled with the multiple trieval is applicable to high clouds with an effective emis-
scattering model DISORT, based on discrete ordinate radiasivity from 0.2 to 0.85, increasing the interval 0.3 to 0.85 in
tive transfer. Sensitivity studies lead in general to similarthe TOVS retrieval. The relationship between retrieved bulk
conclusions as an earlier study using TOVS dateRagel microphysical properties and cloud temperature revealed that
et al. (2003. Global biases due to assumptions on cloud super-cooled water droplets may exist and influence the re-
and atmospheric properties as well as on ice crystal habitrieval down to temperatures of 230 K. This is consistent with
are on average less than 5 % with a noise less than 5 %heoretical and in-situ studies. Therefore, the retrieval of

6 Conclusions
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bulk microphysical properties using AIRS data only consid-
ers semi-transparent high ice clouds (ST-HIC) that represer
almost 15 % of all clouds and up to 30 % of high clouds
during midlatitude winter. About 60 % of all ST-HICs con-
tain aggregate-like ice crystals. Column-like ice crystals are
more often found in ST-HICs over land, probably linked to
a smaller IWP. For these cloud®e and IWP slightly in-  The publication of this article is financed by CNRS-INSU.

crease with cloud temperature, with a regional and seasonal

spread. On average cloud emissivity, IWP dhg as well as
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