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Abstract. We present a six-year global climatology of cloud optically thin cirrus show a maximum backscatter about 10%
properties, obtained from observations of the Atmosphericdeeper inside the cloud than optically thicker clouds. We also
Infrared Sounder (AIRS) onboard the NASA Aqua satellite. show that only the geometrically thickest opaque clouds and
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-(the probably surrounding anvil) cirrus penetrate the strato-
vations (CALIPSO) combined with CloudSat observations, sphere in the tropics.

both missions launched as part of the A-Train in 2006, pro-
vide a unique opportunity to evaluate the retrieved AIRS
cloud properties such as cloud amount and height. In ad,
dition, they permit to explore the vertical structure of dif-
ferent cloud types. AIRS-LMD cloud detection agrees with Clouds cover more than two thirds of the Earth’s surface, and
CALIPSO about 85% over ocean and about 75% over |andhence they p|ay a dominant role in the energy and water cy-
Global cloud amount has been estimated from 66% to 74%ecle of our planet. Satellite observations offer a unique pos-
depending on the weighting of not cloudy AIRS footprints sjpility to survey cloud properties on a global and continu-
by partial cloud cover from 0 to 0.3. 42% of all clouds are gus scale, and their record length exceeds now more than 25
high clouds, and about 42% of all clouds are single layeryears. Within the framework of the World Climate Research
low-level clouds. The “radiative” cloud hEIth determined Programme (WCRP), the Radiation pane| of the Global En-
by the AIRS-LMD retrieval corresponds well to the height ergy and Water Experiment (GEWEX) has initiated a cloud
of the maximum backscatter signal and of the “apparent mid-assessment to evaluate the quality of climate records of cloud
dle” of the cloud. Whereas the real cloud thickness of highpropertieS, with Specia| emphasis on the GEWEX cloud
opaque clouds often fills the whole troposphere, their “apparproducts from the International Satellite Cloud Climatology
ent” cloud thickness (at which optical depth reaches about 5project (ISCCP, Rossow and Schiffer, 1999). To resolve the
is on average only 2.5km. The real geometrical thickness ojjurnal cycle of clouds, ISCCP uses VIS (day only) and IR
optically thin cirrus as identified by AIRS-LMD is identical atmospheric window radiance measurements from imagers
to the “apparent” cloud thickness with an average of abouton geostationary and polar orbiting weather satellites. Time
2.5km in the tropics and midlatitudes. High clouds in the sampling is three hourly, and the initial spatial resolution of
tropics have slightly more diffusive cloud tops than at higher ahout 7 km is sampled at about 30 km. Cloud detection is
latitudes. In general, the depth of the maximum backscattepased on space and time variability of the IR and VIS ra-
signal increases nearly linearly with increasing “apparent”diances. First intercomparisons of about ten different cloud
cloud thickness. For the same “apparent” cloud thicknesslimatologies have highlighted the different sensitivities of
various instruments and retrieval methods (Stubenrauch et
al., 2009). Compared to other passive remote sensing instru-
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depth as low as 0.1, day and night (e.g. Wylie et al., 1994:al., 1998). AIRS data have been collocated with CALIPSO

Ackerman et al., 1995; Smith et al., 1998; Stubenrauch et al.data and then with the Radar — Lidar GEOPROF data. The

1999b, 2006; Wylie and Menzel, 1999; Chung et al., 2000;latter complete the information on vertical cloud layer struc-

Kahn et al., 2007). ture, when the lidar cannot completely penetrate the whole
CO, sensitive channels of IR vertical sounders allow the cloud column. These data are used to choose tests to de-

determination of cloud height and cloud emissivity of a sin- termine the AIRS cloud amount and to evaluate the AIRS

gle cloud layer (the uppermost cloud layer in the case ofcloud height. Section 3 gives an overview of average cloud

multi-layer cloud scenes). Radiances measured from near thgroperties of the 6-year AIRS-LMD cloud climatology. High

centre of a CQabsorption band are only sensitive to the up- clouds are studied in more detail in Sect. 4, in combination

per atmosphere while radiances from the wings of the bandvith CALIPSO and Radar — Lidar GEOPROF data. Conclu-

(away from the band centre) successively probe lower levsions are drawn in Sect. 5.

els of the atmosphere. The TIROS-N Operational Vertical

Sounders onboard the NOAA polar satellites provide data

since 1979, the Atmospheric InfraRed Sounder (AIRS) on-2 Data and methods

board Aqua since 2002 and the IR Atmospheric Soundin

Interferometer (IASI) onboard METOP since 2006. The A-gz'1 AIRS data

Train mission (Stephens et al., 2002), consisting of severa| 5 ,nched in May 2002 onboard the Earth Observing Sys-
passive and two active remote sensing instruments in cong,, (EOS) platform Aqua, the AIRS instrument (Aumann
stellation with the Aqua satellite, provides a unique possi-qot al., 2003; Chahine et al., 2006) provides very high spec-
bility to explore the geometrical depth and multi-layer struc- 5| yesolution measurements of Earth emitted radiation in
ture of clouds. The Cloud-Aerosol Lidar with Orthogonal {,-ca spectral bands (3.74—4.61 pm, 6.20—8.22 um and 8.80—
Polarization (CALIOP) of the Cloud-Aerosol Lidar and In- 15 4 um) using 2378 channels with a spectral resolution
frared Pathfinder Satellite Observations (CALIPSO) missiongiven by A21=0.0008. The polar orbiting Aqua satellite pro-
(Winker etal., 2007, 2009) is also sensitive to very thin Cirfus jqes ohservations at 01:30 and 13:30 local time (LT). The
(such as subvisible cirrus with optical depth down t0 0.01) gnayig| resolution of these measurements is 13.5 km at nadir.

and provides information on multiple cloud layers as long asyjine AIRS measurements ®) correspond to one footprint
clouds are optically not too thick. In the latter case, the cloud¢ ihe Advanced Microwave Sounder Unit (AMSU), and is
profiling radar (CPR) of the CloudSat mission (Stephens e{.5jieq a ‘golf ball’. AIRS L2 standard products include tem-
al,, 2002; Mace et al., 2007) helps to complete the informa-peratyre at 28 pressure levels from 0.1 hPa to the surface and

tion on vertical cloud layer structure. For this purpose, the,, ey vapour mixing ratios in 14 pressure layers from 50 hPa
Cloudsat Geometrical Profiling Product (GEOPROF; Mace, the surface (Susskind et al., 2003, 2006). These atmo-

etal.,, 2007; Marchand et al., 2008) and the CALIPSO Ver-gpheric profiles were retrieved from cloud-cleared AIRS ra-
tical Feature Mask (VFM, Vaughan et al., 2004) have beengjances (Chahine et al., 2006) within each AMSU footprint.

merged into a combined Radar-Lidar Geometrical Profiley,jiqations with radiosonde data from the NOAA-NESDIS
Product (Radar — Lidar GEOPROF; Mace et al., 2009). operational meteorological database archive (Divakarla et al.,
In this article we present cloud properties, retrieved from 2006) and with Atmospheric Radiation Measurement (ARM)

: 2
AIRS data by a weightegt® method (Stubenrauch et al., a4 (Tobin et al., 2006) have shown that the accuracy is close
1999a). The AIRS-LMD cloud property retrieval, first de- ¢, 1 K in 1km layers for temperature and better than 15%

veloped for tropical and subtropical latitude bands®(8Go in 2 km layers for water vapour. For the cloud property re-

30°S) and presented in (Stubenrauch et al., 2008), has be€fieya we have collocated the AIRS L2 standard products

refined and extended to the whole globe. The retrieval isyarsion 5) with a subset of AIRS L1B radiance measure-
applied to all data, after which a test based on the spectra]imnts which have been downloaded from the NASA data
coherence of cloud emissivities, determined at Wavelengthi)om (http://mirador.gsfc.nasa.gpv

between 9 and 12 um by using the retrieved cloud pressure, temperature and humidity profiles are retrieved from
decides whether the AIRS footprint is cloudy or mostly clear. A|\rs over a golf ball. The quality of the retrieved atmo-

