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Abstract. We present a six-year global climatology of cloud
properties, obtained from observations of the Atmospheric
Infrared Sounder (AIRS) onboard the NASA Aqua satellite.
Cloud-Aerosol Lidar and Infrared Pathfinder Satellite Obser-
vations (CALIPSO) combined with CloudSat observations,
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
CALIPSO about 85% over ocean and about 75% over land.
Global cloud amount has been estimated from 66% to 74%,
depending on the weighting of not cloudy AIRS footprints
by partial cloud cover from 0 to 0.3. 42% of all clouds are
high clouds, and about 42% of all clouds are single layer
low-level clouds. The “radiative” cloud height determined
by the AIRS-LMD retrieval corresponds well to the height
of the maximum backscatter signal and of the “apparent mid-
dle” of the cloud. Whereas the real cloud thickness of high
opaque clouds often fills the whole troposphere, their “appar-
ent” cloud thickness (at which optical depth reaches about 5)
is on average only 2.5 km. The real geometrical thickness of
optically thin cirrus as identified by AIRS-LMD is identical
to the “apparent” cloud thickness with an average of about
2.5 km in the tropics and midlatitudes. High clouds in the
tropics have slightly more diffusive cloud tops than at higher
latitudes. In general, the depth of the maximum backscatter
signal increases nearly linearly with increasing “apparent”
cloud thickness. For the same “apparent” cloud thickness
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optically thin cirrus show a maximum backscatter about 10%
deeper inside the cloud than optically thicker clouds. We also
show that only the geometrically thickest opaque clouds and
(the probably surrounding anvil) cirrus penetrate the strato-
sphere in the tropics.

1 Introduction

Clouds cover more than two thirds of the Earth’s surface, and
hence they play a dominant role in the energy and water cy-
cle of our planet. Satellite observations offer a unique pos-
sibility to survey cloud properties on a global and continu-
ous scale, and their record length exceeds now more than 25
years. Within the framework of the World Climate Research
Programme (WCRP), the Radiation panel of the Global En-
ergy and Water Experiment (GEWEX) has initiated a cloud
assessment to evaluate the quality of climate records of cloud
properties, with special emphasis on the GEWEX cloud
products from the International Satellite Cloud Climatology
Project (ISCCP, Rossow and Schiffer, 1999). To resolve the
diurnal cycle of clouds, ISCCP uses VIS (day only) and IR
atmospheric window radiance measurements from imagers
on geostationary and polar orbiting weather satellites. Time
sampling is three hourly, and the initial spatial resolution of
about 7 km is sampled at about 30 km. Cloud detection is
based on space and time variability of the IR and VIS ra-
diances. First intercomparisons of about ten different cloud
climatologies have highlighted the different sensitivities of
various instruments and retrieval methods (Stubenrauch et
al., 2009). Compared to other passive remote sensing instru-
ments, the high spectral resolution of IR vertical sounders
leads to especially reliable properties of cirrus with optical
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depth as low as 0.1, day and night (e.g. Wylie et al., 1994;
Ackerman et al., 1995; Smith et al., 1998; Stubenrauch et al.,
1999b, 2006; Wylie and Menzel, 1999; Chung et al., 2000;
Kahn et al., 2007).

CO2 sensitive channels of IR vertical sounders allow the
determination of cloud height and cloud emissivity of a sin-
gle cloud layer (the uppermost cloud layer in the case of
multi-layer cloud scenes). Radiances measured from near the
centre of a CO2 absorption band are only sensitive to the up-
per atmosphere while radiances from the wings of the band
(away from the band centre) successively probe lower lev-
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-
board Aqua since 2002 and the IR Atmospheric Sounding
Interferometer (IASI) onboard METOP since 2006. The A-
Train mission (Stephens et al., 2002), consisting of several
passive and two active remote sensing instruments in con-
stellation with the Aqua satellite, provides a unique possi-
bility to explore the geometrical depth and multi-layer struc-
ture of clouds. The Cloud-Aerosol Lidar with Orthogonal
Polarization (CALIOP) of the Cloud-Aerosol Lidar and In-
frared Pathfinder Satellite Observations (CALIPSO) mission
(Winker et al., 2007, 2009) is also sensitive to very thin cirrus
(such as subvisible cirrus with optical depth down to 0.01)
and provides information on multiple cloud layers as long as
clouds are optically not too thick. In the latter case, the cloud
profiling radar (CPR) of the CloudSat mission (Stephens et
al., 2002; Mace et al., 2007) helps to complete the informa-
tion on vertical cloud layer structure. For this purpose, the
Cloudsat Geometrical Profiling Product (GEOPROF; Mace
et al., 2007; Marchand et al., 2008) and the CALIPSO Ver-
tical Feature Mask (VFM, Vaughan et al., 2004) have been
merged into a combined Radar-Lidar Geometrical Profile
Product (Radar – Lidar GEOPROF; Mace et al., 2009).

In this article we present cloud properties, retrieved from
AIRS data by a weightedχ2 method (Stubenrauch et al.,
1999a). The AIRS-LMD cloud property retrieval, first de-
veloped for tropical and subtropical latitude bands (30◦ N to
30◦ S) and presented in (Stubenrauch et al., 2008), has been
refined and extended to the whole globe. The retrieval is
applied to all data, after which a test based on the spectral
coherence of cloud emissivities, determined at wavelengths
between 9 and 12 µm by using the retrieved cloud pressure,
decides whether the AIRS footprint is cloudy or mostly clear.
Thresholds have been established by comparing clear and
cloudy scenes within the AIRS footprints, distinguished by
coincident CALIOP measurements.

Section 2 describes the AIRS-LMD cloud property re-
trieval algorithm, which makes use of retrieved atmospheric
temperature and water vapour profiles of the AIRS L2 data
(Susskind et al., 2003, 2006) and of atmospheric spectral
transmissivity profiles which have been simulated for at-
mospheric profiles of the Thermodynamic Initial Guess Re-
trieval (TIGR) data base (Chédin et al., 1985; Chevallier et

al., 1998). AIRS data have been collocated with CALIPSO
data and then with the Radar – Lidar GEOPROF data. The
latter complete the information on vertical cloud layer struc-
ture, when the lidar cannot completely penetrate the whole
cloud column. These data are used to choose tests to de-
termine the AIRS cloud amount and to evaluate the AIRS
cloud height. Section 3 gives an overview of average cloud
properties of the 6-year AIRS-LMD cloud climatology. High
clouds are studied in more detail in Sect. 4, in combination
with CALIPSO and Radar – Lidar GEOPROF data. Conclu-
sions are drawn in Sect. 5.

2 Data and methods

2.1 AIRS data

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 by1λλ=0.0008. The polar orbiting Aqua satellite pro-
vides observations at 01:30 and 13:30 local time (LT). The
spatial resolution of these measurements is 13.5 km at nadir.
Nine AIRS measurements (3×3) correspond to one footprint
of the Advanced Microwave Sounder Unit (AMSU), and is
called a ‘golf ball’. AIRS L2 standard products include tem-
perature at 28 pressure levels from 0.1 hPa to the surface and
water vapour mixing ratios in 14 pressure layers from 50 hPa
to the surface (Susskind et al., 2003, 2006). These atmo-
spheric profiles were retrieved from cloud-cleared AIRS ra-
diances (Chahine et al., 2006) within each AMSU footprint.
Validations with radiosonde data from the NOAA-NESDIS
operational meteorological database archive (Divakarla et al.,
2006) and with Atmospheric Radiation Measurement (ARM)
data (Tobin et al., 2006) have shown that the accuracy is close
to 1 K in 1 km layers for temperature and better than 15%
in 2 km layers for water vapour. For the cloud property re-
trieval we have collocated the AIRS L2 standard products
(version 5) with a subset of AIRS L1B radiance measure-
ments which have been downloaded from the NASA data
pool (http://mirador.gsfc.nasa.gov).

