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Abstract. This article presents a retrieval method and a
statistical analysis of the bulk microphysical properties of
semi-transparent ice clouds using the Atmospheric Infrared
Sounder (AIRS). The method relies on spectral differences
of cirrus emissivities in the 8–12 µm range and is sensitive
to the effective ice crystal diameter (De) and ice water path
(IWP) of up to 85 µm and 120 g m−2, respectively. An in-
dication of the most frequent ice crystal habit in the cir-
rus has been obtained by using separately single scattering
properties of column-like and aggregate-like ice crystals in
the simulations. Uncertainties due to hypotheses on atmo-
spheric parameters and ice crystal single scattering proper-
ties are discussed and the cirrus emissivity and temperature
range for the applicability of the method are determined. To
be sure that the cirrus only includes ice crystals, one has to
restrict the cloud temperature range toTcld < 230 K. On a
global scale, these semi-transparent ice clouds (cirrus) repre-
sent about 25 % of all high clouds and are mainly encoun-
tered in the midlatitudes during winter and in the tropics,
with an averageDe and IWP of 52 µm and 27 g m−2, re-
spectively. A comparison with bulk microphysical proper-
ties from the TIROS-N Operational Vertical Sounder (TOVS)
shows an agreement on global mean values. The addition of
spectral information revealed improvements at the limits of
the cirrus emissivity range. Collocated Radar-Lidar Geomet-
rical Profiling (GEOPROF) data have been used to study the
vertical structure of these clouds and to infer average ice wa-
ter content (IWC) for cirrus with a small vertical extent. This
allowed us to compare and contrast parameterizations ofDe
as functions of IWC and IWP, respectively.

1 Introduction

High clouds (with cloud pressure smaller than 440 hPa) cover
about 30 % of the globe (e.g.Wylie and Menzel., 1999;
Wylie et al., 2005; Stubenrauch et al., 2006, 2010; Chep-
fer et al., 2010) and therefore strongly influence the radiation
budget of the Earth. Depending on the formation process
of cirrus clouds (large-scale lifting, convection, atmospheric
waves (e.g.Ivanova et al., 2001; Stith et al., 2002; Boehm et
al., 2003; Luo and Rossow, 2004), one expects that their re-
sulting microphysical and macrophysical properties should
be different. In General Circulation Models (GCM),De is
often parameterized as a function of IWC or cloud tempera-
ture using some deterministic polynomial fit (e.g.McFarlane
et al., 1992; Donner et al., 1997; Bony et al., 2001; Edwards
et al., 2007). Cloud optical properties are then calculated
from the GCM diagnosedDe, assuming a single ice crys-
tal habit. The former parameterizations are based on only
a few field campaigns located about the Earth and for very
limited time periods (Heymsfield and Platt, 1984; Korolev et
al., 2001; Boudala et al., 2002; McFarquhar et al., 2003; Gar-
rett et al., 2004). Moreover, recent studies by (Korolev and
Isaac, 2004; Field et al., 2006; McFarquhar et al., 2007) have
demonstrated that the particle size distribution (PSD) data on
which the former parameterizations are based are probably
biased to smallerDe values due to the shattering of ice crys-
tals on the probe inlets. Even if satellite observations only al-
low a retrieval of bulk microphysical properties which relies
on various assumptions, they provide a unique possibility to
study geographical distributions and seasonal variability of
De and IWP as well as relationships betweenDe, IWP and
cloud physical properties and thermodynamic properties of
the atmosphere over the whole globe.
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Compared to other passive remote sensing instruments, the
high spectral resolution infrared (IR) vertical sounders pro-
vide reliable properties of cirrus with a visible optical depth
as low as 0.1, day and night (Wylie and Menzel, 1994; Acker-
man et al., 1995; Stubenrauch et al., 1999; Chung et al., 2000;
Kahn et al., 2004, 2007; Stubenrauch et al., 2010). CO2-
sensitive channels of IR vertical sounders allow the determi-
nation of cloud height and cloud emissivity, and cloud spec-
tral emissivity differences in the 8–12 µm range allows an es-
timation of theDe and IWP of semi-transparent cirrus (e.g.
Rädel et al., 2003; Kahn et al., 2008; Pavolonis, 2010). IR
sounders have continuously observed our planet since 1979,
with improvements in spectral resolution: the TIROS-N Op-
erational Vertical Sounders (Smith et al., 1979) onboard the
NOAA polar satellites, the Atmospheric InfraRed Sounder
(Chahine et al., 2006) onboard Aqua (since 2002) and the
InfraRed Atmospheric Sounding Interferometer (Hilton et
al., 2012) onboard METOP (since 2006). Once the cloud
physical properties (cloud pressure and emissivity) are re-
trieved, cirrus bulk microphysical propertiesDe and IWP
may be determined based on their spectral emissivity dif-
ference. Whereas techniques combining visible (VIS) and
near IR (NIR) information (e.g.Platnick et al., 2003; Roe-
beling et al., 2006; Hong et al., 2007) provide estimations
of De and IWP for all ice clouds, IR techniques, based es-
sentially on spectral absorption differences, are restricted to
semi-transparent ice clouds. However, uncertainties due to
ice crystal habit are smaller than in the VIS-NIR techniques
(e.g. Cooper et al., 2007), and they may be retrieved day
and night. In this article we present a retrieval method of
cirrus bulk microphysical propertiesDe and IWP based on
cirrus spectral emissivities. For their determination the re-
trieved cloud pressure is necessary. This retrieval extends the
retrieval of cloud physical properties using AIRS (Stuben-
rauch et al., 2010). Compared to earlier retrievals using ob-
servations from TOVS (Stubenrauch et al., 1999; Rädel et
al., 2003), the use of more spectral channels with AIRS al-
lows an indication of the most frequent ice crystal habit in the
cirrus (by distinguishing column-like and aggregate-like ice
crystals in the simulations). Simultaneous geometrical pro-
filing (GEOPROF) data (Mace et al., 2009) using combined
measurements of the active lidar and radar of the missions
CALIPSO (Winker et al., 2003) and CloudSat (Stephens et
al., 2002) allow us to characterize the cirrus vertical struc-
ture and to study relationships with the bulk microphysical
properties.

This article is structured in the following way: Data and
retrieval methods are described in Sect.2. After sensitiv-
ity studies in Sect.3, we discuss the retrieval applicability
in Sect.4. Section5 first presents geographical distributions
and seasonal variations of the occurrence of semi-transparent
cirrus and their physical and microphysical properties. Sec-
ondly, comparisons are presented against TOVS and relation-
ships betweenDe and IWP (IWC) are explored. The latter
has been estimated from IWP and cloud vertical extent for

cirrus with a relatively small vertical extent (less than 2 km).
Our findings are summarized in Sect.6.