Thresholds have been established by comparing clear angyperic profiles is only of good quality when the situation is
cloudy scenes within the AIRS footprints, distinguished by . 00 cloudy. This is the case in about 50% of all cloudy

coincident CALIOP measurements. situations. In that case, we use an average atmospheric pro-
Section 2 describes the AIRS-LMD cloud property re- fiie in the cloud property retrieval (see Sect. 2.3), obtained

trieval algorithm, which makes use pf retrieved atmosphericg. atmospheric profiles of good quality within three days
temperature and water vapour profiles of the AIRS L2 data,o,nd the day of observation and withinlatitudex 1° lon-

(Susskind et al., 2003, 2006) and of atmospheric spectralis,de. In only 2.5% of all cases, there are not enough at-

transmissivity profiles which have been simulated for at'mospheric profiles of good quality within one week, and a
mospheric profiles of the Thermodynamic Initial Guess Re'monthly mean has to be taken.

trieval (TIGR) data base (@&dlin et al., 1985; Chevallier et
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2.2 AIRS, CALIPSO and L2 Radar-Lidar GEOPROF ments at a vertical resolution of about 250 m. The method to
data and their collocation merge the geometrical profiling of CALIOP and CPR (Mace
et al., 2009) was designed to extract maximum information
The lidar CALIOP (Winker et al., 2007, 2009) of the on cloud layering from the combined radar and lidar sen-
CALIPSO mission provides backscatter profiles at 532 nmsors. The data (version 3) have been acquired from the
and at 1064 nm, at a vertical resolution of about 30 m belowCloudSat data processing centéit://www.cloudsat.cira.
an altitude of 8 km and 60 m above an altitude of 8 km. Thecolostate.edu
size of the lidar footprints is about 90x®0 m. Horizontal All satellites of the A-Train follow each other within a
sampling is 333 m along the track, and the distance betweefew minutes. First, CALIPSO cloud properties averaged over
two orbits is about 1000 km. The CALIPSO L2 cloud data 5km are combined with the corresponding AIRS footprints
(version 2) at 5 km spatial resolution along the track providein such a way that for each AIRS golf ballX3 AIRS foot-
the number of vertical cloud layers and geometrical height ofprints) three CALIPSO L2 samples are kept, each close to the
cloud top,ztop, and of “apparent” cloud basey e for each  centre of an AIRS golf ball, as in (Stubenrauch et al., 2008).
of these layers. The “apparent” cloud base will be higherFor our comparisons, we have to keep in mind, however, that
than the real cloud base in the case of optically thick cloudsCALIPSO provides only a small sample (5 k80 m) of the
because in that case the lidar signal penetrates the cloud onl&IRS footprint (14 kmx 14 km). Even by averaging two to
up to an optical depthciqg, of about 5 (Winker et al., 2003). three CALIPSO samples over an AIRS footprint, the sam-
Geometrical height is transformed into cloud top pressurepling stays limited by the very narrow nadir track (90 m).
prop, @nd “apparent” cloud base pressupgbh, using the In a second step we collocate these data with the complete
atmospheric profiles provided by the Global Modelling and vertical profiling of the L2 Radar — Lidar GEOPROF data.
Assimilation Office (GMAO) and available in the CALIPSO Therefore, we keep for each CPR footprint (1.4%213 km)
L1 data. The pressure of the “apparent middle” of the cloudthe information of the CALIPSO sample and of the corre-
is then: pmia = 0.5(pop+ Ppacd- In addition, we determine  sponding AIRS footprint. We also add information on scene
the height of the maximum backscattering signalesc at  homogeneity, by using clear/cloudy information of the three
532nm from the backscatter profiles of the CALIPSO L1 CALIPSO samples and cloud type information of the nine
data. CALIPSO L2 cloud data also provide cloud optical AIRS footprints within the AIRS golf ball. For the analysis
depth,r¢g, and a cloud feature flag, which indicates if the of high clouds in Sect. 4 we only keep situations for which
cloud is opaque. In that case we have set the cloud opticathe cloud top height of the CALIPSO sample and cloud top
depth to 5 (D. Winker, personal communication, 2009). Theheight averaged over the CPR footprint lie within 200 m.
CALIPSO L2 cloud data also indicate at which horizontal av-
eraging the cloud was detected (1 km, 5km, 20 km or 80 km),2.3 AIRS-LMD cloud property retrieval method
which is a measure of the optical thickness of the cloud. For a . ) )
direct comparison with AIRS data, we use clouds which havel he cloud property retrieval scheme is based on a weighted
been detected at horizontal averaging over 5km or less, corx> method using channels around the 15 ump@@sorption
responding to a sensitivity in terms of minimum detectable Pand (Stubenrauch et al., 1999a), providing pressure and ef-
particle backscatter coefficient of about 0.0008Hmar? at fective emissivity of a single cloud layer (of the uppermost
night and about 0.0015km sr-1 during day, for a cirrus ~ cloud layerinthe case of multi-layer cloudg)? is computed
with an altitude of about 12km (Fig. 4 of Winker et al., by summation oveN wavelengths.; of the CQ absorption
2009). This corresponds to clouds withq larger than about  band around 15pum, as in Eq. (1).
0.05 to 0.1 (Winker et al., 2008). In the following, we refer N
to these clouds as “clouds not including subvi'sible cirrug”. x2(p) = Z[ (Ietd(pie, i) — Tar (M) - ecid(pr) — (Im(hi)
We only usergq in Sect. 4, being aware that this product is Py
still not_flnal and has large uncerta_lntles also due to multiple I O)) ]Z-Wz(pk,)w) 1)
scattering corrections (e.g. Lamquin et al., 2008). CALIPSO
data were obtained through the NASA Atmospheric SciencesThe measured radiandg, is obtained from the AIRS L1B
Data Center (ASDC) by the ICARE Thematic Center createddata. We have chosen AIRS channels corresponding closely
by CNES fittp://www-icare.univ-lillel.fry and its interface to the five channels used in the TIROS-N Operational Verti-
ClimServ at IPSL [ttp://climserv.ipsl.polytechnique.jt/ cal Sounder (TOVS) Path-B cloud retrieval, at wavelengths
The cloud profiling radar (CPR) of the CloudSat mission of 14.190, 14.002, 13.928, 13.279 and 10.901 um, and three
(Stephens et al., 2002; Mace et al., 2007) is capable of probadditional channels at 14.298, 14.094 and 13.239 um (AIRS
ing optically thick cloud layers and therefore provides the channels 174, 193, 210, 226, 239, 355, 362 and 787). The
correct cloud base. Combined with the information on opti- weighting functions of these channels are shown in Fig. 1
cally thin cloud layers from CALIOP, these two instruments as the derivatives of the transmission function with respect
provide a complete vertical profiling of all clouds. The CPR to pressure. For this illustration, they have been simulated
footprint is about 2.5km 1.4 km, and it provides measure- by the Automatized Atmospheric Absorption Atlas (4A)
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radiative transfer model (Scott and &tin, 1981; operational @ 50

version available atttp://www.noveltis.net/4AOFfor an av- \\\ 320 mer ——
erage tropical atmosphere. 1200 micr

I is the radiance which would be measured by AIRS in 100 Eéé E'” — ]
the case of clear sky, anljq is the radiance emitted by a '
homogenous opaque single cloud layer, calculated for 39 as- \ \\
sumed cloud pressure levelg above surface (984 hPa to 200
106 hPa). For their computation we need the AIRS L2 tem- \ \ \>

300 300

perature profiles as well as atmospheric transmissivity pro- k \ x‘_/,.--"

Pressure (hPa)

files at the corresponding wavelengths for an atmospheric 4w N ==
situation similar to the one described by the AIRS L2 atmo- s00 500
spheric temperature and water vapour profiles (Susskind e 5 ~ oo
al., 2003). These atmospheric spectral transmissivity profiles 3% =" —— - e
have been simulated by the 4A radiative transfer model, sep- ' L - = = - '1 100
arately for each satellite viewing zenith angle (up t6)5hd ' Normalized transrmissicn '

for about 2000 representative clear sky atmospheric temper-

ature and humidity profiles of the TIGR data base. The prox-Fig. 1. Weighting functions of eight AIRS channels, from near the
imity recognition between the AIRS L2 atmospheric profiles centre towards the wing of the G@bsorption band around 15 pm,
and the TIGR atmospheric profiles is described in detail inused in the cloud property retrieval.