Temperature and humidity profiles are retrieved from
AIRS over a golf ball. The quality of the retrieved atmo-
spheric profiles is only of good quality when the situation is
not too cloudy. This is the case in about 50% of all cloudy
situations. In that case, we use an average atmospheric pro-
file in the cloud property retrieval (see Sect. 2.3), obtained
from atmospheric profiles of good quality within three days
around the day of observation and within 1◦ latitude×1◦ lon-
gitude. In only 2.5% of all cases, there are not enough at-
mospheric profiles of good quality within one week, and a
monthly mean has to be taken.
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2.2 AIRS, CALIPSO and L2 Radar-Lidar GEOPROF
data and their collocation

The lidar CALIOP (Winker et al., 2007, 2009) of the
CALIPSO mission provides backscatter profiles at 532 nm
and at 1064 nm, at a vertical resolution of about 30 m below
an altitude of 8 km and 60 m above an altitude of 8 km. The
size of the lidar footprints is about 90 m×90 m. Horizontal
sampling is 333 m along the track, and the distance between
two orbits is about 1000 km. The CALIPSO L2 cloud data
(version 2) at 5 km spatial resolution along the track provide
the number of vertical cloud layers and geometrical height of
cloud top,ztop, and of “apparent” cloud base,z

app
basefor each

of these layers. The “apparent” cloud base will be higher
than the real cloud base in the case of optically thick clouds,
because in that case the lidar signal penetrates the cloud only
up to an optical depth,τ cld, of about 5 (Winker et al., 2003).
Geometrical height is transformed into cloud top pressure,
ptop, and “apparent” cloud base pressure,p

app
base, using the

atmospheric profiles provided by the Global Modelling and
Assimilation Office (GMAO) and available in the CALIPSO
L1 data. The pressure of the “apparent middle” of the cloud
is then:pmid = 0.5(ptop+p

app
base). In addition, we determine

the height of the maximum backscattering signal,zmbsc, at
532 nm from the backscatter profiles of the CALIPSO L1
data. CALIPSO L2 cloud data also provide cloud optical
depth,τ cld, and a cloud feature flag, which indicates if the
cloud is opaque. In that case we have set the cloud optical
depth to 5 (D. Winker, personal communication, 2009). The
CALIPSO L2 cloud data also indicate at which horizontal av-
eraging the cloud was detected (1 km, 5 km, 20 km or 80 km),
which is a measure of the optical thickness of the cloud. For a
direct comparison with AIRS data, we use clouds which have
been detected at horizontal averaging over 5 km or less, cor-
responding to a sensitivity in terms of minimum detectable
particle backscatter coefficient of about 0.0008 km−1 sr−1 at
night and about 0.0015 km−1 sr−1 during day, for a cirrus
with an altitude of about 12 km (Fig. 4 of Winker et al.,
2009). This corresponds to clouds withτ cld larger than about
0.05 to 0.1 (Winker et al., 2008). In the following, we refer
to these clouds as “clouds not including subvisible cirrus”.
We only useτ cld in Sect. 4, being aware that this product is
still not final and has large uncertainties also due to multiple
scattering corrections (e.g. Lamquin et al., 2008). CALIPSO
data were obtained through the NASA Atmospheric Sciences
Data Center (ASDC) by the ICARE Thematic Center created
by CNES (http://www-icare.univ-lille1.fr/) and its interface
ClimServ at IPSL (http://climserv.ipsl.polytechnique.fr/).

The cloud profiling radar (CPR) of the CloudSat mission
(Stephens et al., 2002; Mace et al., 2007) is capable of prob-
ing optically thick cloud layers and therefore provides the
correct cloud base. Combined with the information on opti-
cally thin cloud layers from CALIOP, these two instruments
provide a complete vertical profiling of all clouds. The CPR
footprint is about 2.5 km×1.4 km, and it provides measure-

ments at a vertical resolution of about 250 m. The method to
merge the geometrical profiling of CALIOP and CPR (Mace
et al., 2009) was designed to extract maximum information
on cloud layering from the combined radar and lidar sen-
sors. The data (version 3) have been acquired from the
CloudSat data processing center (http://www.cloudsat.cira.
colostate.edu).

All satellites of the A-Train follow each other within a
few minutes. First, CALIPSO cloud properties averaged over
5 km are combined with the corresponding AIRS footprints
in such a way that for each AIRS golf ball (3×3 AIRS foot-
prints) three CALIPSO L2 samples are kept, each close to the
centre of an AIRS golf ball, as in (Stubenrauch et al., 2008).
For our comparisons, we have to keep in mind, however, that
CALIPSO provides only a small sample (5 km×90 m) of the
AIRS footprint (14 km×14 km). Even by averaging two to
three CALIPSO samples over an AIRS footprint, the sam-
pling stays limited by the very narrow nadir track (90 m).

In a second step we collocate these data with the complete
vertical profiling of the L2 Radar – Lidar GEOPROF data.
Therefore, we keep for each CPR footprint (1.4 km×2.3 km)
the information of the CALIPSO sample and of the corre-
sponding AIRS footprint. We also add information on scene
homogeneity, by using clear/cloudy information of the three
CALIPSO samples and cloud type information of the nine
AIRS footprints within the AIRS golf ball. For the analysis
of high clouds in Sect. 4 we only keep situations for which
the cloud top height of the CALIPSO sample and cloud top
height averaged over the CPR footprint lie within 200 m.

2.3 AIRS-LMD cloud property retrieval method

The cloud property retrieval scheme is based on a weighted
χ2 method using channels around the 15 µm CO2 absorption
band (Stubenrauch et al., 1999a), providing pressure and ef-
fective emissivity of a single cloud layer (of the uppermost
cloud layer in the case of multi-layer clouds).χ2 is computed
by summation overN wavelengthsλi of the CO2 absorption
band around 15 µm, as in Eq. (1).

χ2(pk) =

N∑
i=1

[ (Icld(pk,λi)−Iclr(λi)) ·εcld(pk)−( Im(λi)

−Iclr(λi) ) ]2 ·W2(pk,λi) (1)

The measured radianceIm is obtained from the AIRS L1B
data. We have chosen AIRS channels corresponding closely
to the five channels used in the TIROS-N Operational Verti-
cal Sounder (TOVS) Path-B cloud retrieval, at wavelengths
of 14.190, 14.002, 13.928, 13.279 and 10.901 µm, and three
additional channels at 14.298, 14.094 and 13.239 µm (AIRS
channels 174, 193, 210, 226, 239, 355, 362 and 787). The
weighting functions of these channels are shown in Fig. 1
as the derivatives of the transmission function with respect
to pressure. For this illustration, they have been simulated
by the Automatized Atmospheric Absorption Atlas (4A)
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radiative transfer model (Scott and Chédin, 1981; operational
version available athttp://www.noveltis.net/4AOP) for an av-
erage tropical atmosphere.