2 Data and methods

2.1 AIRS cloud properties

Launched in May 2002 onboard the Earth Observing Sys-
tem (EOS) platform Aqua, the AIRS instrument (Aumann
et al., 2003; Chahine et al., 2006) provides very high spec-
tral resolution measurements of Earth-emitted radiation in
three spectral bands (3.74–4.61 µm, 6.20–8.22 µm and 8.80–
15.40 µm), using 2378 channels with a spectral resolution
given by 1λ/λ = 0.0008. The polar orbiting Aqua satel-
lite provides observations at 01:30 and 13:30 local time (LT,
equator crossing time). The spatial resolution of these mea-
surements is 13.5 km at nadir. Nine AIRS measurements
(3× 3) correspond to one footprint of the Advanced Mi-
crowave Sounder Unit (AMSU). NASA level 2 (L2, ver-
sion 5) atmospheric temperature and water vapour profiles
(Susskind et al., 2003, 2006) are retrieved from cloud-cleared
AIRS radiances (Chahine et al., 2006) within each AMSU
footprint. We have averaged the atmospheric profiles of good
quality (Tobin et al., 2006) on a 1◦latitude× 1◦longitude
grid; and if no data are available, weekly running means are
included.

The cloud property retrieval (presented in Fig.1) devel-
oped at the Laboratoire de Ḿet́eorologie Dynamique (LMD)
provides cloud pressure and emissivity of a single cloud
layer (of the uppermost cloud layer in the case of multilayer
clouds). It is based on a weightedχ2 (χ2

w) method using
eight AIRS radiances in the range 11–13 µm, sounding along
the wing of the 15 µm CO2 absorption band (Stubenrauch et
al., 2010). These calibrated radiances are provided by NASA
(level 1B, version 5). Theχ2

w method determines the pres-
sure levelpcld for which the measured radiances at all wave-
lengths provide the most coherent cloud emissivity,εcld:

εcld(pk,λi) =
Im(λi)−Iclr(λi)

Icld(pk,λi)−Iclr(λi)
for i = 1,8 (1)

whereλi is the wavelength of AIRS channeli, pk is the pres-
sure levelk out of 40 levels,Im is the measured radiance,Iclr
andIcld are the computed clear-sky and cloudy (opaque) ra-
diances, respectively.

For the computation ofIclr andIcld we need spectral trans-
missivity profiles corresponding to the observed atmospheric
profile as well as spectral surface emissivity. Spectral trans-
missivity profiles are taken from the Thermodynamic Initial
Guess Retrieval (TIGR) dataset (Chédin et al., 1985; Cheval-
lier et al., 1998). They have been computed for the AIRS
channels by the Automatized Atmospheric Absorption At-
las (4A) radiative transfer model (Scott and Ch́edin, 1981)
for about 2100 different atmospheric profiles. We compare
the observed NASA L2 atmospheric temperature and water
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Fig. 1. LMD cloud property retrieval scheme

Fig. 1. LMD cloud property retrieval scheme.

vapour profiles to those of the TIGR dataset and choose the
spectral transmissivity profiles of the TIGR atmospheric pro-
files which are the most similar to the observed one, as de-
scribed inStubenrauch et al.(2008). Spectral surface emis-
sivities are taken from monthly climatologies using AIRS in
the latitude band 30◦ N–30◦ S (Péquignot et al., 2008, avail-
able at:http://ara.abct.lmd.polytechnique.fr/) and MODIS at
higher latitudes (Seemann et al., 2008). The χ2

w method
was developed byStubenrauch et al.(1999) to take into ac-
count (1) the vertical weighting of the different channels,
(2) the growing uncertainty in the computation ofpcld with
increasingpk and (3) uncertainties in atmospheric profiles.
When theχ2

w method leads to a non-acceptable value ofεcld
(larger than 1.5, this threshold includes noise for low level
clouds), the scene is set to clear-sky (as well as in the case of
εcld < 0.05). Cloud temperatureTcld is determined frompcld,
using the AIRS L2 temperature profile. The cloud property
retrieval is applied to all AIRS footprints. The distinction
between cloudy-sky and clear-sky is essentially based on the
spectral coherence of cloud emissivity in the range 9–11 µm.
Therefore the spectral cloud emissivities are determined, as
in Eq. (1) by using this time the retrieved cloud pressure. In
addition, we determine horizontal scene homogeneity of the

3× 3 AIRS footprints per AMSU footprint by using cloud
type information (according topcld and εcld: opaque high
clouds, cirrus, thin cirrus, two types of midlevel clouds, two
types of low-level clouds and clear-sky). More details can be
found inStubenrauch et al.(2010).

Cloud amount and cloud properties have been evaluated
using two years of collocated CALIPSO data (Stubenrauch et
al., 2008, 2010): the retrieved AIRS cloud pressure of 72 %
of high (pcld < 440 hPa) and of 59 % of low-level (pcld >

680 hPa) clouds lies within 75 hPa of the “apparent” middle
(see Sect.2.3) 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 cloud (Stubenrauch et al., 2010). For
this reason, the cloud IR emissivity is often called “effective
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.

2.2 AIRS bulk microphysical properties of
semi-transparent cirrus

In the following we describe the methodology used to re-
trieve theDe and IWP of semi-transparent cirrus (see Fig.2).
The method is based on cirrus spectral emissivity differences
in the range 8–12 µm. Cirrus emissivities are determined as
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 onDe and IWP. Therefore, cir-
rus emissivities have been simulated using single scattering
properties (SSPs) of column-like or aggregate-like ice crys-
tals. We first describe the simulation of cirrus emissivities
and choice of AIRS channels and then the retrieval using a
look-up table (LUT) approach.

2.2.1 Simulation of cirrus emissivities

The calculation of the radiative impact of cirrus requires the
precise knowledge of the SSPs of ice crystals. SSPs depend
on the complex refractive index of the particle, on particle
habit as well as on the size parameter (the ratio between
the characteristic particle dimension and the incident wave-
length). We use a data base of extinction cross section, sin-
gle scattering albedo and asymmetry parameter determined
for column-like and aggregate-like ice crystals provided by
MetOffice (Baran et al., 2001; Baran and Francis, 2004). The
aspect ratio of the column-like ice crystals decreases with
maximum dimension and is constant for aggregate-like ice
crystals.

To compute interactions between ice crystals and radia-
tion over an entire population of randomly oriented particles,
the SSPs of the individual crystals have been integrated over
a bimodal size distribution, with an exponential behaviour
for small ice crystals and a0 distribution for larger ones
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Fig. 2. Effective ice crystal diameter (De) as a function of ice water path (IWP) for various simulated cirrus emissivities (εcld) indicated in
the legend. Each value of εcld corresponds to the average of an interval of ± 0.05 around this value.

Fig. 2. Effective ice crystal diameter (De) as a function of ice water
path (IWP) for various simulated cirrus emissivities (εcld) indicated
in the legend. Each value ofεcld corresponds to the average of an
interval of±0.05 around this value.