(Stubenrauch et al., 2008). If no simultaneous AIRS L2 at-

mospherlc pf"f"e_ of _good quality is avallgble (which may Itis important to allow values larger than 1, because at larger
occur if the situation is too cloudy), a running mean average

. . . : . pressure leveld and Iy become very similar and their
of atmospheric profiles W.'th good q_uallty (T_Ob'n etal., 2006) uncertainties can lead to values larger than 1 (Stubenrauch et
over one week, at a spatial resolution 6flatitudex 1° lon-

gitude, is used. The third choice is a monthly mean of atmo al., 1999a). When thg method leads to a non-acceptable
' ) ‘value of I han 1.5), th [ I ky.
spheric profiles with good quality, af latitudex1° longi- value ofeq (larger than 1.5), the scene is set to clear sky

wde. For th tation g | d iral Cloud temperaturéq is determined fronpcq, using the
ude. or the computation bir we also need spectral sur -, ipg | o temperature profile. Cloud types are distinguished
face emissivities. These are provided for the latitude ban

. . ccording topeqg and eqg. High clouds are defined by
30° N-3(® S as climatological monthly averages from three ;
; . 440 hPa, midlevel clouds by 440 he 680 hPa
years of AIRS data @juignot et al., 2008), at a spatial res- Ped= 1TV " y Peld <

. o N . and low clouds by pqq>680hPa. High clouds may
olution of 1° latitudex 1° longitude. For the rest of the globe be further distinguishced into opaquef>0.95), cirrus

we use climatological monthly averages from six years of(o 95 o
; .~ (0.95>¢¢1g>0.50) and thin cirruse(ig<0.50). The transfor-
N]l%DSEﬁ ?.etlt?j (Sgeé)nlann .?t dal., Zr?IOE:]),hat atf]patlgll reso'”"'or}nation of peig into cloud altitudez¢jg makes use of the virtual
ort.o" lalitudext.o fongitude, which have then been spec- temperature profile determined from the AIRS L2 tempera-
trally interpolated to the AIRS channels. ture and water vapour profiles
By mtroducmg empirical ngghtW(pk, .A")’ the met'hod The retrieval is applied to all AIRS footprints. Then a test
takes into account 1) the vertical weighting of the different based on the spectral coherence of retrieved cloud emissivi-

channfr:s_, 2) the_ growing dugcertaln;[y_w:_ the_ cortnputat;]on_ Ofties decides whether the AIRS footprint is cloudy (overcast
£cid With increasingpy and 3) uncertainties in atmospheric mostly cloudy) or clear (or not cloudy enough to deter-

g:gges._ These vv|e|ghts atre Qet(alrmln;dtf?rdeach of the fiv ine reliably the cloud properties). Thresholds have been
air mass classes (tropical, midiatitude summer an established by comparing clear and cloudy scenes within the

winter, polar summer and winter) as in Egs. (8) and (10)AIR footorints. distinguish incident CALIOP )
of (Stubenrauch et al., 1999a). Minimizing in Eq. (1) is sureiwgr?tspr(lsnese, :éitlr;%léﬁoﬁ)d by coincident CALIOP mea

. 2 _ -
equivalent to g “/decig =0, from which one can extraetig When extending the cloud property retrieval to the whole

as: globe, we have revised the algorithm presented in (Stuben-
ecid(pK) = (2) rauchetal., 2008) in several ways:

N 2 — Instead of five channels along the €@&bsorption band

Z [Umi) = Ier ()] - [eid (P Ai) — Teir ()] - We(pk, Ai) we now use eight channels.

i=1

— Therefore, we have increased the vertical resolution of
possible pressure levels for clouds (between 984 hPa
and 106 hPa) from 29 to 39 levels.

1

N
[Teid(pks i) — Tair )] W2(pi, As)
=1

— Since the bias corrections between observed and sim-
ulated brightness temperatures for the chosen channels

Atmos. Chem. Phys., 10, 7197214 2010 www.atmos-chem-phys.net/10/7197/2010/
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2.4 Determination of AIRS-LMD clear and cloudy
scenes

high/low clouds

- T
midlevel clouds
H

To distinguish cloudy from clear sky scenes in a way which
does not depend on regionally and seasonally varying cloud
detection thresholds, we have developed a method which is
' appliedafter the cloud property retrieval. It is based on the
PY Sy RE— spectral coherence of retrieved cloud emissivities. There-
oe®)/eqq fore, for each AIRS footprint cloud emissivitiegy are de-
ice / snow termined at six wavelengths=11.85, 10.90, 10.69, 10.40,
10.16, 9.12 pm as:
ecid(hi) = Im(Ai) — Leir(A) (3)
loid(peld, Ai) — Leir (A:)
where Iq is now determined forpcg which has been
LT retrieved by thex? method (see above). Whepq is
0.4 0.6 -10 0 10 . . e .
() ey Ta(11um)-T(7um) (K) well determined, the cloud emissivities should only dif-
fer slightly between 9 and 12um. The variability should
Fig. 2. Normalized distributions of spectral variability of effective be larger, when the footprint is partly cloudy or clear and
cloud emissivity over six wavelengths between 9 and 12 um dividedhence the cloud pressure could not be well determined. In
by cloud effective emissivity retrieved bytb@? method, separately this case, the footprint is declared as not cloudy. Fig-
for scenes declared as cloudy (full line) and as clear (broken line)yre 2 presents distributions of the standard deviaics),)

by CALIPSO. Distributions are shown for observations at 01:30 LT, over the six wavelengths divided by the retrieveg, sep-
separately for low clouds, midlevel clouds over ocean/land and all

s ! : rately for cloudy scenes and for clear sky scenes as de-
clouds over ice/snow. Over ice/snow are also shown normalize

norm. cld occurrence
norm. cld occurrence

norm. cld occurrence

AN RN RRRN L RRRRRARN LR RARR

0 0.2

o : i ermined by CALIPSO. Cloudy/clear scenes are situations
distributions of the brightness temperature difference between 1 . .
and 7 pm. g P or which all three CALIPSO samples within the AIRS

golf ball are cloudy/clear. Distributions are shown for
clouds which have been determined by thé method
are small (less than 0.5K), we do not apply them any-as low or high clouds fciq>680hPa or pcia<440 hPa)
more. and separately for clouds determined as midlevel clouds
(440 hPa: p¢ig<680 hPa) over surfaces not covered by snow
— When evaluating the cloud altitude of high clouds in the or jce as well as for all clouds over snow and ice regions,
midlatitudes, using simultaneous CALIPSO data (seeysing observations at 01:30 LT. A microwave flag giving in-
below), we have discovered that for few cases the AIRS-formation on snow and ice is provided by the AIRS L2 data.
LMD cloud altitude was higher than the CALIPSO e observe that in general the distributions are narrower for
cloud altitude. This happened in cases where the eftloudy scenes than for clear sky (or partly cloudy scenes),
fective cloud emissivity in Eq. (2) only changed very ith a relatively good separation when using a threshold of
slightly from one pressure level to the next. The pres-0.2 for low and high clouds and of 0.1 for midlevel clouds.
sure level with minimumy? and second minimumy?  However, the discrimination is much less pronounced when
were very close together. For these cases we now detekhe surface is covered by snow or ice. In this case we have
mine the cloud level as the average of all cloud levelsexplored another variable: the brightness temperature differ-
for which ecig lies within 0.1. ence between 11 um and an average of four channels around
Tpm (at 7.180, 7.183, 7.223 and 7.240 um). The first wave-
a\ength corresponds to an atmospheric window, whereas the
latter correspond to the absorption band of water vapour. In
general, one would expect positive differences, because the
second brightness temperature is reduced by the absorption

— Detection of cloudy scenes now depends on the spectr
variability of the retrieved cloud emissivity within six
wavelengths instead of on a cloud emissivity difference
between two wavelengths (see next section).