Iclr is the radiance which would be measured by AIRS in
the case of clear sky, andIcld is the radiance emitted by a
homogenous opaque single cloud layer, calculated for 39 as-
sumed cloud pressure levelspk above surface (984 hPa to
106 hPa). For their computation we need the AIRS L2 tem-
perature profiles as well as atmospheric transmissivity pro-
files at the corresponding wavelengths for an atmospheric
situation similar to the one described by the AIRS L2 atmo-
spheric temperature and water vapour profiles (Susskind et
al., 2003). These atmospheric spectral transmissivity profiles
have been simulated by the 4A radiative transfer model, sep-
arately for each satellite viewing zenith angle (up to 50◦) and
for about 2000 representative clear sky atmospheric temper-
ature and humidity profiles of the TIGR data base. The prox-
imity recognition between the AIRS L2 atmospheric profiles
and the TIGR atmospheric profiles is described in detail in
(Stubenrauch et al., 2008). If no simultaneous AIRS L2 at-
mospheric profile of good quality is available (which may
occur if the situation is too cloudy), a running mean average
of atmospheric profiles with good quality (Tobin et al., 2006)
over one week, at a spatial resolution of 1◦ latitude×1◦ lon-
gitude, is used. The third choice is a monthly mean of atmo-
spheric profiles with good quality, at 1◦ latitude×1◦ longi-
tude. For the computation ofIclr we also need spectral sur-
face emissivities. These are provided for the latitude band
30◦ N–30◦ S as climatological monthly averages from three
years of AIRS data (Ṕequignot et al., 2008), at a spatial res-
olution of 1◦ latitude×1◦ longitude. For the rest of the globe
we use climatological monthly averages from six years of
MODIS data (Seemann et al., 2008), at a spatial resolution
of 0.5◦ latitude×0.5◦ longitude, which have then been spec-
trally interpolated to the AIRS channels.

By introducing empirical weightsW (pk, λi), the method
takes into account 1) the vertical weighting of the different
channels, 2) the growing uncertainty in the computation of
εcld with increasingpk and 3) uncertainties in atmospheric
profiles. These weights are determined for each of the five
TIGR air mass classes (tropical, midlatitude summer and
winter, polar summer and winter) as in Eqs. (8) and (10)
of (Stubenrauch et al., 1999a). Minimizingχ2 in Eq. (1) is
equivalent to dχ2/dεcld = 0, from which one can extractεcld
as:

εcld(pk) = (2)
N∑

i=1
[Im(λi)−Iclr(λi)] · [Icld(pk,λi)−Iclr(λi)] ·W2(pk,λi)

N∑
i=1

[Icld(pk,λi)−Iclr(λi)]2 ·W2(pk,λi)

 

Figure 1: Weighting functions of eight AIRS channels, from near the centre towards the wing of the CO2 

absorption band around 15 μm, used in the cloud property retrieval.  
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Fig. 1. Weighting functions of eight AIRS channels, from near the
centre towards the wing of the CO2 absorption band around 15 µm,
used in the cloud property retrieval.

It is important to allow values larger than 1, because at larger
pressure levelsIclr and Icld become very similar and their
uncertainties can lead to values larger than 1 (Stubenrauch et
al., 1999a). When theχ2 method leads to a non-acceptable
value ofεcld (larger than 1.5), the scene is set to clear sky.

Cloud temperatureTcld is determined frompcld, using the
AIRS L2 temperature profile. Cloud types are distinguished
according topcld and εcld. High clouds are defined by
pcld<440 hPa, midlevel clouds by 440 hPa<pcld<680 hPa
and low clouds bypcld>680 hPa. High clouds may
be further distinguished into opaque (εcld>0.95), cirrus
(0.95>εcld>0.50) and thin cirrus (εcld<0.50). The transfor-
mation ofpcld into cloud altitudezcld makes use of the virtual
temperature profile determined from the AIRS L2 tempera-
ture and water vapour profiles.

The retrieval is applied to all AIRS footprints. Then a test
based on the spectral coherence of retrieved cloud emissivi-
ties decides whether the AIRS footprint is cloudy (overcast
or mostly cloudy) or clear (or not cloudy enough to deter-
mine reliably the cloud properties). Thresholds have been
established by comparing clear and cloudy scenes within the
AIRS footprints, distinguished by coincident CALIOP mea-
surements (see next section).

When extending the cloud property retrieval to the whole
globe, we have revised the algorithm presented in (Stuben-
rauch et al., 2008) in several ways:

– Instead of five channels along the CO2 absorption band
we now use eight channels.

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

– Since the bias corrections between observed and sim-
ulated brightness temperatures for the chosen channels
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Figure 2. Normalized distributions of spectral variability of effective cloud emissivity over six 

wavelengths between 9 and 12 μm divided by cloud effective emissivity retrieved by the χ2 method, 

separately for scenes declared as cloudy (full line) and as clear (broken line) by CALIPSO. Distributions 

are shown for observations at 1:30 LT, separately for low clouds, midlevel clouds over ocean / land and 

all clouds over ice / snow. Over ice / snow are also shown normalized distributions of the brightness 

temperature difference between 11 and 7 μm.      
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Fig. 2. Normalized distributions of spectral variability of effective
cloud emissivity over six wavelengths between 9 and 12 µm divided
by cloud effective emissivity retrieved by theχ2 method, separately
for scenes declared as cloudy (full line) and as clear (broken line)
by CALIPSO. Distributions are shown for observations at 01:30 LT,
separately for low clouds, midlevel clouds over ocean/land and all
clouds over ice/snow. Over ice/snow are also shown normalized
distributions of the brightness temperature difference between 11
and 7 µm.

are small (less than 0.5 K), we do not apply them any-
more.

– When evaluating the cloud altitude of high clouds in the
midlatitudes, using simultaneous CALIPSO data (see
below), we have discovered that for few cases the AIRS-
LMD cloud altitude was higher than the CALIPSO
cloud altitude. This happened in cases where the ef-
fective cloud emissivity in Eq. (2) only changed very
slightly from one pressure level to the next. The pres-
sure level with minimumχ2 and second minimumχ2

were very close together. For these cases we now deter-
mine the cloud level as the average of all cloud levels
for which εcld lies within 0.1.

– Detection of cloudy scenes now depends on the spectral
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 withTcld −

Tsurf(air)<−4.5 K, we consider all clouds over ocean
and clouds withTcld−Tsurf(air)<−3 K over land.

The impact of these changes, however, is small, as can
be seen in the latitudinal averages of total, high, midlevel
and low-level cloud amounts shown in Fig. 7 (described in
Sect. 3).

2.4 Determination of AIRS-LMD clear and cloudy
scenes

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
spectral coherence of retrieved cloud emissivities. There-
fore, for each AIRS footprint cloud emissivitiesεcld are de-
termined at six wavelengthsλi=11.85, 10.90, 10.69, 10.40,
10.16, 9.12 µm as:

εcld(λi) =
Im(λi)−Iclr(λi)