(Mitchell et al., 1996a). This kind of particle size distri-
bution is predicted from growth processes of water vapour
deposition and aggregation (e.g.Arnott et al., 1995; McFar-
quhar and Heymsfield, 1997a) and has been confirmed by
in situ measurements (Mitchell et al., 1996a; Mace et al.,
1998; Field et al., 2005; Field and Wood, 2007). The PSD
used in this study was probably not affected by the shatter-
ing problem (Mitchell et al., 2011). The ice crystal popula-
tion is characterized by its crystal habit and by its ice crys-
tal meanDe which is considered as an effective photon path
through the PSD (before internal reflection takes place). Ac-
cording toMcFarquhar and Heymsfield(1997b), Wyser and
Yang(1998) andMitchell (2002), it can be calculated as the
ratio of total volume and total orientation-averaged projected
area of the entire crystal population as in Eq. (2):

De=
3

2

∫
∞

0 V (r) ·n(r)dr∫
∞

0 < P(r)> ·n(r)dr
(2)

where V and P are the volume and projected area of
an individual ice crystal andn(r) the number of particles
with radius r. The SSPs, which are functions ofDe and
wavelength, are implemented into the line-by-line 4A ra-
diative transfer model (Scott and Ch́edin, 1981) which is
coupled (Pierangelo et al., 2005) with a multiple scattering
model based on discrete ordinate radiative transfer (DISORT,
Stamnes et al., 1988). For the simulation of cirrus emissivi-
ties we use the same cloud, atmospheric and surface proper-
ties as inRädel et al.(2003): cloud top height is 10 km (cor-
responding to cloud top temperature of 237 K), cloud vertical
extent is 1 km, surface temperature is 300 K, lapse rate is 6.3
K km−1 and surface emissivity is set to 1. Section3 de-
scribes sensitivity studies linked to changes in these parame-
ters. Spectral cirrus emissivities are calculated as in Eq. (1),

with Im depending onDe and IWP. ThereforeIm is simu-
lated by varyingDe from 7 to 85 µm and the IWP varying
from 1 to 120 g m−2, separately for two different ice crystal
habits (column-like and aggregate-like) and for eight AIRS
viewing zenith angles between 0◦and 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 µm are stored as look-up ta-
bles for the retrieval application. We want to point out that by
using cirrus emissivities instead of brightness temperatures,
the surrounding atmosphere is taken into account (Rädel et
al., 2003); therefore, one does not need to produce LUTs for
different atmospheres. Figure2 presents the simulated range
of De and IWP for a given cirrus emissivity at 12 µm for
a cloud composed of aggregate-like ice crystals. From this
Figure we first deduce that different couples ofDe and IWP
can produce the same cirrus emissivity: smallDe and small
IWP to largeDe and large IWP. However, whereas the range
of De stays the same, the range of IWP increases with in-
creasing cirrus emissivity. Figure3 presents cirrus spectral
emissivity differences, normalized by emissivity at 12 µm, as
a function of wavelength, separately for column-like and for
aggregate-like ice crystals. Simulations are shown separately
for an IWP of 10 g m−2 and of 20 g m−2, and each for three
values ofDe (10, 30 and 50 µm). We observe that wave-
lengths between 8 and 10 µm are the most sensitive to the
variation ofDe. We also note that the sensitivity toDe de-
creases with increasing IWP. It appears that the cirrus emis-
sivity between 8 and 10 µm is also sensitive to crystal habit:
aggregate-like ice crystals lead to larger cirrus spectral emis-
sivity differences than column-like ice crystals. The cirrus
emissivity range for which a retrieval ofDe is possible has
already been explored for TOVS byRädel et al.(2003). For a
given cirrus emissivity at 11 µm (ε11), which corresponds to a
certain IWP,1ε11−9 increases with decreasingDe. The dif-
ference is maximum for a semitransparent cirrus ofε11' 0.7
and becomes zero if the emissivity reaches 0 or 1. However,
AIRS provides more spectral information than TOVS.

2.2.2 Retrieval

For the retrieval ofDe and IWP we have selected two chan-
nels in the range around 9 µm, two channels around the slope
between 10 and 11 µm, and the average of two channels
around 12 µm (indicated in black in Fig.3). The selected
channels in the 8–12 µm range are those with the weakest ab-
sorption lines and smallest noise (by studying the simulated
AIRS brightness temperatures of the TIGR dataset). Some
channels could not be used, because they were not opera-
tional over the whole period (channels 518, 585 and 963),
and some channels provide redundant information, so that by
using more channels we obtained very similar results. This
is in agreement with studies byL’Ecuyer et al., 2006 and
Kahn et al., 2008), which have shown that the retrieval does
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Fig. 3. Cirrus spectral emissivity difference, normalized by cirrus emissivity at 12 µm, 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 IWP, 10 g/m2

(left) and 20 g/m2 (right) and for three values of De (10, 30, 50 µm, red, green and blue, respectively). The six AIRS channels selected for
the retrieval are indicated as black squares.

Fig. 3. Cirrus spectral emissivity difference, normalized by cirrus emissivity at 12 µm, 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 IWP, 10 g m−2

(left) and 20 g m−2 (right) and for three values ofDe (10, 30, 50 µm, 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 most sensitive channels are already being used. Once
the physical cloud properties (pcld andεcld) are determined
by theχ2

w method (see Sect.2.1 and Fig.1), cirrus spectral
emissivities at 8.87, 9.12, 10.41, 10.70, 12.02 and 12.33 µm
(corresponding to AIRS channels 1244, 1185, 903, 835, 557,
502) are determined for high clouds (pcld < 440 hPa) accord-
ing to Eq. (1). Icld is computed by using the retrieved cloud
pressurepcld. Then the cirrus emissivities (εm) are com-
pared to pre-calculated ones which have been stored in LUTs
(εs) as function ofDe and IWP, separately for the two as-
sumed ice crystal habits (column-like or aggregate-like) (see
Sect.2.2.1). We choose for each crystal habitDe and IWP
for which the six simulated cirrus spectral emissivities are the
the most similar to the retrieved ones, Eq. (3), whereσ(εs

λ) is
the root mean square of the spectral variance of the simulated
cirrus emissivities:

1θv(De,IWP) =

∑6
i=1(ε

m
λi ,θv

−εs
λi ,θv

(De,IWP))2
∗σ(εs

λi ,θv
)∑6

j=1σ(εs
λj ,θv

)
(3)

andλi representing thei-th channel andθv the viewing angle.

2.3 Cloud vertical structure from geometrical profiling
CloudSat – CALIPSO data

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 30 m and 90 m, respectively. Horizontal sampling is
333 m along the track and the distance between two orbits
is about 1000 km. The backscatter ratio helps to distinguish
between aerosols and clouds. CALIPSO provides the geo-
metrical height of cloud top and “apparent” cloud base of the
cloud layers. It is even sensitive to subvisible cirrus. The
“apparent” cloud base is higher than the real cloud base in

the case of optically thick clouds for which the lidar signal
only penetrates the cloud to an optical depth of up to about 5
(Winker et al., 2003). The 94 GHz nadir-viewing radar CPR
(Cloud Profiling Radar) of the CloudSat mission (Stephens
et al., 2002) measures profiles of the power backscattered by
clouds at a vertical resolution of about 250 m and with a hori-
zontal resolution of about 2.5 km× 1.4 km. The radar is able
to probe optically thick cloud layers and therefore provides
the correct cloud base. Combining these two instruments
has the potential to describe the complete vertical structure
of clouds. However, one has to remember that the narrow
swath view of these instruments means that they observe only
a small fraction of all cloudy scenes. In this study we use the
CloudSat Radar-Lidar GEOPROF L2 data (Version 3,Mace
et al., 2009) that merge the geometrical profiling of CALIOP
and CPR. These data have been collocated with AIRS data
and CALIPSO cloud L2 data, averaged over 5 km. The latter
provide a cloud feature flag and a flag which informs about
the horizontal averaging (<5 km,<20 km or<80 km) neces-
sary to identify the cloud (Winker et al., 2003). We excluded
subvisible cirrus by excluding cases in which it was neces-
sary to average over more than 5 km for cloud identification.
For the analysis of the vertical structure of semi-transparent
high ice clouds, we have verified that the AIRS cloud “radia-
tive” altitude lies between the cloud top and the base altitude
determined by the Radar-Lidar GEOPROF sample.