— Instead of considering only clouds withgq — of water vapour in the atmosphere. In the case of cold tem-
Tsuri(@ir) <—4.5K, we consider all clouds over ocean peratures and dry air, predominant in polar regions, atmo-
and clouds withl¢jg — Tsur(air) <—3 K over land. spheric inversions would lead to a negative difference (Liu

and Key, 2003). From Fig. 2 we discriminate cloudy from
The impact of these changes, however, is small, as caglear scenes by using a threshold of — 5K. A similar test
be seen in the latitudinal averages of total, hlgh, midlevelis app“ed in the MODIS cloud retrieval (Frey et al., 2008)
and low-level cloud amounts shown in Flg 7 (described in during po|ar night_ Indeed, when Comparing the distribu-
Sect. 3). tions for observations at 13:30LT in Fig. 3, the brightness

www.atmos-chem-phys.net/10/7197/2010/ Atmos. Chem. Phys., 10, 72922010
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Table 1. Agreement of clear and cloudy scenes determined by the

2048 icerdysnow e -
§ 0416 & i AIRS “a posteriori” cloud detection and by CALIPSO.
2014 &
2012
F ' © 01 [ ' - -
15E Eoos - A a) over ocean and land observation time 01:30 LT 13:30LT
S S ggj E i observation time 01:30LT 13:30LT
05 |- T 02s AP TR T surface
L L 0 rasad S b . ocean land  ocean land
0 0.2 0.4 0.6 10 0 10 latitude bands
o(e(M)/egyy Tg(11um)-T(7um) (K)
tropical 82.0% 81.9% 77.7% 85.2%
Fig. 3. Same distributions as in lower panels of Fig. 2, but this time ~ Midlatitudes 87.7% 79.5% 86.7% 83.4%
for observations at 13:30 LT. polar 88.4% 835% 88.9% 81.0%

b) over sea ice and snow covered land
observation time 01:30LT 13:30LT

temperature difference is less pertinent, because temperas=

ture inversions occur mostly during night and early morn-M seaice snow seaice  snow
ing. When applying these thresholds, we observed that espe-
cially over land there were clouds with a temperature close midlatitudes 80.2% 74.9% 83/9% 77.6%
to the surface air temperature. By exploring distributions of _P°/a" 76.4% 68.7% 832% 68.3%
Teid — Tsurf(air) (not shown), we discovered that these scenes c) comparison using a threshold-e® K instead of-5 K
correspond mostly to CALIPSO clear sky scenes. Therefore, 01:30LT 13:30LT

we apply over land an additional test which resets to clear surface _ _
sky all cloudy situations withgjq — Tsyri(air) > —3 K. latitude bands seaice  snow  Seaice  snow

In the following, we summarize the tests for the AIRS-

: midlatitudes 80.3% 76.0% 83.0% 78.2%
LMD cloud detection. , , N polar 775% 685% 82.3% 70.4%
The AIRS footprint is cloudy if the following conditions
are fulfilled:
£clg>0.05 and latitudinal dependence (as in Figs. 6 and 7). In Table 1

we also present as an example the agreement when chang-

for regions not covered by snow or sea ice: ing the test fromTB(11ym) — TB(7um—5 K to TB(11um)

o (e3)ecid<0.2 if pig<440 hPa opgg>680 hPa — TB(7um}—2 K. The agreement is similar, but when con-

) sidering the latitudinal dependence of cloud amount which
o (¢2)ecid<0.1 if 440 hPa< pcig<680 hPa shows already a small cloud amount in the polar regions, the
or for regions covered by snow or sea ice: :::tféé:gﬁ;hmd yields a still smaller cloud amount in the po-

TB(11pm) — TB(7um)—5K
2.5 Evaluation of AIRS-LMD cloud height
o(g))lecig<0.3
We have analyzed two years (2007-2008) of collocated
and over land or snow: AIRS CALIPSO data, separately for three latitude bands:
Teid — Tsuri@ir) <—3 K. tropical/subtropical latitudes (30N-30° S),. midlatitudes
(30° N-6C° N and 30 S-60 S) and polar latitudes (6IN—
This “a posteriori” cloud detection leads to an agreement90° N and 60 S—90 S). Figure 4 presents normalized distri-
with the CALIPSO cloud detection (at a horizontal averag- butions ofp¢ig(AIRS) — pmid(CALIPSO), using cloud layers
ing of 5km or less) of about 82%/88%/88% over ocean anddetected by CALIPSO, not including subvisible cirrus (see
82%/80%/84% over land, respectively in tropical latitudes, Sect. 2.2). In the case of multiple cloud layers we choose
midlatitudes and polar latitudes and of about 80%/76% overthe one which is closest in height between the highest and
sea ice and 75%/69% over snow, respectively in midlatitudesecond highest, as in (Stubenrauch et al., 2008). This is jus-
and polar latitudes for observations at 01:30LT. In generaltified, because CALIPSO only sparsely samples the AIRS
these agreements are quite high, especially if we considefootprint, and AIRS could observe a mixture of both clouds.
that CALIPSO only samples the AIRS footprint. They are We compare the results of the AIRS-LMD cloud retrieval
slightly higher over ocean than over land. Table 1 summa-o those provided by the NASA AIRS L2 data. In general,
rizes this agreement separately for 01:30LT and 13:30LTall AIRS-LMD distributions peak around 0. The distribu-
This kind of comparison was considered to determine thetion in the polar latitudes is broader, most probably because
thresholds, in addition to the study of geographical mapsthe cloud height determination is less precise over snow and
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o bzt L kS Fig. 5. Normalized frequency distributions of the difference be-

tween the cloud height of AIRS-LMD and the height of maximum
backscatter of the uppermost cloud layer detected by CALIPSO,
excluding subvisible cirrus, (left) and the difference between cloud
Fig. 4. Normalized frequency distributions of the difference be- top and height of maximum backscatter (right), separately for high
tween AIRS cloud pressure and pressure of the “apparent mid¢louds (full line) and midlevel/low clouds (broken line) as deter-
dle” of the uppermost cloud layer detected by CALIPSO, excluding mined by CALIPSO, for the latitude bands38-3C° S (upper pan-
subvisible cirrus. Observations at 01:30LT. AIRS cloud retrievals els), 30—-60° (middle panels) and 68-9C° (lower panels).

from LMD are compared to those of NASA L2 products, separately
for the latitude bands 3AN-30° S (upper panel), 38-60° (middle
panel) and 60-9C° (lower panel).

-600 -400 -200 0 200
Puq(AIRS)-p,,4(CALIPSO) (hPa)

panel of Fig. 5. When considering cases in which a running
mean atmospheric profile within one week has been used in
] o the cloud retrieval, the distributions look very similar. Only
ice surfaces. Distributions for the NASA L2 cloud pressure i, the 2.5% of all cases with a monthly mean atmosphere

also peak around 0, but they have large tails towards neganere seems to be a slight negative bias of about 50 hPa in the
tive values. The range of retrieved|q is much smaller than  A|rs-LMD cloud pressure (not shown).
for AIRS-LMD, with large negative biases for low clouds.

These biases have already been revealed in (Kahn et al.,
2008; Stubenrauch et al., 2008). In polar latitudes the pealg  Average cloud properties from 2003 to 2008
is even shifted te-100 hPa and the tail is even larger.

In Fig. 5 we compare the AIRS-LMD cloud height with In this section we give a short overview of physical cloud
the height of the maximum backscatter signal within the properties obtained from the AIRS-LMD cloud climatol-
cloud, determined by CALIPSO, separately for high cloudsogy. We concentrate on total cloud amount (CA) as well
and for midlevel/low clouds. We observe that in all three as on high cloud amount (HCA, clouds withjg<440 hPa),
latitude bands the difference distributions once again have anidlevel cloud amount (MCA, 440 hRapq<680 hPa) and
peak around 0 and distributions for midlevel/low clouds arelow-level cloud amount (LCA, pcg>680hPa). Cloud
slightly narrower than for high clouds. This can be explainedamount is computed as the ratio of the number of cloudy
by the fact that for midlevel/low cloudsnbscis close taziop, AIRS footprints and the total number of AIRS measurements
whereas high clouds can be much more diffuse, leading tger I latitudex 1° longitude. Table 2 presents 6-year aver-
much broader distributions efop—zmbsc as seenintheright ages of these cloud amounts over the whole globe, over ocean
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Table 2. Cloud amount from the AIRS-LMD cloud climatology, determined as the fraction of cloudy AIRS spots (not cloudy spots have

a weight of 0). Results are also shown when in the computation not cloudy AIRS footprints are added with a weight of 0.3 (meaning that
not cloudy footprints have on average 30% cloud). For further comparison are shown results from the TOVS Path-B cloud climatology
(1987-1995), and results using CALIPSO considering only uppermost layers, once excluding subvisible cirrus and once including them.
Averages are shown over the globe, separately over ocean and over land, and over NH midlatifdeS@3R), tropics (15 S—-15 N)

and SH midlatitudes (305-60 S): a) total (CA), b) high, c) midlevel and d) lowlevel.