Icld(pcld,λi)−Iclr(λi)
(3)

where Icld is now determined forpcld which has been
retrieved by theχ2 method (see above). Whenpcld is
well determined, the cloud emissivities should only dif-
fer slightly between 9 and 12 µm. The variability should
be larger, when the footprint is partly cloudy or clear and
hence the cloud pressure could not be well determined. In
this case, the footprint is declared as not cloudy. Fig-
ure 2 presents distributions of the standard deviationσ(ελ)

over the six wavelengths divided by the retrievedεcld, sep-
arately for cloudy scenes and for clear sky scenes as de-
termined by CALIPSO. Cloudy/clear scenes are situations
for which all three CALIPSO samples within the AIRS
golf ball are cloudy/clear. Distributions are shown for
clouds which have been determined by theχ2 method
as low or high clouds (pcld>680 hPa orpcld<440 hPa)
and separately for clouds determined as midlevel clouds
(440 hPa<pcld<680 hPa) over surfaces not covered by snow
or ice as well as for all clouds over snow and ice regions,
using observations at 01:30 LT. A microwave flag giving in-
formation on snow and ice is provided by the AIRS L2 data.
We observe that in general the distributions are narrower for
cloudy scenes than for clear sky (or partly cloudy scenes),
with a relatively good separation when using a threshold of
0.2 for low and high clouds and of 0.1 for midlevel clouds.
However, the discrimination is much less pronounced when
the surface is covered by snow or ice. In this case we have
explored another variable: the brightness temperature differ-
ence between 11 µm and an average of four channels around
7 µm (at 7.180, 7.183, 7.223 and 7.240 µm). The first wave-
length 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
of water vapour in the atmosphere. In the case of cold tem-
peratures and dry air, predominant in polar regions, atmo-
spheric inversions would lead to a negative difference (Liu
and Key, 2003). From Fig. 2 we discriminate cloudy from
clear scenes by using a threshold of – 5 K. A similar test
is applied in the MODIS cloud retrieval (Frey et al., 2008)
during polar night. Indeed, when comparing the distribu-
tions for observations at 13:30 LT in Fig. 3, the brightness
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Figure 3.  Same distributions as in lower panels of Fig. 2, but this time for observations at 13:30 LT.    
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Fig. 3. Same distributions as in lower panels of Fig. 2, but this time
for observations at 13:30 LT.

temperature difference is less pertinent, because tempera-
ture inversions occur mostly during night and early morn-
ing. When applying these thresholds, we observed that espe-
cially over land there were clouds with a temperature close
to the surface air temperature. By exploring distributions of
Tcld−Tsurf(air) (not shown), we discovered that these scenes
correspond mostly to CALIPSO clear sky scenes. Therefore,
we apply over land an additional test which resets to clear
sky all cloudy situations withTcld−Tsurf(air)>−3 K.

In the following, we summarize the tests for the AIRS-
LMD cloud detection.

The AIRS footprint is cloudy if the following conditions
are fulfilled:

εcld>0.05

for regions not covered by snow or sea ice:

σ(ελ)/εcld<0.2 if pcld<440 hPa orpcld>680 hPa

σ(ελ)/εcld<0.1 if 440 hPa<pcld<680 hPa

or for regions covered by snow or sea ice:

TB(11µm) – TB(7µm)>−5 K

σ(ελ)/εcld<0.3

and over land or snow:

Tcld−Tsurf(air)<−3 K.

This “a posteriori” cloud detection leads to an agreement
with the CALIPSO cloud detection (at a horizontal averag-
ing of 5 km or less) of about 82%/88%/88% over ocean and
82%/80%/84% over land, respectively in tropical latitudes,
midlatitudes and polar latitudes and of about 80%/76% over
sea ice and 75%/69% over snow, respectively in midlatitudes
and polar latitudes for observations at 01:30 LT. In general
these agreements are quite high, especially if we consider
that CALIPSO only samples the AIRS footprint. They are
slightly higher over ocean than over land. Table 1 summa-
rizes this agreement separately for 01:30 LT and 13:30 LT.
This kind of comparison was considered to determine the
thresholds, in addition to the study of geographical maps

Table 1. Agreement of clear and cloudy scenes determined by the
AIRS “a posteriori” cloud detection and by CALIPSO.

a) over ocean and land observation time 01:30 LT 13:30 LT
observation time 01:30 LT 13:30 LT

```````````latitude bands
surface

ocean land ocean land

tropical 82.0% 81.9% 77.7% 85.2%
midlatitudes 87.7% 79.5% 86.7% 83.4%
polar 88.4% 83.5% 88.9% 81.0%

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