3 Sensitivity studies

For our look-up tables the cirrus spectral emissivities were
simulated (Sect.2.2.1) under certain assumptions about the
physical parameters of the cloud as well as about the ice
crystals. In this section, we study the uncertainties on the
retrievedDe associated with these assumptions. We assume
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the standard conditions for the simulation of ice cloud spec-
tral emissivities:

– vertical extentZcld = 1 km,

– cloud heighthcld = 10 km↔ Tcld = 237 K,

– randomly-oriented aggregate-like ice crystals integrated
over a bimodal0 size distribution,

– atmospheric lapse rate of 6.3 K km−1,

– surface temperatureTsurf= 300 K,

– surface emissivityεsurf= 1.

To study the impact of changes in these assumptions, we have
created for each change discussed in Sects.3.1 and3.2 new
look-up tables. These have been used instead of the standard
look-up tables, and average biases are determined by com-
paring standard retrieval results over the whole globe with
these new results, separately for optically thin cirrus and opti-
cally thicker cirrus (ε12∈ [0.3;0.4] andε12∈ [0.7;0.8]), each
with two examples ofDe (15 µm and 60 µm). The scatter
between new and old results provides the noise.

3.1 Sensitivity to atmospheric properties

We have independently made the following changes in the
simulations:

– increasing cloud vertical extent by 1 km,

– increasing cloud height by 4 km (corresponding to a de-
crease ofTcld by 27 K),

– increasing atmospheric lapse rate to 11.5 K km−1 and

– decreasing surface temperature by 15 K.

De and IWP have then been retrieved over the globe by us-
ing these new LUTs, and the resulting retrieval differences
(corresponding to biases) and standard deviations of the dif-
ference distributions (indicating the noise) are compiled in
Table1, for the specific cirrus categories andDe categories.
The first column indicates the parameter change, with re-
spect to the standard simulation. The other columns show
differences between initially retrievedDe (Dstd) andD′

e re-
trieved using the new parameter, normalized byDstd

e . Results
are shown separately for optically thin clouds (ε12µm ∈ [0.3–
0.4]) and relatively thick clouds (ε12µm ∈ [0.7–0.8]) and also
for small (De' 15 µm) and large (De' 60 µm) ice clouds. In
general, all changes have a small impact on theDe averages
(less than 5 %), with an average noise less than 5 %. In addi-
tion, we increased the vertical extent to 5 km: the uncertainty
remains small for optically thick cirrus (D′

e is 1 % smaller
thanDstd).

To evaluate the effect of partial coverage, we have an in-
dication of heterogeneity at the spatial resolution of about

45 km× 45 km (AMSU footprint) by first distinguishing
overcast scenes (all AIRS footprints cloudy) from partly
cloudy scenes. For overcast scenes we distinguish scenes
with cirrus only from those mixed with other cloud types
(see Sect.2.1). We assume that heterogeneous scenes have a
higher probability for an AIRS footprint to be only partially
covered by an ice cloud. The retrieval is therefore applied to
overcast cirrus scenes. When including heterogeneous over-
cast scenes (which add 12 % to the statistics of AMSU foot-
prints that are entirely covered by cirrus), the retrievedDe is
on average only 3 % smaller.

However, analyzing partially cloud covered AMSU foot-
prints (with AIRS footprints not surrounded by other cloudy
footprints), De are on average 10 % smaller than the ones
determinated for fully covered footprints. On the other
hand, the population of cirrus within partially cloud cov-
ered AMSU footprints is, on a global scale, 10 times smaller
than the population of overcast cirrus. A simulation study by
Rädel et al.(2003) has already revealed that partially covered
pixels lead to a smallerDe.

3.2 Sensitivity to ice crystal properties

Additional sensitivity studies concern other ice crystal habit
and approaches to determine the single scattering properties.
SSPs byBaran and Francis(2004) have been determined
using the T-Matrix computations combined with computa-
tions using the Complex Angular Momentum approxima-
tion for larger particles. The SSP determination byMitchell
et al. (1996a); Mitchell (2002) is based on the Anomalous
Diffraction Approximation. Comparisons byMitchell et al.
(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-
gated plates by Mitchell, integrated over the same crystal size
distribution. Resulting differences are again shown in Ta-
ble 1, for replacing aggregated columns by pristine columns
and for replacing aggregated columns by aggregated plates.
Mean biases are less than 6 % and the noise is slightly larger
when comparing aggregated columns to aggregated plates
('10 %). By using LUTs for both, pristine and aggregated
columns, the retrieval also provides an estimation of the most
probable ice crystal habit. For each retrieval we determine
the first and second best fit (minimum1 in Eq. 3) De and
IWP for each crystal habit, and then we choose the overall
best fit. For most of the cases, the first and second best fits of
De stem from the same ice crystal habit (96 % and 87 % for
small and large particles, respectively). For these cases the
difference between the first and second best solution of the
retrievedDe is quite small (within 4 %). When both best fits
do not present the same habit (4 % and 13 % for small and
large particles, respectively), the difference in the retrieved
De remain small (slightly larger for optically thin clouds). In
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Table 1. Compilation of the uncertainties sources and their influence on the retrieval of the mean ice-crystal diameterDstd
e . Biases and

noise determined as average and standard deviation of(Dstd
e −D′

e)/D
std
e distributions from retrieval statistics over 2 yr. For thin clouds

εcld ∈ [0.3,0.4] and for thick cloudsεcld ∈ [0.7,0.8]. De ' 15 µm corresponds toDe ∈ [10 µm, 20 µm] andDe ' 60 µm corresponds to
De∈ [50 µm, 70 µm].

(Dstd
e −D′

e)/D
std
e

Thin clouds Thick clouds

15 µm 60 µm 15 µm 60 µm

Vert. ext.:1Zcld = +1 km 3 %±6 % −1 % ±3 % 2 %±3 % −1 % ±3 %
Vert. ext.:1Zcld = +4 km −8 % ±10 % −1 % ±5 % 2 %±5 % −1 % ±5 %
Height:1hcld = +4 km 1 %±4 % 1 %±2 % −1 % ±2 % −1 % ±1 %
Lapse Rate(6.3→ 11.5 K km−1) 2 % ±4 % −1 % ±3 % 2 %±3 % −1 % ±2 %
Surf. temp1Ts = −15 K 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 twoDe, and the habit
is set to uncertain.