Latitude AIRS-LMD  AIRS-LMD TOVS Path-B CALIPSO CALIPSO upper
band not cldy=0 not cldy=0.3 climatology upper clds clds+subvis Ci
a) CA (%)
Global 66 74 70 70 80
Global — ocean 71 76 74 74 85
Global —land 56 65 60 59 70
60° N-30° N 68 75 68 67 76
15°N-15° S 66 72 69 71 86
30°S-60 S 78 83 83 82 88
b) HCA/CA (%)
Global 40 36 43 42 50
Global — ocean 37 32 40 39 46
Global —land 46 43 50 52 60
60° N-3C° N 39 34 41 45 51
15°N-158° S 58 55 62 57 66
30°S-60 S 28 26 30 34 39
c) MCAJ/CA (%)
Global 18 16 20 16 12
Global — ocean 16 13 16 13 9
Global - land 24 22 28 25 19
60° N-3C° N 22 19 24 19 15
15°N-158° S 11 9 10 10 5
30°S-60 S 21 18 19 16 13
d) LCA/CA
Global 42 47 44 42 38
Global — ocean 47 56 50 48 44
Global - land 31 34 30 24 22
60° N-30° N 39 45 39 36 34
15°N-15 S 31 36 34 34 28
30°S-60 S 51 56 52 51 46
and over land, in the midlatitudes (B8-60° N and 30 S—  cause the total cloud amount lies now between the one deter-

60° S) and in the inner tropics (2MN-15 S). An AIRS foot-  mined by CALIPSO including subvisible cirrus and exclud-
print is either cloudy (CA=100%) or not cloudy (CA=0%). ing subvisible cirrus. The value of partial cloud coverage
Because of the relatively large size of the AIRS footprints, it strongly depends on the cloud regime, as has been demon-
is more likely that not cloudy AIRS footprints are on average strated by a study of Wielicki et al. (1992).

partly covered by clouds instead of being completely clear. Globally, there are about 10 to 15% more clouds over
Therefore, we also present as an example (second colummcean than over land. 42% of all clouds are high clouds, and
cloud amounts which have been calculated by adding the noabout 42% of all clouds are single layer low-level clouds.
cloudy AIRS footprints with a weight of 0.3 (corresponding The largest fraction of high clouds is situated in the tropics
to about 30% cloud amount on average) to the cloudy foot-and the largest fraction of single layer low-level clouds in the
prints. This leads to a rise of global cloud amount from 66% Southern hemisphere midlatitudes. Only about 10% of all
to 74% and to a larger proportion of low clouds. This as- clouds in the tropics are single layer midlevel clouds.
sumption of 30% seems to be feasible as an upper limit, be-
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Fig. 6. Geographical maps of total, high, midlevel and low cloud

amount from AIRS-LMD, in January (left) and in July (right). Av-
erages over the period from 2003 to 2008. Fig. 7. Zonal averages of total, high, midlevel and low-level cloud

amount from AIRS-LMD compared to results from various cloud
climatologies, in January (left) and in July (right).
For comparison, Table 2 also shows results from the TOVS
Path-B cloud climatology (1987-1995; Scott et al., 1999;
Stubenrauch et al. 2006) as well as from an analysis of Figure 6 presents geographical maps of CA, HCA, MCA
CALIPSO L2 cloud data (2007-2008). When determining and LCA, for January and for July. The major features of
the CALIPSO cloud amounts, we have counted only theglobal cloudiness that have been known since the beginning
highest cloud layer in the case of multi-layer clouds, onceof the satellite era (and in fact, even before that) are also
for all detected clouds, including subvisible cirrus, and oncefound in this dataset. We also observe large single layer low-
excluding subvisible cirrus. Results from TOVS Path-B andlevel cloud amount in the stratocumulus regions off the West
CALIPSO, when excluding subvisible cirrus, are very sim- coasts of the continents, even if this type of cloud is eas-
ilar. When including the detection of subvisible cirrus, the ier to detect by using instruments including visible channels
lidar of CALIPSO yields globally 10% more cloud amount. (during daytime) or active instruments. The transition from
From Table 3 we conclude that seasonal differences argtratus towards stratocumulus will be further investigated as

larger in the NH midlatitudes than in the SH midlatitudes, in a study by Sandu et al. (2010).
with about 4% to 8% more clouds in winter, according 10 o1 3 more detailed comparison with other cloud clima-
CALIPSO or to AIRS and TOVS. This can be probably (o|ogies, we present in Fig. 7 latitudinal averages of these
linked to more land masses in the Northern Hemisphereciq,q amounts, again for January and July. Averages of
where there are slightly more midlevel clouds in winter and g years AIRS-LMD (2003-2008) are compared to those
more high clouds in summer. Since seasonal differences iRyt 1o years CALIPSO (2007-2008; all clouds, including
the SH midlatitudes are negligible, this leads to much moregpyisible cirrus, and clouds excluding subvisible cirrus),
clouds in the SH than in the NH midlatitudes in summer 55 el as to averages of eight years TOVS Path-B (1987—
(about 15%), whereas there are only 5 to 10% more clouds in g5 Cloud detection of TOVS Path-B is based on spec-
winter. Considering the different cloud climatologies, gives 5| |R prightness temperature differences, also in compari-
an idea of the spread of the results and therefore indicates agy, \with those from the Microwave Sounding Unit (MSU).
uncertainty. In addition, we present cloud amount averages of ISCCP

(Rossow and Schiffer, 1999) for the period 1984—-2004. Data
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Table 3. Cloud amount averaged over NH midlatitudes9(BB-60° N) in winter, and differences between winter and summer in NH mid-
latitudes, winter and summer in SH midlatitudes (80-60 S), between NH midlatitudes and SH midlatitudes winter and between NH
midlatitudes and SH midlatitudes summer. Results are shown from AIRS-LMD, TOVS Path-B and CALIPSO as in Table 2: a) total (CA),
b) high, c) midlevel and d) lowlevel.

Latitude AIRS-LMD  AIRS-LMD TOVS Path-B CALIPSO CALIPSO upper
band not cldy=0 not cldy=0.3 climatology upper clds clds+subvis Ci
a) CA

N win 71 79 72 70 78
N win — sum 8 9 8 4 4
S win —sum -3 -2 0 1 -2

N —Swin -5 -2 -10 -11 -9
N—S sum -16 -13 -18 -14 -15
b) HCA/CA

N win 35 30 34 42 47
N win — sum -8 -8 -13 -2 —4
S win —sum -4 -2 3 -3 -2
N —Swin 9 5 2 10 10
N —S sum 13 11 18 9 12
c) MCA/CA

N win 25 22 32 19 16
N win — sum 6 5 14 1 1
S win —sum 1 1 0 -1 -1
N —Swin 4 4 13 4 4
N —S sum -1 0 -1 2 2
d) LCA/CA

N win 40 47 36 38 35
N win — sum 3 3 -4 2 2
S win —sum 1 1 -4 5 3
N —Swin -12 -10 -14 -15 -15
N —S sum -14 -12 -14 -12 -14