```````````latitude bands
surface

sea ice snow sea ice snow

midlatitudes 80.2% 74.9% 83/9% 77.6%
polar 76.4% 68.7% 83.2% 68.3%

c) comparison using a threshold of−2 K instead of−5 K
01:30 LT 13:30 LT

```````````latitude bands
surface

sea ice snow sea ice snow

midlatitudes 80.3% 76.0% 83.0% 78.2%
polar 77.5% 68.5% 82.3% 70.4%

and latitudinal dependence (as in Figs. 6 and 7). In Table 1
we also present as an example the agreement when chang-
ing the test fromTB(11µm) – TB(7µm)>−5 K to TB(11µm)
– TB(7µm)>−2 K. The agreement is similar, but when con-
sidering the latitudinal dependence of cloud amount which
shows already a small cloud amount in the polar regions, the
latter threshold yields a still smaller cloud amount in the po-
lar regions.

2.5 Evaluation of AIRS-LMD cloud height

We have analyzed two years (2007–2008) of collocated
AIRS CALIPSO data, separately for three latitude bands:
tropical/subtropical latitudes (30◦ N–30◦ S), midlatitudes
(30◦ N–60◦ N and 30◦ S–60◦ S) and polar latitudes (60◦ N–
90◦ N and 60◦ S–90◦ S). Figure 4 presents normalized distri-
butions ofpcld(AIRS) –pmid(CALIPSO), using cloud layers
detected by CALIPSO, not including subvisible cirrus (see
Sect. 2.2). In the case of multiple cloud layers we choose
the one which is closest in height between the highest and
second highest, as in (Stubenrauch et al., 2008). This is jus-
tified, because CALIPSO only sparsely samples the AIRS
footprint, and AIRS could observe a mixture of both clouds.
We compare the results of the AIRS-LMD cloud retrieval
to those provided by the NASA AIRS L2 data. In general,
all AIRS-LMD distributions peak around 0. The distribu-
tion in the polar latitudes is broader, most probably because
the cloud height determination is less precise over snow and
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Figure 4. Normalized frequency distributions of the difference between AIRS cloud pressure and 

pressure of the ‘apparent middle’ of the uppermost cloud layer detected by CALIPSO, excluding 

subvisible cirrus. Observations at 1:30 LT. AIRS cloud retrievals from LMD are compared to those of 

NASA L2 products, separately for the latitude bands 30°N-30°S (upper panel), 30°-60° (middle panel) 

and 60°-90° (lower panel). 
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Fig. 4. Normalized frequency distributions of the difference be-
tween AIRS cloud pressure and pressure of the “apparent mid-
dle” of the uppermost cloud layer detected by CALIPSO, excluding
subvisible cirrus. Observations at 01:30 LT. AIRS cloud retrievals
from LMD are compared to those of NASA L2 products, separately
for the latitude bands 30◦ N–30◦ S (upper panel), 30◦–60◦ (middle
panel) and 60◦–90◦ (lower panel).

ice surfaces. Distributions for the NASA L2 cloud pressure
also peak around 0, but they have large tails towards nega-
tive values. The range of retrievedpcld is much smaller than
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 peak
is even shifted to−100 hPa and the tail is even larger.

In Fig. 5 we compare the AIRS-LMD cloud height with
the height of the maximum backscatter signal within the
cloud, determined by CALIPSO, separately for high clouds
and for midlevel/low clouds. We observe that in all three
latitude bands the difference distributions once again have a
peak around 0 and distributions for midlevel/low clouds are
slightly narrower than for high clouds. This can be explained
by the fact that for midlevel/low cloudszmbsc is close toztop,
whereas high clouds can be much more diffuse, leading to
much broader distributions ofztop−zmbsc, as seen in the right

 

Figure 5. Normalized frequency distributions of the difference between 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 top and height of maximum backscatter (right), 

separately for high clouds (full line) and midlevel/low clouds (broken line) as determined by CALIPSO, 

for the latitude bands 30°N-30°S (upper panels), 30°-60° (middle panels) and 60°-90° (lower panels). 
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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
top and height of maximum backscatter (right), separately for high
clouds (full line) and midlevel/low clouds (broken line) as deter-
mined by CALIPSO, for the latitude bands 30◦ N–30◦ S (upper pan-
els), 30◦–60◦ (middle panels) and 60◦–90◦ (lower panels).

panel of Fig. 5. When considering cases in which a running
mean atmospheric profile within one week has been used in
the cloud retrieval, the distributions look very similar. Only
in the 2.5% of all cases with a monthly mean atmosphere,
there seems to be a slight negative bias of about 50 hPa in the
AIRS-LMD cloud pressure (not shown).

3 Average cloud properties from 2003 to 2008

In this section we give a short overview of physical cloud
properties obtained from the AIRS-LMD cloud climatol-
ogy. We concentrate on total cloud amount (CA) as well
as on high cloud amount (HCA, clouds withpcld<440 hPa),
midlevel cloud amount (MCA, 440 hPa<pcld<680 hPa) and
low-level cloud amount (LCA,pcld>680 hPa). Cloud
amount is computed as the ratio of the number of cloudy
AIRS footprints and the total number of AIRS measurements
per 1◦ latitude×1◦ longitude. Table 2 presents 6-year aver-
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 midlatitudes (30◦ N–60◦ N), tropics (15◦ S–15◦ N)
and SH midlatitudes (30◦ S–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–30◦ N 39 34 41 45 51
15◦ N–15◦ S 58 55 62 57 66
30◦ S–60◦ S 28 26 30 34 39

c) MCA/CA (%)

Global 18 16 20 16 12
Global – ocean 16 13 16 13 9
Global – land 24 22 28 25 19
60◦ N–30◦ N 22 19 24 19 15
15◦ N–15◦ 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 (30◦ N–60◦ N and 30◦ S–
60◦ S) and in the inner tropics (15◦ N–15◦ S). An AIRS foot-
print is either cloudy (CA=100%) or not cloudy (CA=0%).
Because of the relatively large size of the AIRS footprints, it
is more likely that not cloudy AIRS footprints are on average
partly covered by clouds instead of being completely clear.
Therefore, we also present as an example (second column)
cloud amounts which have been calculated by adding the not
cloudy AIRS footprints with a weight of 0.3 (corresponding
to about 30% cloud amount on average) to the cloudy foot-
prints. This leads to a rise of global cloud amount from 66%
to 74% and to a larger proportion of low clouds. This as-
sumption of 30% seems to be feasible as an upper limit, be-

cause the total cloud amount lies now between the one deter-
mined by CALIPSO including subvisible cirrus and exclud-
ing subvisible cirrus. The value of partial cloud coverage
strongly depends on the cloud regime, as has been demon-
strated by a study of Wielicki et al. (1992).

Globally, there are about 10 to 15% more clouds over
ocean than over land. 42% of all clouds are high clouds, and
about 42% of all clouds are single layer low-level clouds.
The largest fraction of high clouds is situated in the tropics
and the largest fraction of single layer low-level clouds in the
Southern hemisphere midlatitudes. Only about 10% of all
clouds in the tropics are single layer midlevel clouds.
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Figure 6: Geographical maps of total, high, midlevel and low cloud amount from AIRS-LMD, in 

January (left) and in July (right). Averages over the period from 2003 to 2008.  
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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.

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
CALIPSO L2 cloud data (2007–2008). When determining
the CALIPSO cloud amounts, we have counted only the
highest cloud layer in the case of multi-layer clouds, once
for all detected clouds, including subvisible cirrus, and once
excluding subvisible cirrus. Results from TOVS Path-B and
CALIPSO, when excluding subvisible cirrus, are very sim-
ilar. When including the detection of subvisible cirrus, the
lidar of CALIPSO yields globally 10% more cloud amount.

From Table 3 we conclude that seasonal differences are
larger in the NH midlatitudes than in the SH midlatitudes,
with about 4% to 8% more clouds in winter, according to
CALIPSO or to AIRS and TOVS. This can be probably
linked to more land masses in the Northern Hemisphere,
where there are slightly more midlevel clouds in winter and
more high clouds in summer. Since seasonal differences in
the SH midlatitudes are negligible, this leads to much more
clouds in the SH than in the NH midlatitudes in summer
(about 15%), whereas there are only 5 to 10% more clouds in
winter. Considering the different cloud climatologies, gives
an idea of the spread of the results and therefore indicates an
uncertainty.

 

Figure 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). 
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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).

Figure 6 presents geographical maps of CA, HCA, MCA
and LCA, for January and for July. The major features of
global cloudiness that have been known since the beginning