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, containing
high clouds (pcld < 440 hPa) withTcld < 260 K. The latter
threshold corresponds to one for ice clouds in the Interna-
tional Satellite Cloud Climatology Project (ISCCP,Rossow
and Schiffer, 1999). Furthermore, we only consider AIRS
footprints observed under a zenith viewing angle smaller
than 30◦(52 % of AIRS fields of view), so that integral prod-
uct of IWP corresponds closest to the cloud vertical extent.
In this section we investigate the relationships between the
cirrus bulk microphysical properties and their physical prop-
erties.

4.1 Relationship with cloud effective emissivity

FromRädel et al.(2003) we know that the retrieval sensitiv-
ity of De decreases towards clouds with low and high emis-
sivity. Figure4 presents retrievedDe and IWP as well as
fraction of aggregate-like ice crystals and the uncertainty in
habit as a function of AIRS cloud emissivity determined by
the χ2

w method. Results are shown separately for three lat-
itude bands and two seasons. Abrupt changes in behaviour
indicate the range of cloud emissivity in which the bulk mi-
crophysical properties are well retrieved: the fraction of un-
certain habit (Sect.3.2) strongly increases in the midlatitudes
for cloud emissvity smaller than 0.2 and drops to nearly 0
whenεcld > 0.85. The retrieved IWP strongly increases with
εcld (and this similarly for all latitude bands and seasons) to
reach a maximum atεcld around 0.85. These behaviours in-
dicate that the retrieval of bulk microphysical properties can

be conducted for AIRS forεcld between 0.2 and 0.85, cor-
responding to semi-transparent cirrus. These boundaries are
consistent with previous studies (Rädel et al., 2003). The
lower emissivity threshold for the TOVS retrieval was fixed
at εcld = 0.3, but the improvement of the spectral and spa-
tial resolution of the AIRS instrument allows us to reduce
this value toεcld = 0.2. Bulk microphysical properties of
these semi-transparent cirrus correspond to an average over
the whole cloud vertical extent (Rädel et al., 2003), whereas
for optically thick clouds, the instrument only sounds the up-
per part of the cloud (Sect.5.2).Within this range,De slightly
increases withεcld, and the spread between latitudes and sea-
sons is larger than for IWP. The fraction of aggregate-like
ice crystals also slightly increases withεcld, reaching 0.6 for
εcld > 0.55. The spread between latitude bands and seasons
increases towards smallεcld, with less complex ice crystal
habits for cirrus in Northern Hemisphere (NH) midlatitudes
during winter.

4.2 Distinction between ice clouds and mixed phase
clouds

Figure5 presents retrievedDe and IWP as well as fraction
of aggregate-like ice crystals and of column-like crystals as
function of AIRS cloud temperature, separately for three lat-
itude bands and two seasons. The sum of the fraction of
aggregate-like ice crystals and of column-like crystals is not
equal to 1, because for some cases the habit is set to uncertain
(Sect.3.2). On the figure we distinguish two regimes:

– Tcld < 230 K:De and IWP increase with increasingTcld
and the fraction of aggregate-like ice crystals (' 0.6)
remains approximately constant.
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Fig. 4. Bulk microphysical properties as function of cloud emissivity, averaged over the period 2003 - 2009. Crosses and squares represent
averages over boreal winter and over boreal summer, respectively. Green symbols are for NH midlatitudes, red for the tropics and blue for
SH midlatitudes. The vertical lines represent the emissivity boundaries between which the microphysical property retrieval is applied.

Fig. 4. Bulk microphysical properties as function of cloud emissivity, averaged over the period 2003–2009. Crosses and squares represent
averages over boreal winter and over boreal summer, respectively. Green symbols are for NH midlatitudes, red for the tropics and blue for
SH midlatitudes. The vertical lines represent the emissivity boundaries between which the microphysical property retrieval is applied.
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Fig. 5. Bulk microphysical properties as function of cloud temperature, averaged over the period 2003 - 2009. Crosses and squares represent
averages over boreal winter and over boreal summer, respectively. Green symbols are for NH midlatitudes, red for the tropics and blue for
SH midlatitudes. The vertical line at Tcld = 230K represents the temperature threshold below which the microphysical property retieval is
applied.

Fig. 5. Bulk microphysical properties as function of cloud temperature, averaged over the period 2003–2009. Crosses and squares represent
averages over boreal winter and over boreal summer, respectively. Green symbols are for NH midlatitudes, red for the tropics and blue for
SH midlatitudes. The vertical line atTcld = 230 K represents the temperature threshold below which the microphysical property retieval is
applied.
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Table 2. Fraction of high clouds kept within cloud emissivity and cloud temperature boudaries for three latitude bands (NH:45◦ N–60◦ N,
Trop: 15◦ N–15◦ S, SH: 45◦ 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≤ εcld ≤ 0.85

NH midlatitudes 70 % 69 % 79 % 69 % 73 % 69 %
Tropics 66 % 67 % 71 % 70 % 68 % 68 %
SH midlatitudes 64 % 73 % 74 % 75 % 64 % 73 %

Tcld ≤ 230 K

NH midlatitudes 63 % 18 % 59 % 28 % 62 % 23 %
Tropics 59 % 55 % 46 % 41 % 55 % 51 %
SH midlatitudes 20 % 66 % 42 % 73 % 21 % 66 %

– Tcld > 230 K:De and IWP decrease with increasingTcld
and the fraction of column-like ice crystals strongly in-
creases with increasingTcld

The change in behaviour ofDe and IWP around 230 K as
well as the increase of the rate of column-like ice crystals
(with SSPs more similar to spheres than to aggregate-like ice
crystals) demonstrate that clouds withTcld between 230 and
260 K may include a substantial part of water droplets which
influence the retrieval. Thus pure ice clouds preferably oc-
cur whenTcld < 230 K. This is in agreement with previous
studies (Yang et al., 2002; Hu and Winker, 2009; Riedi et
al., 2010; Martins et al., 2011). Cloud temperature does not
much affect the crystal habit in pure ice clouds, which is con-
sistent with the fact that the aspect ratio of small particles is
a weak function of temperature (Korolev and Isaac, 2003).

4.3 Occurrence of semi-transparent high ice clouds

From the findings in Sects.4.1 and 4.2 we define Semi-
Transparent Cirrus, referenced as ST-HIC, as:

high clouds: pcld ≤ 440 hPa

pure ice clouds: Tcld ≤ 230 K

semi-transparent clouds: 0.2≤ εcld ≤ 0.85

(corresponding to visible optical depth: 0.4≤ τvis ≤ 3.8)

We deduce from Table2 that about 70 % of all high
clouds belong to the semi-transparent cloud category, keep-
ing slightly more clouds in winter. Considering theεcld dis-
tributions of ST-HICs in Fig.6, they are rather flat, with a
peak towards largeεcld in the midlatitudes, especially in win-
ter. The seasonal variation is stronger in the NH, where the
distribution in summer is similar to the ones in the tropics
(with more cirrus at lowεcld). This may be linked to the fact
that over the ocean band in the Southern Hemisphere (SH)
midlatitudes storms may also develop in summer. Figure7
presents frequency distributions ofTcld, in NH midlatitudes,

the tropics and SH midlatitudes, separately in boreal winter
and in boreal summer. We recognize a strong summer-winter
difference in the midlatitudes: more than 60 % of semitrans-
parent cirrus present a temperature lower than 230 K in win-
ter and only less than 20 % in summer. From Table2 we
deduce that the seasonal difference is stronger over ocean
than over land. In the tropics the frequency distribution is
much broader and does not show a seasonal variation in the
tropics (with a frequency of 55 %). Figure8 presents ge-
ographical maps of high cloud amount, of semi-transparent
high cloud amount and of semi-transparent high ice cloud
amount, all relative to total cloud amount, separately for bo-
real winter (December, January and February) and for bo-
real summer (June, July and August). Averages correspond
to the period 2003–2009. Whereas many of the uppermost
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
summer. In the SH midlatitudes we observe a small fraction
of ST-HICs only in winter. Associated statistics is summa-
rized in Table3. ST-HICs correspond to about 15 % of all
clouds and to about 25 % of high clouds in the tropics, with
almost no difference between ocean and land. In the mid-
latitudes, ST-HICs occur mostly during winter where they
represent practically 30 % of high clouds, with a higher oc-
currence over land.