and documentation are availabléndtp://isccp.giss.nasa.gov the small contrast between clouds and surface. ISCCP de-
We have analyzed the monthly D2 statistics (Rossow et al.termines well CA in these regions because of the additional
1996). CA is given in the D2 data set after interpolation be-use of the 3.7 um channel of the Advanced Very High Reso-
tween daytime and nighttime observations. Cloud type deterfution Radiometer (AVHRR). Between 60l and 60 S CA
mination is more reliable during daytime than during night, of all climatologies is quite similar to CA determined by
because by using “IR only” measurements semi-transparen€ALIPSO when excluding subvisible cirrus. The cloud type
cirrus are classified as midlevel or low-level clouds (Jin andamount differences can be explained by instrument sensi-
Rossow, 1997; Stubenrauch et al., 1999b). Therefore, weivities: HCA of CALIPSO is about 10% larger than HCA
present in Fig. 7 for ISCCP HCA, MCA and LCA daytime of CALIPSO for clouds excluding subvisible cirrus. In the
results as well as results obtained from averages over all obtropics, the difference can be as large as 20%, suggesting
servations. that these regions are covered by more thin cirrus (e.g. Wang
Even if sampling (CALIPSO) and observation times et al., 1996; Winker and Trepte, 1998). For a!l three cI(_)ud
(TOVS Path-B 07:30 and 19:30 LT; ISCCP three hourly) dif- yP€s AIRS-LMD and TOVS Path-B agree quite well with
fer, the latitudinal behaviour of all data sets agree quite well, CALIPSO clouds when excluding subvisible cirrus. Day-
except the very high cloud amount from TOVS Path-B overtime cloud type amounts from ISCCP are missing in the
Antarctica. Compared to CALIPSO data in this region, the Winter hemisphere at latitudes higher thart 60ecause of
TOVS Path-B cloud amount appears too high. AIRS-LMD Permanent lack of daylight. Compared to the results from
underestimates CA in polar latitudes in winter. These re-the IR sounder cloud climatologies, ISCCP daytime HCA is
gions are the most difficult for cloud detection, because ofabout 15% lower in the tropics, due to misidentification of
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thin cirrus. When combining ISCCP day and night obser-
vations the difference in HCA between IR sounders and I1S-
CCP increases to 20% in the tropics. Especially if thin cirrus
is overlying low clouds, this cloud type is misidentified as

midlevel or low-level cloud (Jin and Rossow, 1997; Stuben-
rauch et al., 1999b). Therefore MCA of ISCCP appears 5 to
10% larger than that of CALIPSO. In the polar latitudes dur-
ing winter, the ISCCP MCA is up to 20% larger than the one
of CALIPSO.

At last we present in Fig. 8 zonally averaged vertical dis-
tributions of relative cloud amount as obtained from AIRS-
LMD, from CALIPSO (once considering only uppermost i — =
cloud layers and once considering all vertical cloud layers, "= = «© = o & © & @ e
in both cases subvisible cirrus are excluded) and from Radar
— Lidar GEOPROF, separately for boreal winter (left) and
boreal summer (right). The CALIPSO cloud amount is pre-
sented at the height of maximum backscatter and the Radar #, o
— Lidar GEOPROF cloud amount at the height of the mid- ) — ‘ e e o i
dle of the cloud. The data are normalized in such a way ° o " LLom e A
that the sum over all heights for each latitude interval cor-
responds to 100%. We have to keep in mind that AIRS-LMD _*
provides only information on the uppermost cloud layers,
whereas for CALIPSO and Radar-Lidar GEOPROF we have
used the information on all vertical cloud layers. Therefore )
the features from AIRS-LMD compare better to those from & B e BERETER o
CALIPSO for the uppermost cloud layer. However, low-level = © % T © 5 F SR e R
clouds from the AIRS-LMD climatology seem to be situated
slightly lower than those observed by CALIPSO, probably Fig. 8. Zonally averaged vertical distributions of relative cloud
because of partly covered cloud fields. When consideringgmount as obtained from AIRS-LMD (top panel), from CALIPSO
all vertical cloud layers, the fraction of low clouds increases l(;)":;f(?; tg;#igig;m:tbc'%‘ﬂ;agir 2“: (?In((;ee(f'_i(;raar:ldvf?(;tl!r(’iaégl(;):rd

: . : . , ubvisi Irru XCIU -
slightly, E?md. Sllght!y more with Radar — Lidar GEOPROF Li)(;ar GEOPROF (bottom panel), separately for boreal winter (left)
data. As In_d_lcatefj.ln (Mace etal., 2008), dense aerosol Iayer§nd boreal summer (right). The data are normalized in such a way
may be misidentified as Iow—leyel gloqu by CALIPSO and that the sum over all heights for each latitude interval corresponds
there may be a surface contamination in the radar data (Macg, 1009%. Averages over the period from 2007 to 2008.
et al.,, 2007), leading to an overestimation of low clouds.

Nevertheless, features from the different data sets look quite

similar, which indicates that low-level clouds also appear as4  Synergy of AIRS, CALIPSO and CloudSat:

single layer clouds. All data sets show well the structure of  properties of high clouds

the ITCZ with high clouds near the tropopause and only few

low-level clouds. The maximum of relative cloud amount In this section we further explore the properties of high

from AIRS-LMD seems to be slightly lower than the one by clouds, by distinguishing opaque clouds, cirrus and thin cir-

CALIPSO or Radar — Lidar GEOPROF, because in the casaus (see Sect. 2.3). First, we are interested in their occur-

of thin cirrus and thicker cirrus underneath, AIRS-LMD de- rence, summarized in Table 4. Whereas high opaque clouds

termines the cloud height of the cloud underneath, whereasover only a very small area of about 3%, cirrus and thin

the other data sets account for both cloud layers. Other intereirrus have each about a four times larger coverage. Val-

esting features in the midlatitudes are the winter storm tracksies of AIRS-LMD and of TOVS Path-B are quite similar,

for which AIRS-LMD shows a full cloud column in con- with slightly more high opaque clouds and slightly less cirrus

trast to cirrus in summer. At polar latitudes (especially overfrom AIRS, especially in the tropics. This is certainly linked

Antarctica) in winter CALIPSO detects stratospheric cloudsto the better spatial resolution of 13.5 km for the AIRS-LMD

(as observed for example by Sassen et al., 2008) which areloud retrieval compared to 100 km for TOVS Path-B.

not determined by AIRS-LMD. The following sections illustrate how the synergy between
AIRS, CALIPSO and CloudSat leads to more insight of the
vertical structure of these different cloud types. Therefore we
use the collocated AIRS, CALIPSO and CloudSat data set
(see Sect. 2.2), which provides, amongst other parameters,
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Table 4. Cloud amount (CA) of high opaque clouds(j<440 hPa
andec|g>0.95), cirrus pcjg<440 hPa and 05¢¢g>0.95), and thin
cirrus (pcig<440hPa andq<0.5), from the AIRS-LMD cloud
climatology. For comparison, results are shown in italic from the
TOVS Path-B cloud climatology (1987-1995). Averages are pre-
sented over the globe, separately over ocean and over land, an
over NH midlatitudes (3ODN-6C N), tropics (15 S—-1% N) and SH R e o ‘ ‘
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cloud type identification and “radiative” cloud height by
AIRS, cloud top, height of maximum backscatter signal and
“apparent” cloud base by CALIPSO as well as cloudtopand ,! 0 SE
“real” cloud base by CloudSat. T et et
In the first subsection we will explore the position of the
maximum backscatter signal within the cloud as well as theFig. 9. Normalized frequency distributions of the height of max-
“apparent” and geometrical thickness of the different cloudimum backscatter in relation to the cloud top, separately for high
types. A characterization of cloud boundaries is neededPadue clouds (fuII'Iine), cirrus (broken line) and thin cirrus (dptted
to specify the radiative impact of clouds and also to deter-n€). as absolute differencgop — zmbsc (left panel) and as relative
mine the distribution of condensed water or ice in the atmo-2fference top — zmbso/(ztop — zbasd (right panel). Distributions
- ) . . are presented for three different latitude bands$:18630° S (upper
sphere. For optically th|ck_clouds_, only comblned_lldar a_md panels), 36-60° (middle panels) and 669C° (lower panels).
radar measurements provide their “real” geometrical thick-
ness. The second subsection studies in more detail the height
of the lidar maximum backscatter signal within the cloud and
the radiative cloud height determined by AIRS, in depen-fuse in the tropics, where the distributions are broader than
dence of cloud emissivity and cloud apparent thickness. Thén the midlatitudes and in the polar latitudes. The distribu-
latter should be approximately one photon penetration depthions of ¢top—zmbsd/(ztop— zbase are quite different for high
into the cloud (e.g. Sherwood et al., 2004), and several casepaque clouds compared to thinner cirrus: the height of max-
studies (Heymsfield et al., 1991; Sherwood et al., 2004) havémum backscatter is near the top, with very few cases of max-
shown that even for deep convective clouds with large opticaimum backscatter height in the lower three quarters of the
depth this radiative height lies 1 to 2 km below the cloud top. cloud, whereas the distributions of cirrus and thin cirrus are
much broader. The difference between high opaque clouds
4.1 Position of maximum backscatter, geometrical and  and thinner cirrus can be explained by the much larger verti-
“apparent” thickness cal extent of high opaque clouds (including Cumulonimbus)
compared to the one of cirrus and thin cirrus, as shown in the
Figure 9 presents normalized frequency distributions ofleft panel of Fig. 10. The distributions of vertical extent of
Ztop— Zmbsc (Ieft panel) and £iop — Zzmbsd/(ztop — zbase (right high opaque clouds are quite broad (the tropical/subtropical
panel), separately for high opaque clouds, cirrus and thin cirdistribution is even nearly flat), with a peak around 10 km in
rus in the three latitude bands described in Sect. 2.5. Onlyhe midlatitudes and around 8 km in the polar latitudes. This
AIRS scenes for which all three CALIPSO samples within means that these clouds may extend over the whole tropo-
the AIRS golf ball are declared cloudy and which are ho- sphere. Note, however, that this type of cloud only covers
mogenous (same AIRS cloud type over nine AIRS footprintsabout 3% of the globe (Table 4). Cirrus vertical extent peaks
of the corresponding AIRS golf ball) are considered. The dis-around 4km in the tropics, 5km in the midlatitudes and
tributions ofzyop — zmbscare quite similar for the three cloud around 8 km in the polar latitudes. The distributions of ver-
types, with a peak of maximum backscatter near the cloudical extent of optically thin cirrus peak around 2 km, with a
top. Nevertheless, high clouds seem to be slightly more dif-quite broad distribution in the polar latitudes. Itis interesting