of the satellite era (and in fact, even before that) are also
found in this dataset. We also observe large single layer low-
level cloud amount in the stratocumulus regions off the West
coasts of the continents, even if this type of cloud is eas-
ier to detect by using instruments including visible channels
(during daytime) or active instruments. The transition from
stratus towards stratocumulus will be further investigated as
in a study by Sandu et al. (2010).

For a more detailed comparison with other cloud clima-
tologies, we present in Fig. 7 latitudinal averages of these
cloud amounts, again for January and July. Averages of
six years AIRS-LMD (2003–2008) are compared to those
of two years CALIPSO (2007–2008; all clouds, including
subvisible cirrus, and clouds excluding subvisible cirrus),
as well as to averages of eight years TOVS Path-B (1987–
1995). Cloud detection of TOVS Path-B is based on spec-
tral IR brightness temperature differences, also in compari-
son with those from the Microwave Sounding Unit (MSU).
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 midlatitudes (30◦ N–60◦ N) in winter, and differences between winter and summer in NH mid-
latitudes, winter and summer in SH midlatitudes (30◦ S–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 – S win −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 – S win 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 – S win 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 – S win −12 −10 −14 −15 −15
N – S sum −14 −12 −14 −12 −14

and documentation are available athttp://isccp.giss.nasa.gov.
We have analyzed the monthly D2 statistics (Rossow et al.,
1996). CA is given in the D2 data set after interpolation be-
tween daytime and nighttime observations. Cloud type deter-
mination is more reliable during daytime than during night,
because by using “IR only” measurements semi-transparent
cirrus are classified as midlevel or low-level clouds (Jin and
Rossow, 1997; Stubenrauch et al., 1999b). Therefore, we
present in Fig. 7 for ISCCP HCA, MCA and LCA daytime
results as well as results obtained from averages over all ob-
servations.

Even if sampling (CALIPSO) and observation times
(TOVS Path-B 07:30 and 19:30 LT; ISCCP three hourly) dif-
fer, the latitudinal behaviour of all data sets agree quite well,
except the very high cloud amount from TOVS Path-B over
Antarctica. Compared to CALIPSO data in this region, the
TOVS Path-B cloud amount appears too high. AIRS-LMD
underestimates CA in polar latitudes in winter. These re-
gions are the most difficult for cloud detection, because of

the small contrast between clouds and surface. ISCCP de-
termines well CA in these regions because of the additional
use of the 3.7 µm channel of the Advanced Very High Reso-
lution Radiometer (AVHRR). Between 60◦ N and 60◦ S CA
of all climatologies is quite similar to CA determined by
CALIPSO when excluding subvisible cirrus. The cloud type
amount differences can be explained by instrument sensi-
tivities: HCA of CALIPSO is about 10% larger than HCA
of CALIPSO for clouds excluding subvisible cirrus. In the
tropics, the difference can be as large as 20%, suggesting
that these regions are covered by more thin cirrus (e.g. Wang
et al., 1996; Winker and Trepte, 1998). For all three cloud
types AIRS-LMD and TOVS Path-B agree quite well with
CALIPSO clouds when excluding subvisible cirrus. Day-
time cloud type amounts from ISCCP are missing in the
winter hemisphere at latitudes higher than 60◦, because of
permanent lack of daylight. Compared to the results from
the IR sounder cloud climatologies, ISCCP daytime HCA is
about 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 IS-
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
cloud layers and once considering all vertical cloud layers,
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
– Lidar GEOPROF cloud amount at the height of the mid-
dle of the cloud. The data are normalized in such a way
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
CALIPSO for the uppermost cloud layer. However, low-level
clouds from the AIRS-LMD climatology seem to be situated
slightly lower than those observed by CALIPSO, probably
because of partly covered cloud fields. When considering
all vertical cloud layers, the fraction of low clouds increases
slightly, and slightly more with Radar – Lidar GEOPROF
data. As indicated in (Mace et al., 2009), dense aerosol layers
may be misidentified as low-level clouds by CALIPSO and
there may be a surface contamination in the radar data (Mace
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 as
single layer clouds. All data sets show well the structure of
the ITCZ with high clouds near the tropopause and only few
low-level clouds. The maximum of relative cloud amount
from AIRS-LMD seems to be slightly lower than the one by
CALIPSO or Radar – Lidar GEOPROF, because in the case
of thin cirrus and thicker cirrus underneath, AIRS-LMD de-
termines the cloud height of the cloud underneath, whereas
the other data sets account for both cloud layers. Other inter-
esting features in the midlatitudes are the winter storm tracks
for which AIRS-LMD shows a full cloud column in con-
trast to cirrus in summer. At polar latitudes (especially over
Antarctica) in winter CALIPSO detects stratospheric clouds
(as observed for example by Sassen et al., 2008) which are
not determined by AIRS-LMD.

 

Figure 8: Zonally averaged vertical distributions of relative cloud amount as obtained from AIRS-LMD 

(top panel), from CALIPSO (once for the uppermost cloud layer and once for all vertical cloud layers, in 

both cases subvisible cirrus excluded) and from Radar – Lidar GEOPROF (bottom panel), separately for 

boreal winter (left) and boreal summer (right). The data are normalized in such a way that the sum over 

all heights for each latitude interval corresponds to 100%. Averages over the period from 2007 to 2008. 
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Fig. 8. Zonally averaged vertical distributions of relative cloud
amount as obtained from AIRS-LMD (top panel), from CALIPSO
(once for the uppermost cloud layer and once for all vertical cloud
layers, in both cases subvisible cirrus excluded) and from Radar –
Lidar GEOPROF (bottom panel), separately for boreal winter (left)
and boreal summer (right). The data are normalized in such a way
that the sum over all heights for each latitude interval corresponds
to 100%. Averages over the period from 2007 to 2008.

4 Synergy of AIRS, CALIPSO and CloudSat:
properties of high clouds

In this section we further explore the properties of high
clouds, by distinguishing opaque clouds, cirrus and thin cir-
rus (see Sect. 2.3). First, we are interested in their occur-
rence, summarized in Table 4. Whereas high opaque clouds
cover only a very small area of about 3%, cirrus and thin
cirrus have each about a four times larger coverage. Val-
ues of AIRS-LMD and of TOVS Path-B are quite similar,
with slightly more high opaque clouds and slightly less cirrus
from AIRS, especially in the tropics. This is certainly linked
to the better spatial resolution of 13.5 km for the AIRS-LMD
cloud retrieval compared to 100 km for TOVS Path-B.

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 (pcld<440 hPa
andεcld>0.95), cirrus (pcld<440 hPa and 0.5>εcld>0.95), and thin
cirrus (pcld<440 hPa andεcld<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, and
over NH midlatitudes (30◦ N–60◦ N), tropics (15◦ S–15◦ N) and SH
midlatitudes (30◦ S–60◦ S).

Latitude band High opaque CA Cirrus CA Thin Ci CA

Global 3.12.4 12.213.8 12.612.5
Global – ocean 3.01.9 11.813.7 12.312.8
Global – land 3.33.7 13.214.6 13.412.3
60◦ N–30◦ N 3.22.9 13.614.0 10.410.2
15◦ N–15◦ S 4.52.4 16.720.1 20.921.1
30◦ S–60◦ S 3.22.3 11.914.1 7.67.2

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 cloud top and
“real” cloud base by CloudSat.

In the first subsection we will explore the position of the
maximum backscatter signal within the cloud as well as the
“apparent” and geometrical thickness of the different cloud
types. A characterization of cloud boundaries is needed
to specify the radiative impact of clouds and also to deter-
mine the distribution of condensed water or ice in the atmo-
sphere. For optically thick clouds, only combined lidar and
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-
dence of cloud emissivity and cloud apparent thickness. The
latter should be approximately one photon penetration depth
into the cloud (e.g. Sherwood et al., 2004), and several case
studies (Heymsfield et al., 1991; Sherwood et al., 2004) have
shown that even for deep convective clouds with large optical
depth this radiative height lies 1 to 2 km below the cloud top.

4.1 Position of maximum backscatter, geometrical and
“apparent” thickness

Figure 9 presents normalized frequency distributions of
ztop−zmbsc(left panel) and (ztop−zmbsc)/(ztop−zbase) (right
panel), separately for high opaque clouds, cirrus and thin cir-
rus in the three latitude bands described in Sect. 2.5. Only
AIRS scenes for which all three CALIPSO samples within