5 Analysis ofDe, IWP and ice crystal habit

5.1 Geographical and seasonal variations

Figure9 presents geographical maps of mean IWP andDe
as well as dominating ice crystal habit, separately for bo-
real winter and for boreal summer. As cloud emissivity (not
shown) and IWP, the averageDe is larger in winter than in
summer in the midlatitudes. The ice crystal habit is defined
as dominating, when one habit appears 10 % more often
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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: 45◦ N–60◦ N, Trop: 15◦ N–15◦ S, SH: 45◦ S–60◦ S), for boreal winter and boreal summer and over
different surfaces (ocean, land and all surfaces).

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 %

24 A. Guignard et al.: Bulk microphysical properties of semi transparent cirrus from AIRS

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.

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 mixed
habit. Furthermore, when no distinction was possible be-
tween aggregate-like and column-like ice crystals in more
than 40 % of the cases within the grid cell, the dominating
habit was set to uncertain. According to Table4, the frac-

tion of ice clouds containing aggregate-like ice crystal habit
is about 50–60 % over ocean and about 40–50 % over land,
respectively. As already deduced from Figs.4 and 5, ST-
HICs seem to consist slightly more often of aggregate-like
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: 45◦ N–60◦ N, Trop: 15◦ N–15◦ S, SH: 45◦ S–60◦ S), for boreal winter and boreal summer and over ocean and land.

εcld Tcld (K) 1Z (km) % SL De(µm) IWP (g m−2) Agg(%) %D>85µm

DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA DJF JJA

Ocean

NH midlatitudes 0.57 0.47 222 224 5.5 3.9 52 41 57 54 26 16 50 53 15 5
Tropics 0.49 0.49 217 217 4.9 4.5 50 48 51 54 19 20 56 56 2 4
SH midlatitudes 0.57 0.61 225 221 5.1 6.0 48 49 46 54 18 30 56 62 4 10

Land

NH midlatitudes 0.57 0.51 220 223 5.5 3.8 67 62 50 53 23 18 41 39 3 1
Tropics 0.52 050 218 218 5.1 4.3 51 48 52 53 21 20 44 45 2 2
SH midlatitudes 0.57 0.58 221 219 3.7 3.2 76 58 29 44 13 20 53 46 1 2

All

NH midlatitudes 0.57 0.49 221 224 5.5 3.8 62 55 54 53 25 17 48 44 12 5
Tropics 0.50 0.49 217 217 4.9 4.5 50 48 51 54 19 20 53 54 3 4
SH midlatitudes 0.57 0.61 224 221 5.0 5.9 49 49 45 54 18 30 56 61 4 10

A. Guignard et al.: Bulk microphysical properties of semi transparent cirrus from AIRS 25

Fig. 7. Normalized frequency distributions of high cloud temperature 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.

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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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.

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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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.

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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Fig. 10. Relationships between fraction of aggregated-like ice crystals and IWP (top) and between fraction of aggregated-like ice crystals
andDe (bottom) over ocean, separately for boreal winter (+ signs) and for boreal summer (squares). Green symbols are for NH midlatitudes,
red for the tropics and blue for SH midlatitudes. Statistics is averaged over the period 2003-2009.

Fig. 10.Relationships between fraction of aggregated-like ice crys-
tals and IWP (top) and between fraction of aggregated-like ice crys-
tals andDe (bottom) over ocean, separately for boreal winter (+
signs) and for boreal summer (squares). Green symbols are for
NH midlatitudes, red for the tropics and blue for SH midlatitudes.
Statistics is averaged over the period 2003–2009.

that suggest that irregular is the dominant habit of ice parti-
cle grown in natural clouds (e.g.Francis et al., 1999; Korolev
and Isaac, 2003; Gayet et al., 2011). Considering Fig.9, in
the SH midlatitudes during summer, in the Northern West
Pacific and generally over land ST-HICs seem to be more
often composed of column-like ice crystals. Figure10 re-
veals that the fraction aggregate-like ice crystals increases
with IWP, thus explaining the higher frequency of this habit
in the midlatitudes during winter and the higher frequency
of column-like ice crystals over land, where ST-HICs have a
slightly smaller IWP, especially in summer. This is in agree-
ment with a study byStubenrauch et al.(2007) which has
revealed that aggregate-like ice crystals are more probable
for ST-HICs with larger IWP. For a fixed IWP, the fraction
of aggregate-like ice crystals decreases with increasingDe.
This is consistent with in situ measurements that show that
the habit of ice crystals becomes less spherical as its size

increases (Mitchell, 2009). Figure11 presents normalized
frequency distributions ofDe and IWP for NH midlatitudes,
tropics and SH midlatitudes, separately for boreal summer
and for boreal winter. WhereasDe distributions are nearly
Gaussian, IWP distributions have a long tail towards larger
values. In general, less than 5 % of the ST-HICs have aDe
which is larger than the retrieval sensitivity (>85µm), with
10 to 15 % over ocean in winter (Table4). Therefore we
present in Table4 for bulk microphysical properties median
values instead of mean values. They are about 10 % smaller
than the corresponding mean values. The IWP distributions
reflect the seasonal variation of IWP in the midlatitudes, with
larger values in winter. It is interesting to note that theDe dis-
tribution in the SH midlatitudes is also shifted towards larger
values.