-----
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radiative effects, and therefore we also explore in Fig. 11 the
normalized frequency distributions of the relative height of
the maximum backscatter signal compared to the “apparent”
] i —r— cloud geometrical thickness, separately for the three differ-
N 2 o . N Fvwinifie o I ent latitude bands. These distributions show again that in the
0 ° 2y o (k) O At e (k) tropics high opaque clouds are more diffusive, with a peak
around 25% below cloud top in the tropics compared to 20%
Fig. 10. Normalized frequency distributions of the geometrical below cloud top in the other latitude bands.
cloud thickness (left panel), separately for high opaque clouds (full
line), cirrus (broken line) and thin cirrus (dotted line), obtained from 4.2  Relationship between position of maximum
Radar-Lidar GEOPROF data, and of the difference between geo- backscatter, “radiative” height and “apparent”
metrical cloud thickness from Radar-Lidar GEOPROF data and the thickness
one obtained from CALIPSO (right panel). Distributions are pre-
sented for three different latitude bands:°36-30° S (upper pan-  In Sect. 2.4 we have shown that in general the AIRS-LMD
els), 30-60° (middle panels) and 86-9C° (lower panels). “radiative” cloud height compares quite well to the middle
of the “apparent” geometrical cloud thickness and also to the
height of the maximum backscatter, with a slightly larger dis-
to note that the cirrus distribution resembles more the distri-persion. Two case studies (Holz et al., 2006) have shown
bution of thin cirrus in the tropics and shifts towards the onethat the cloud height retrieved from the Scanning High-
for opaque clouds towards higher latitudes. This is proba-Resolution Interferometer Sounder (S-HIS) corresponds to
bly linked to the different formation processes (anvil cirrus the level in the cloud where the Cloud Physics Lidar (CPL)
against storm track cirrus). To highlight the importance of integrated optical depth is approximately 1. The question in
including the CloudSat cloud base, we present in the rightthis case would be if.g=1 is reached faster for an opically
panel of Fig. 10 distributions of the difference between cloudthick cloud than for an optically thin cloud which would then
vertical extents determined by CALIPSO alone and by theinduce thatz¢g(AIRS) (further onzairs) would be closer
CALIPSO-CloudSat GEOPROF data base. For high opaquéo the cloud top for optically thick clouds than for optically
clouds the difference may reach more than 10 km in the tropthin clouds. Therefore we try to explore further the rela-
ics, 7 km in the midlatitudes and 6 km in the polar latitudes, tion between the position of the maximum backscatter sig-
whereas for optically thin cirrus there is no difference. This nal, the “radiative” height and the “apparent” cloud geomet-
result also indicates the quality of the AIRS-LMD cloud type rical thickness. For a better separation between optically
determination. thick and thin clouds, we consider high opaque clouds with
Since for high opaque clouds the “apparent” geometricalécid>0.95, cirrus with 0.8-e¢iq>0.5 and optically thin cir-
cloud thickness (at which the cloud reaches an optical deptfius With 0.4-&¢g>0.05, and we demanti4=5, tci>0.5
of 5) can be much smaller than the real geometrical cloudnd tcia<1.5, respectively, to reduce AIRS misidentifica-
thickness, we present in Fig. 11 normalized distributions oftion due to heterogeneous scenes. For the determination of
this quantity separately for the three latitude bands. Indeed;top— zaIRs, We need atmospheric profiles of good quality.
the distributions lie between 1 and 7 km with a peak value These are available only for optically thin cirrus. For the
around 2.5km for all three latitude bands. It is the “appar-Other cloud types, a running mean over a week or a monthly
ent” geometrical cloud thickness which is more relevant for average of good quality profiles is used.
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Fig. 12. Average difference between cloud top and height of max- Fig. 13. Average difference between cloud top and “radiative” cloud
imum backscatter (right panels) and average difference relative theight (left panels) and average difference relative to “apparent”
“apparent” cloud geometrical thickness (left panels) as a function ofcloud geometrical thickness (right panels) as a function of “appar-
“apparent” cloud geometrical thickness, separately for high opaquesnt” cloud geometrical thickness, separately for high opaque clouds
clouds (full circles), cirrus (open triangles) and thin cirrus (open (full circles), cirrus (open triangles) and thin cirrus (open circles)
circles) and for three different latitude bands:°36-3C° S (upper and for three different latitude bands:°39-30° S (upper panels),
panels), 36-60° (middle panels) and 66-9C° (lower panels). 30°-6C° (middle panels) and 68-9C° (lower panels).

clouds the “radiative” cloud height depends on the “appar-
9 (ziop— app (right) as a function of “apparent” geo- ent” cloud thickness and can be as low as 3km beneath the
Zmbes!/(Ztop = Zpasd (M9 PP g cloud top. Earlier case studies by Heymsfield et al. (1991)

K . app .
metrical cloud thicknessiop — zpage 8gain separately forthe ;4 gherwood et al. (2004) have already drawn attention to
three cloud types and for the three latitude bands. We observ§1iS problem. On average, the “radiative” cloud height of

a nearly linear increase of the average depth of the signal Oﬁigh opaque clouds lies between 0.5 and 1.5km below the

maximum backscatter with increasing “apparent” cloud ge- 0 4 top. In comparison to Fig. 12, “radiative” cloud height

omeFricaI thickne;s, reaching 2.5 km at an “apparent’ 9€05eems to be about 10 to 20% lower than the position of max-
metrical cloud thickness of 6 km. High opaque clouds and

) h h behavi h b liah Iimum backscatter at the same “apparent” geometrical thick-
cirrus show the sa][ne h'e aymur.Th er? see.msl_toh Ieas ng Ness. In general, the “radiative” cloud height seems to be
stronger increase for thin cirrus. The slope is slightly weakeryo<q 1o the sapparent middle” of the cloud (or sightly be-

iq the polar Ia_titudes. Considering the relative de_pth of thelow), independent of “apparent” geometrical cloud thickness.
signal of maximum backscatter, we“ observe ”an increase Ofn polar latitudes, the spread of “radiative” height between
only about 10% over the range of “apparent” cloud thick-

cirrus and high opaque clouds is larger. This could perhaps

ness. At the same “apparent” cloud thickness the maximuny, jinked to the different vertical structure of the clouds and

backscatter of optically thin cirrus is about 10% deeper insideeiy gifferent formation process. Further investigations are

the cloud than for the other cloud types. needed to draw conclusions, because in these regions the at-
Figure 13 presentsziop — zairs (left) and Gwp —  mospheric profiles are more difficult to retrieve and the cloud

zaIRS) (ztop — zpoby (right) as function ofp— zpnee fOr the  height over ice has larger uncertainties.

same cloud types and latitude bands as in Fig. 12. High

opague clouds and cirrus show an increasei§f— zairs

as function ofziop — zp o, Similar to the behaviour afiop —

Zmbse It iS interesting to note that even for high opaque

Figure 12 presentsziop — zmbse (left) and Grop —
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4.3 Relationship between distance of cloud top to