the AIRS golf ball are declared cloudy and which are ho-
mogenous (same AIRS cloud type over nine AIRS footprints
of the corresponding AIRS golf ball) are considered. The dis-
tributions ofztop−zmbscare quite similar for the three cloud
types, with a peak of maximum backscatter near the cloud
top. Nevertheless, high clouds seem to be slightly more dif-

 

Figure 9: Normalized frequency distributions of the height of maximum backscatter in relation to the 

cloud top, separately for high opaque clouds (full line), cirrus (broken line) and thin cirrus (dotted line), 

as absolute difference ztop-zmbsc (left panel) and as relative difference (ztop-zmbsc)/(ztop-zbase) (right panel). 

Distributions are presented for three different latitude bands: 30°N-30°S (upper panels), 30°-60° (middle 

panels) and 60°-90° (lower panels). 
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Fig. 9. Normalized frequency distributions of the height of max-
imum backscatter in relation to the cloud top, separately for high
opaque clouds (full line), cirrus (broken line) and thin cirrus (dotted
line), as absolute differenceztop−zmbsc(left panel) and as relative
difference (ztop− zmbsc)/(ztop− zbase) (right panel). Distributions
are presented for three different latitude bands: 30◦ N–30◦ S (upper
panels), 30◦–60◦ (middle panels) and 60◦–90◦ (lower panels).

fuse in the tropics, where the distributions are broader than
in the midlatitudes and in the polar latitudes. The distribu-
tions of (ztop−zmbsc)/(ztop−zbase) are quite different for high
opaque clouds compared to thinner cirrus: the height of max-
imum backscatter is near the top, with very few cases of max-
imum backscatter height in the lower three quarters of the
cloud, whereas the distributions of cirrus and thin cirrus are
much broader. The difference between high opaque clouds
and thinner cirrus can be explained by the much larger verti-
cal extent of high opaque clouds (including Cumulonimbus)
compared to the one of cirrus and thin cirrus, as shown in the
left panel of Fig. 10. The distributions of vertical extent of
high opaque clouds are quite broad (the tropical/subtropical
distribution is even nearly flat), with a peak around 10 km in
the midlatitudes and around 8 km in the polar latitudes. This
means that these clouds may extend over the whole tropo-
sphere. Note, however, that this type of cloud only covers
about 3% of the globe (Table 4). Cirrus vertical extent peaks
around 4 km in the tropics, 5 km in the midlatitudes and
around 8 km in the polar latitudes. The distributions of ver-
tical extent of optically thin cirrus peak around 2 km, with a
quite broad distribution in the polar latitudes. It is interesting
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Figure 10: Normalized frequency distributions of the geometrical cloud thickness (left panel), separately 

for high opaque clouds (full line), cirrus (broken line) and thin cirrus (dotted line), obtained from Radar-

Lidar GEOPROF data, and of the difference between geometrical cloud thickness from Radar-Lidar 

GEOPROF data and the one obtained from CALIPSO (right panel). Distributions are presented for three 

different latitude bands: 30°N-30°S (upper panels), 30°-60° (middle panels) and 60°-90° (lower panels). 

 

 

 42

Fig. 10. Normalized frequency distributions of the geometrical
cloud thickness (left panel), separately for high opaque clouds (full
line), cirrus (broken line) and thin cirrus (dotted line), obtained from
Radar-Lidar GEOPROF data, and of the difference between geo-
metrical cloud thickness from Radar-Lidar GEOPROF data and the
one obtained from CALIPSO (right panel). Distributions are pre-
sented for three different latitude bands: 30◦ N–30◦ S (upper pan-
els), 30◦–60◦ (middle panels) and 60◦–90◦ (lower panels).

to note that the cirrus distribution resembles more the distri-
bution of thin cirrus in the tropics and shifts towards the one
for opaque clouds towards higher latitudes. This is proba-
bly linked to the different formation processes (anvil cirrus
against storm track cirrus). To highlight the importance of
including the CloudSat cloud base, we present in the right
panel of Fig. 10 distributions of the difference between cloud
vertical extents determined by CALIPSO alone and by the
CALIPSO-CloudSat GEOPROF data base. For high opaque
clouds the difference may reach more than 10 km in the trop-
ics, 7 km in the midlatitudes and 6 km in the polar latitudes,
whereas for optically thin cirrus there is no difference. This
result also indicates the quality of the AIRS-LMD cloud type
determination.

Since for high opaque clouds the “apparent” geometrical
cloud thickness (at which the cloud reaches an optical depth
of 5) can be much smaller than the real geometrical cloud
thickness, we present in Fig. 11 normalized distributions of
this quantity separately for the three latitude bands. Indeed,
the distributions lie between 1 and 7 km with a peak value
around 2.5 km for all three latitude bands. It is the “appar-
ent” geometrical cloud thickness which is more relevant for

 

 Figure 11: Normalized frequency distributions of ‘apparent’ cloud geometrical thickness (left) and of 

the relative height of the maximum backscatter signal compared to the ‘apparent’ cloud geometrical 

thickness (right) for high opaque clouds, separately for three different latitude bands: 30°N-30°S (full 

line), 30°-60° (broken line) and 60°-90° (dotted line). 
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Fig. 11. Normalized frequency distributions of “apparent” cloud
geometrical thickness (left) and of the relative height of the maxi-
mum backscatter signal compared to the “apparent” cloud geomet-
rical thickness (right) for high opaque clouds, separately for three
different latitude bands: 30◦ N–30◦ S (full line), 30◦–60◦ (broken
line) and 60◦–90◦ (dotted line).

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”
cloud geometrical thickness, separately for the three differ-
ent latitude bands. These distributions show again that in the
tropics high opaque clouds are more diffusive, with a peak
around 25% below cloud top in the tropics compared to 20%
below cloud top in the other latitude bands.

4.2 Relationship between position of maximum
backscatter, “radiative” height and “apparent”
thickness

In Sect. 2.4 we have shown that in general the AIRS-LMD
“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-
persion. Two case studies (Holz et al., 2006) have shown
that the cloud height retrieved from the Scanning High-
Resolution Interferometer Sounder (S-HIS) corresponds to
the level in the cloud where the Cloud Physics Lidar (CPL)
integrated optical depth is approximately 1. The question in
this case would be ifτcld=1 is reached faster for an opically
thick cloud than for an optically thin cloud which would then
induce thatzcld(AIRS) (further onzAIRS) would be closer
to the cloud top for optically thick clouds than for optically
thin clouds. Therefore we try to explore further the rela-
tion between the position of the maximum backscatter sig-
nal, the “radiative” height and the “apparent” cloud geomet-
rical thickness. For a better separation between optically
thick and thin clouds, we consider high opaque clouds with
εcld≥0.95, cirrus with 0.8>εcld>0.5 and optically thin cir-
rus with 0.4>εcld>0.05, and we demandτ cld=5, τ cld>0.5
and τ cld<1.5, respectively, to reduce AIRS misidentifica-
tion due to heterogeneous scenes. For the determination of
ztop− zAIRS, we need atmospheric profiles of good quality.
These are available only for optically thin cirrus. For the
other cloud types, a running mean over a week or a monthly
average of good quality profiles is used.

www.atmos-chem-phys.net/10/7197/2010/ Atmos. Chem. Phys., 10, 7197–7214, 2010



7210 C. J. Stubenrauch et al.: A 6-year global cloud climatology from the AIRS

 

Figure 12: Average difference between cloud top and height of maximum backscatter (right panels) and 

average difference relative to ‘apparent’ cloud geometrical thickness (left panels) as a function of 

‘apparent’ cloud geometrical thickness, separately for high opaque clouds (full circles), cirrus (open 

triangles) and thin cirrus (open circles) and for three different latitude bands: 30°N-30°S (upper panels), 

30°-60° (middle panels) and 60°-90° (lower panels). 
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Fig. 12. Average difference between cloud top and height of max-
imum backscatter (right panels) and average difference relative to
“apparent” cloud geometrical thickness (left panels) as a function of
“apparent” cloud geometrical thickness, separately for high opaque
clouds (full circles), cirrus (open triangles) and thin cirrus (open
circles) and for three different latitude bands: 30◦ N–30◦ S (upper
panels), 30◦–60◦ (middle panels) and 60◦–90◦ (lower panels).

Figure 12 presentsztop − zmbsc (left) and (ztop −

zmbcs)/(ztop− z
app
base) (right) as a function of “apparent” geo-

metrical cloud thickness,ztop−z
app