5.2 Relationship with cloud vertical structure

The Radar-Lidar GEOPROF data, collocated with AIRS data
over two years, allow us to characterize the vertical struc-
ture of the ST-HICs. Figure12 presents the normalized fre-
quency distributions of ST-HIC vertical extent separately for
boreal winter and for boreal summer for ocean and land in
the three latitude bands. The peak values lie around 2.5 km
in the midlatitudes, with a slight shift towards larger values
in winter, and around 3.5 km in the tropics. Winter midlati-
tude and tropical distributions are similar, because of occur-
rence of frontal systems and of convection, both leading to
more vertically extended cloud systems. Table4 summarizes
these averages, separately for ocean and land in the three lati-
tude bands. In general, we observe less single layer ST-HICs
in the tropics and in the case of winter storm tracks in the
midlatitudes and more single layer ST-HICs over land, espe-
cially in the midlatitudes. Single layer ST-HICs also largely
dominate over the Sahara. We have also studied frequency
distributions ofDe and IWP separately for single and multi
layer cloud systems (not shown).Distributions are very simi-
lar. To explore a possible relationship, Fig.13 presents aver-
age cloud emissivity,De, IWP and fraction of aggregated ice
crystals for ST-HICs as function of cloud vertical extent, sep-
arately over ocean and over land for the three latitude bands
and two seasons. In general, emissivity and IWP of ST-HICs
increase with vertical extent, once their extent is larger than
2 km. The behaviour is similar over ocean and over land.
However, at the same vertical extent, emissivity and IWP of
ST-HICs are largest in the SH midlatitudes and smallest in
the tropics. This is probably linked to the different types of
cirrus, those from anvils in the tropics and those from storms
in the midlatitudes. The spread in IWP is less pronounced.
De and fraction of aggregated ice crystals do not show a de-
pendency on ST-HIC vertical extent, with exception for ST-
HICs in summer over land in the NH midlatitudes. At the
same vertical extent,De in summer over the SH midlatitudes
is on average slightly smaller than in the other regions.
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Fig. 11. Normalized frequency distributions of De (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. 11. Normalized frequency distributions ofDe (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.
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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.

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 boreal
summer, respectively.

5.3 Comparison with TOVS

Bulk microphysical properties of semi-transparent cirrus
have already been retrieved with TOVS (Stubenrauch et al.,
1999, 2004; Rädel et al., 2003), using a similar methodology.
Compared to the AIRS retrieval presented in this article, we
summarize the following main differences in the TOVS re-
trievals: single scattering properties have been determined
by assuming ice crystals as aggregated plates (Mitchell et al.,
1996a); only two channels (at 8.3 and 11.9 µm) were avail-
able and therefore firstDe (using LUTs depending onεcld

at 8.3 and 11.9 µm) and in a second step IWP (using LUTs
depending onDe andε11) were retrieved; semi-transparent
cirrus were defined as 0.3< εcld < 0.85 with Tcld < 260 K;
retrievals are available over the period 1989–1990. Another
important difference is the spatial resolution of the retrievals:
100 km for TOVS compared to 13.5 km for AIRS. In Fig.14,
we compare global annual normalized frequency distribu-
tions of De and IWP from TOVS (in black) and AIRS (in
green), separately for three intervals with increasing cloud
emissivity and at last for the emissivity intervals for which
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Fig. 14. Normalized frequency distributions of De (left) and IWP (right) retrieved from TOVS (dashed black lines) and from AIRS observa-
tions (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).

Fig. 14. Normalized frequency distributions ofDe (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 consider
clouds withTcld < 230 K. In addition, we have included re-
sults (in red) from an AIRS retrieval we have performed by
using only two channels (channels 557 and 1244) similar to
those in TOVS and using the same single scattering proper-
ties in the simulation (Mitchell et al., 1996a) as for the TOVS
retrieval. In general, the overall distributions (lowest panel)
agree quite well, with a slightly wider IWP distribution from
AIRS.

Considering the different cirrus emissivity intervals, we
observe that both instruments provide very similarDe and

IWP results forεcld between 0.5 and 0.7, which corresponds
to the range of maximum sensitivity (Fig. 1 ofRädel et al.,
2003). Differences appear when considering smaller and
larger cirrus emissivities, largerDe and smallerDe and IWP
obtained by TOVS. Assuming that the better spectral and
spatial resolution of AIRS has led to improvements in the
retrieval, a slight overestimation ofDe by TOVS for clouds
with small emissivity could be explained by partial cloud
cover or spatial heterogeneity (Table 1 ofRädel et al., 2003).
The better spectral resolution and the additional channels at
wavelengths greater than 8.3 µm of AIRS lead to a slightly
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deeper sounding (see Fig. 8 ofRädel et al., 2003), which
in the case of optically thicker clouds (see Fig.14) leads
therefore to largerDe (if one assumes thatDe increases from
cloud top to cloud base due to aggregation). From Fig.14, we
also recognize that IWP increases withεcld. The increase is
stronger by using AIRS than by using TOVS. This is because
De obtained from AIRS also increases withεcld. Moreover,
the IWP distributions from AIRS become wider, whereas
those from TOVS stay quite narrow. This is probably due
to the fact that the TOVS two channel method first deter-
minesDe and then IWP fromDe andεcld, whereas the AIRS
multi-channel method extractsDe and IWP simultaneously.

5.4 De parameterization

As mentioned in the introduction, cirrus bulk microphysical
properties depend on many environmental factors. However,
for modelling cirrus radiative effects in GCMs,De has to be
predicted from other variables. Simple relationships between
temperature, ice water content andDe have been suggested
(Kristjansson et al., 2000;Ou et al.(1995); Donovan and van
Lammeren, 2002). Our global data set allows us to examine
such relationships and to verify if a global parameterization
may be found suitable for GCMs. Figure15 presents the
correlation betweenDe and IWP, separately for the three lat-
itude bands. For each latitude band we consider three cloud
temperature intervals.De increases with IWP, a relationship
already revealed by different field campaigns (Mitchell et al.,
1996a; Korolev et al., 2001). We recognize a rapid growth of
De for IWP smaller than about 20 g m−2. For larger IWP val-
ues, the increase becomes weaker. However, the increase is
stronger compared to the studies cited above and to a study
by Stubenrauch et al.(2007) using collocated Scanner of Ra-
diation Balance (ScaRaB) and TOVS data. The latter differ-
ence in behaviour may be explained by the deeper sounding
of AIRS in the case of optically thicker cirrus (see Sect.5.3)
and also by considering only pure ice clouds (sinceDe may
be smaller forTcld > 230 K, see Fig.5). The parameteriza-
tion of De as a function of IWP that leads to a best fit of these
global data (full black line) is described by the expression:

De(IWP) =

4∑
i=0

αi · ln(IWP)i (4)

with α0 = 9.945,α1 = −11.245,α2 = 27.426,α3 = −9.192
andα4 = 0.974.

We studied the robustness of the parameterization by ran-
domly separating the data set into two halves and refitting
the data again. The coefficients were stable within 0.005.
For a fixed IWP, when considering different latitude bands
and cloud temperature intervals, the overall spread ofDe is
about 10 %. This indicates thatDe depends strongly on IWP
(which itself is also related to cloud temperature as shown in
Fig. 5), and only slightly directly on cloud temperature. For
ST-HICs with the same IWP, we recognize even a different