T L tropics
tropopause and geometrical thickness = L
v A
Our collocated data set should also give some informa- g [° ¢ .
tion on the height of clouds with respect to the tropopause. 2 A
We are especially interested in clouds penetrating into the Lo A A @ g
stratosphere. This phenomenon has been observed for deep i © o © e

convection in the tropics (e.g. Zhang, 1993; Gettelman et L
al., 2002; Hong et al., 2008). The tropics should also 2 4 6 8 10 12 14 16 18
show widespread layers of cirrus near the tropopause. Fig- Ziop™Zbase (KM)

o

ure 14 presents the difference between the height of the E A midlatitude
thermal tropopause, given by CALIPSO (from GMAO), and ;_‘ 4
CALIPSO cloud top height as function of real geometrical flo

cloud thickness, obtained from radar-lidar GEOPROF data, 2
separately for high opaque clouds witly>0.95, cirrus with

0.8>¢¢)g>0.5 and optically thin cirrus with 04g¢q>0.05

identified by AIRS in the three latitude bands. In the tropics 0
we observe that only the opaque clouds that are the thick- ol Lo b e b b
. . . . 2 4 6 8 10 12 14
est geometrically and (the probably surrounding anvil) cirrus ZypZyzse (kM)
penetrate the stratosphere. These vertically extending clouds polar

likely correspond to larger organized, mesoscale convective
systems, which more often lead to penetrating convection
than smaller, unorganized convective systems as has been
shown by Rossow and Pearl (2007). Opaque clouds with A

smaller geometrical thickness reach to about 2 km below the o o g
tropopause. In the midlatitudes and polar latitudes, the cloud 0 ¢ s
top height relative to the tropopause differs much less be- P SR SN SN EFRTI B
tween high opaque clouds and cirrus, and there is a smooth 2o
increase with increasing geometrical cloud thickness. "

A

68“33,;
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ZtropZtop (km)
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o

Fig. 14. Average difference between the height of the tropopause
and the cloud top as a function of real cloud geometrical thick-
ness, separately for high opaque clouds (full circles), cirrus (open
triangles) and thin cirrus (open circles) and for three different lat-
We have presented properties of a six-year global cloud clijtude bands: 30N-3C° S (upper panel), 38-6¢° (middle panel)
matology from the Atmospheric InfraRed Sounder AIRS, us-and 60-90¢° (lower panel).

ing the AIRS LMD cloud retrieval. The retrieval is based on a
weightedy 2 method on radiances around the 15 pm@0-
sorption band. Auxiliary data are AIRS L2 atmospheric pro- ous use of microwave channels, and of the ISCCP climatol-
files and pre-computed spectral transmissivity profiles fromogy, using a 3.7 um channel during night, compare well to
the TIGR data set, as well as spectral surface emissivitieshe one of CALIPSO.
from AIRS and MODIS. Cloud amount is essentially deter-  Global cloud amount has been estimated as about 66% to
mined by testing the spectral coherence of retrieved cloud’4%, depending on the weighting of not cloudy AIRS foot-
emissivities. In addition, clouds over land are restricted to aprints by partial cloud cover between 0 and 0.3. There are
temperature 3K less than the surface air temperature. Ovegbout 10% more clouds over ocean than over land. 42% of all
snow and ice covered surface, a test on atmospheric tempeeiouds are high clouds, and about 42% of all clouds are single
ature inversions takes out probable clear sky. layer low-level clouds. When considering also subvisible cir-
This “a posteriori” cloud detection leads to an overall rus, global cloud amount increases to 80% and high clouds
coincident agreement with CALIPSO of about 85% over make out 50% of all clouds. The largest fraction of high
ocean and of about 75% over land. Also the zonal aver<clouds is situated in the tropics and the largest fraction of sin-
ages of cloud amount agree very well with the ones de-gle layer low-level clouds in the Southern hemisphere midlat-
termined by CALIPSO, when excluding subvisible cirrus. itudes. Only about 10% of all clouds in the tropics are single
Only at higher latitudes in winter, total cloud amount over layer midlevel clouds, in agreement with earlier observations
snow and ice seems to be underestimated, whereas the tby Mace and Benson-Troth (2002). As the fraction of de-
tal cloud amount of the TOVS Path-B climatology, using a tected cirrus depends on instrument sensitivity, the active li-
multi-spectral cloud detection also based on the simultanedar is the most sensitive instrument, followed by IR sounders.

5 Conclusions
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ISCCP underestimates high cloud amount, especially in the When relating the distance between the tropopause and the
tropics where these clouds are most abundant. Thin cirrugloud top to the real cloud thickness, we observe in the trop-
overlying low-level clouds are falsely identified as midlevel ics that only the geometrically thickest opaque clouds and
clouds by ISCCP. When distinguishing high clouds by their (the probably surrounding anvil) cirrus penetrate the strato-
IR emissivity, one observes that high opaque clouds onlysphere. These vertically extending clouds correspond possi-
cover a very small fraction of our globe: about 3%, in agree-bly to larger organized, mesoscale convective systems, which
ment with ISCCP (Rossow and Schiffer, 1999). lead more often to penetrating convection than smaller, un-
Cloud height of the AIRS LMD cloud retrieval has been organized convective systems as shown by Rossow and
evaluated using the height of the maximum backscatter sigPearl (2007).
nal and of the “apparent middle” of the highest cloud layer This 6-year global cloud climatology participates
detected by CALIPSO, excluding subvisible cirrus. All dif- in the GEWEX cloud assessmentttp://climserv.ipsl.
ference distributions (for high and low clouds as well as in polytechnique.fr/gewexga and in this framework further
the tropics, midlatitudes and polar latitudes) are Gaussiaranalyses of average cloud properties as well as their regional,
with a strong peak around 0. This means that the “radia-seasonal and interannual variations from all participating
tive” height determined by the AIRS-LMD retrieval corre- climatologies are in progress (Stubenrauch et al., 2009). The
sponds well to the height of the maximum backscatter signalAIRS-LMD cloud climatology will be made available at
and of the “apparent middle” of the cloud. A comparison http://ara.Imd.polytechnique.fr
of the cloud height provided by the AIRS L2 products with
CALIPSO exhibits a strong negative bias in the cloud preS_AcknowledgementsThis worl_< has been financially supported by
sure of low clouds, in agreement with a study of Kahn et NRS and by CNES, and in part by the European Community
al. (2008). under the contract FP6-516099. The e}uthors thank the mgmbers of
We used the unique constellation of the A-Train, with its the AIRS, CALIPSO and CloudSat science teams for their efforts

o . ., and cooperation in providing the data as well as the engineers and
two active instruments, to explore the “apparent” and thespace agencies who control the quality of the data. We also want

real .geometrical cIoud.thi'ckn.eSS, as.wel! as the depth ofg thank our other colleagues from the Atmospheric Radiation
maximum backscatter, indicating the diffusiveness of clouds analysis (ARA) team at LMD for technical support. Special

Whereas the real cloud thickness of high opaque clouds maghanks to Dave Winker for fruitful discussions about analyzing the
fill the whole troposphere, their “apparent” cloud thickness CALIPSO L2 data and to Gerald Mace and Donald Reinke for help
(at which optical thickness reaches about 5) is on averagavith the Radar Lidar GEOPROF data, as well as to two anonymous
only 3km. We also showed that the real geometrical thick-reviewers who contributed to a better formulated manuscript.

ness of thin cirrus as identified by AIRS-LMD is identical _

to the “apparent” cloud thickness with an average of aboutEdited by: S. Buehler

2.5km in the tropics and midlatitudes.

In general, the depth of the maximum backscatter signha
increases nearly linearly with increasing “apparent” cloud
thickness. Even for high opaque clouds, the height of max
imum backscatter lies on average about 35%/30% and 259
below cloud top relative to “apparent” geometrical thickness,
respectively in the tropics, midlatitudes and polar latitudes.
This indicates that high clouds in the tropics have slightly
more diffusive cloud tops than at higher latitudes. For the
same “apparent” cloud thickness optically thin cirrus show
a maximum backscatter about 10% deeper inside the clougyeferences
than optically thicker clouds.
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slightly lower than the position of maximum backscatter. It
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is interesting to note that even for high opaque clouds the “ra- oo ote 41 253264 2003.
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