behaviour ofDe with Tcld: it increases in the tropics whereas
it decreases in the midlatitudes. Previous studies (Ivanova et
al., 2001; Boudala et al., 2002; Edwards et al., 2007) used
the temperature to parameterizeDe. We found that these
parameterizations, generally established for clouds warmer
than 230 K, underestimateDe by about 10 to 20 µm com-
pared to our data (not shown).De only varies by about 15 µm
within the temperature range between 200 and 230 K (see
also Fig.5), another sign that the dependence on IWP is bet-
ter suited to parameterizeDe (Baran et al., 2009). Compared
to a parameterization developed for in situ measurements
at a specific latitude band as for example byBoudala et al.
(2002), it seems to be difficult to determine a global multi-
variate parameterization forDe dependent on both IWP and
temperature, because the latter is not independant as can be
seen in Fig.5. Liou et al. (2008) developed a similar pa-
rameterization by using in situ data. They distinguished be-
tween warm and cold cirrus, the latters corresponding to our
cases. Since field experiments presentDe parameterized as a
function of ice water content (IWC) (references above) and
IR sounders only provide the integrated IWC (correspond-
ing to IWP), we make use of the synergy with radar-lidar
GEOPROF data to provide an estimation of IWC. Therefore,
we determine IWC as the ratio between IWP and the verti-
cal extent of the cloud layer, by assuming a vertically con-
stant IWC. This assumption is only realistic for cirrus with
a relatively small vertical extent (Seo and Liu, 2006). Fig-
ure16 presents the relationship betweenDe and IWC, sepa-
rately for the three latitude bands in boreal winter and sum-
mer. We consider ST-HICs with a vertical extent between
0.5 and 1 km and between 0.5 and 2 km. The statistics of
two years is not sufficient to separate into different temper-
ature intervals.De also increases logarithmically with IWC,
in agreement with different field campaigns (Korolev et al.,
2001; McFarquhar et al., 2003; Heymsfield, 2003; Garrett
et al., 2004). However, the increase seems to be smaller for
larger IWC values than the one for large IWP in Fig.15. This
could be explained by the fact that only ST-HICs with a rela-
tively small vertical extent are considered. We deduce further
from Fig.16that for cirrus with low IWC,De increases more
strongly for geometrically thicker clouds than for geometri-
cally thinner clouds. The parametrization ofDe as a function
of IWC that leads to a best fit of these global data is described
by the equation:

De(IWC) =

2∑
i=0

αi · ln(IWC)i (5)

with the following parameters for different vertical extents:

1Z < 1 km: α0 = 92.608α1 = 16.544, α2 = −5.126

1Z < 2 km: α0 = 83.582, α1 = 3.981, α2 = −6.319

Some GCMs use a parameterization ofDe as a func-
tion of IWC (McFarlane et al., 1992; Liou et al., 2008) at
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Fig. 15. Relationship between De and IWP, as retrieved from AIRS observations for ST-HICs. Results are shown for three latitude bands,
separately for three temperature intervals. The global annual dependence is also shown (black cross), as well as the parameterization of Eq.
4 (black line). Statistics is over the period 2003 - 2009.

Fig. 15.Relationship betweenDe and IWP, as retrieved from AIRS
observations for ST-HICs. Results are shown for three latitude
bands, separately for three temperature intervals. The global annual
dependence is also shown (black cross), as well as the parameteriza-
tion of Eq. (4) (black line). Statistics is over the period 2003–2009.

each pressure layer in which there is enough humidity to
form clouds. The vertical cloud extent is determined by
the number of adjacent cloud layers. However, it should be
noted that this kind of parameterization depends for geomet-
rically thicker clouds on the position relative to the cloud top.
Therefore, it could be interesting for radiative flux computa-
tions to use the parameterization ofDe by IWP.

6 Conclusions

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-
rus emissivities in the spectral range between 8 and 12 µm
have been simulated as a function ofDe and IWP. Therefore
single scattering properties of randomly oriented column-
like or aggregate-like ice crystals, distributed according to
a bimodal-0 size distribution, have been implemented into
the radiative transfer model 4A, coupled with the multiple
scattering model DISORT, based on discrete ordinate radia-
tive transfer. Sensitivity studies lead in general to similar
conclusions as an earlier study using TOVS data byRädel
et al. (2003). Global biases due to assumptions on cloud
and atmospheric properties as well as on ice crystal habit
are on average less than 5 % with a noise less than 5 %.
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Fig. 16. Relationship between De and an estimation of the average IWC for ST-HICs with vertical extent between 0.5 and 1 km (top)
and between 0.5 and 2 km (bottom). Results are shown for three latitude bands in boreal summer and in boreal winter. The global annual
dependence is also shown (black cross), as well as the parameterization of Eq. 5 (black line). For comparison is shown parameterization
developped in McFarquhar et al. (2003) (black dashed lines). Statistics is over the period 2007 - 2008.

Fig. 16. Relationship betweenDe and an estimation of the average
IWC for ST-HICs with vertical extent between 0.5 and 1 km (top)
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. (5) (black line). For comparison is shown param-
eterization developped inMcFarquhar et al.(2003) (black dashed
lines). Statistics is over the period 2007–2008.

Mean biases linked to assumptions of horizontal homogene-
ity are also on average less than 5 % and therefore smaller
than for TOVS, essentially because of spatial and spectral
resolution improvements of the AIRS instrument. The use
of six channels between 8.5 and 12.5 µm allows a distinction
between column-like and aggregate-like ice crystals. The re-
trieval is applicable to high clouds with an effective emis-
sivity from 0.2 to 0.85, increasing the interval 0.3 to 0.85 in
the TOVS retrieval. The relationship between retrieved bulk
microphysical properties and cloud temperature revealed that
super-cooled water droplets may exist and influence the re-
trieval down to temperatures of 230 K. This is consistent with
theoretical and in-situ studies. Therefore, the retrieval of
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bulk microphysical properties using AIRS data only consid-
ers semi-transparent high ice clouds (ST-HIC) that represent
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 clouds,De and IWP slightly in-
crease with cloud temperature, with a regional and seasonal
spread. On average cloud emissivity, IWP andDe, as well as
vertical extent and amount of multiple cloud layers present
seasonal cycles in the midlatitudes. Whereas the NH mid-
latitudes show more seasonal difference in cloud emissivity,
IWP and vertical extent, the SH midlatitudes show a larger
seasonal difference inDe, and fraction of aggregate-like ice
crystal habit. These differences have to be studied further in
relation with dynamical parameters. The use of the Radar-
Lidar GEOPROF data demonstrates that the retrieved bulk
microphysical properties essentially depends on cloud opti-
cal thickness (or emissivity) and are almost independent of
their vertical extent. The comparison with TOVS has shown
a good agreement on the overall distributions. Nevertheless,
the better spatial resolution and deeper sounding of AIRS
due to the use of additional channels leads to an increased
sensitivity on microphysical properties for optically thin and
thicker cirrus. We used this global data set to study relation-
ships between cloud bulk microphysical properties of rele-
vance to GCM parametrizations. Whereas the relationship
betweenDe and cloud temperature is only weak and depends
on many other factors, we have shown that a parameteriza-
tion of De as a function of IWP is more robust. The spread of
De due to other factors is less than 10 µm. By using the syn-
ergy with Radar-Lidar GEOPROF data and assuming a ver-
tically constant IWC, we have also investigated a parameter-
ization ofDe as a function of IWC for cirrus with relatively
small vertical extent, in agreement with in situ observations.
However, it should be noted that this kind of parameteriza-
tion depends for geometrically thicker clouds on the position
relative to the cloud top. Further investigations are necessary
on De and IWC profiles on a global scale, using combined
retrievals of CALIPSO and CloudSat. In the meantime, it
could be interesting for radiative flux computations to use a
parameterization betweenDe and IWP.
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