base, again separately for the

three cloud types and for the three latitude bands. We observe
a nearly linear increase of the average depth of the signal of
maximum backscatter with increasing “apparent” cloud ge-
ometrical thickness, reaching 2.5 km at an “apparent” geo-
metrical cloud thickness of 6 km. High opaque clouds and
cirrus show the same behaviour. There seems to be a slightly
stronger increase for thin cirrus. The slope is slightly weaker
in the polar latitudes. Considering the relative depth of the
signal of maximum backscatter, we observe an increase of
only about 10% over the range of “apparent” cloud thick-
ness. At the same “apparent” cloud thickness the maximum
backscatter of optically thin cirrus is about 10% deeper inside
the cloud than for the other cloud types.

Figure 13 presentsztop − zAIRS (left) and (ztop −

zAIRS)/(ztop−z
app
base) (right) as function ofztop−z

app
base, for the

same cloud types and latitude bands as in Fig. 12. High
opaque clouds and cirrus show an increase ofztop− zAIRS
as function ofztop−z

app
base, similar to the behaviour ofztop−

zmbsc. It is interesting to note that even for high opaque

 

Figure 13: Average difference between cloud top and ‘radiative’ cloud height (left panels) and average 

difference relative to ‘apparent’ cloud geometrical thickness (right panels) as a function of ‘apparent’ 

cloud geometrical thickness, separately for high opaque clouds (full circles), cirrus (open triangles) and 

thin cirrus (open circles) and for three different latitude bands: 30°N-30°S (upper panels), 30°-60° 

(middle panels) and 60°-90° (lower panels). 
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Fig. 13.Average difference between cloud top and “radiative” cloud
height (left panels) and average difference relative to “apparent”
cloud geometrical thickness (right panels) as a function of “appar-
ent” cloud geometrical thickness, separately for high opaque clouds
(full circles), cirrus (open triangles) and thin cirrus (open circles)
and for three different latitude bands: 30◦ N–30◦ S (upper panels),
30◦–60◦ (middle panels) and 60◦–90◦ (lower panels).

clouds the “radiative” cloud height depends on the “appar-
ent” cloud thickness and can be as low as 3 km beneath the
cloud top. Earlier case studies by Heymsfield et al. (1991)
and Sherwood et al. (2004) have already drawn attention to
this problem. On average, the “radiative” cloud height of
high opaque clouds lies between 0.5 and 1.5 km below the
cloud top. In comparison to Fig. 12, “radiative” cloud height
seems to be about 10 to 20% lower than the position of max-
imum backscatter at the same “apparent” geometrical thick-
ness. In general, the “radiative” cloud height seems to be
close to the “apparent middle” of the cloud (or sightly be-
low), independent of “apparent” geometrical cloud thickness.
In polar latitudes, the spread of “radiative” height between
cirrus and high opaque clouds is larger. This could perhaps
be linked to the different vertical structure of the clouds and
their different formation process. Further investigations are
needed to draw conclusions, because in these regions the at-
mospheric profiles are more difficult to retrieve and the cloud
height over ice has larger uncertainties.
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4.3 Relationship between distance of cloud top to
tropopause and geometrical thickness

Our collocated data set should also give some informa-
tion on the height of clouds with respect to the tropopause.
We are especially interested in clouds penetrating into the
stratosphere. This phenomenon has been observed for deep
convection in the tropics (e.g. Zhang, 1993; Gettelman et
al., 2002; Hong et al., 2008). The tropics should also
show widespread layers of cirrus near the tropopause. Fig-
ure 14 presents the difference between the height of the
thermal tropopause, given by CALIPSO (from GMAO), and
CALIPSO cloud top height as function of real geometrical
cloud thickness, obtained from radar-lidar GEOPROF data,
separately for high opaque clouds withεcld≥0.95, cirrus with
0.8>εcld>0.5 and optically thin cirrus with 0.4>εcld>0.05
identified by AIRS in the three latitude bands. In the tropics
we observe that only the opaque clouds that are the thick-
est geometrically and (the probably surrounding anvil) cirrus
penetrate the stratosphere. These vertically extending clouds
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
smaller geometrical thickness reach to about 2 km below the
tropopause. In the midlatitudes and polar latitudes, the cloud
top height relative to the tropopause differs much less be-
tween high opaque clouds and cirrus, and there is a smooth
increase with increasing geometrical cloud thickness.

5 Conclusions

We have presented properties of a six-year global cloud cli-
matology from the Atmospheric InfraRed Sounder AIRS, us-
ing the AIRS LMD cloud retrieval. The retrieval is based on a
weightedχ2 method on radiances around the 15 µm CO2 ab-
sorption band. Auxiliary data are AIRS L2 atmospheric pro-
files and pre-computed spectral transmissivity profiles from
the TIGR data set, as well as spectral surface emissivities
from AIRS and MODIS. Cloud amount is essentially deter-
mined by testing the spectral coherence of retrieved cloud
emissivities. In addition, clouds over land are restricted to a
temperature 3 K less than the surface air temperature. Over
snow and ice covered surface, a test on atmospheric temper-
ature inversions takes out probable clear sky.

This “a posteriori” cloud detection leads to an overall
coincident agreement with CALIPSO of about 85% over
ocean and of about 75% over land. Also the zonal aver-
ages of cloud amount agree very well with the ones de-
termined by CALIPSO, when excluding subvisible cirrus.
Only at higher latitudes in winter, total cloud amount over
snow and ice seems to be underestimated, whereas the to-
tal cloud amount of the TOVS Path-B climatology, using a
multi-spectral cloud detection also based on the simultane-

 

Figure 14: Average difference between the height of the tropopause and the cloud top as a function of 

real cloud geometrical thickness, separately for high opaque clouds (full circles), cirrus (open triangles) 

and thin cirrus (open circles) and for three different latitude bands: 30°N-30°S (upper panel), 30°-60° 

(middle panel) and 60°-90° (lower panel). 
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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-
itude bands: 30◦ N–30◦ S (upper panel), 30◦–60◦ (middle panel)
and 60◦–90◦ (lower panel).

ous use of microwave channels, and of the ISCCP climatol-
ogy, using a 3.7 µm channel during night, compare well to
the one of CALIPSO.

Global cloud amount has been estimated as about 66% to
74%, depending on the weighting of not cloudy AIRS foot-
prints by partial cloud cover between 0 and 0.3. There are
about 10% more clouds over ocean than over land. 42% of all
clouds are high clouds, and about 42% of all clouds are single
layer low-level clouds. When considering also subvisible cir-
rus, global cloud amount increases to 80% and high clouds
make out 50% of all clouds. The largest fraction of high
clouds is situated in the tropics and the largest fraction of sin-
gle layer low-level clouds in the Southern hemisphere midlat-
itudes. Only about 10% of all clouds in the tropics are single
layer midlevel clouds, in agreement with earlier observations
by Mace and Benson-Troth (2002). As the fraction of de-
tected cirrus depends on instrument sensitivity, the active li-
dar is the most sensitive instrument, followed by IR sounders.

www.atmos-chem-phys.net/10/7197/2010/ Atmos. Chem. Phys., 10, 7197–7214, 2010



7212 C. J. Stubenrauch et al.: A 6-year global cloud climatology from the AIRS

ISCCP underestimates high cloud amount, especially in the
tropics where these clouds are most abundant. Thin cirrus
overlying low-level clouds are falsely identified as midlevel
clouds by ISCCP. When distinguishing high clouds by their
IR emissivity, one observes that high opaque clouds only
cover a very small fraction of our globe: about 3%, in agree-
ment with ISCCP (Rossow and Schiffer, 1999).

Cloud height of the AIRS LMD cloud retrieval has been
evaluated using the height of the maximum backscatter sig-
nal and of the “apparent middle” of the highest cloud layer
detected by CALIPSO, excluding subvisible cirrus. All dif-
ference distributions (for high and low clouds as well as in
the tropics, midlatitudes and polar latitudes) are Gaussian
with a strong peak around 0. This means that the “radia-
tive” height determined by the AIRS-LMD retrieval corre-
sponds well to the height of the maximum backscatter signal
and of the “apparent middle” of the cloud. A comparison
of the cloud height provided by the AIRS L2 products with
CALIPSO exhibits a strong negative bias in the cloud pres-
sure of low clouds, in agreement with a study of Kahn et
al. (2008).

We used the unique constellation of the A-Train, with its
two active instruments, to explore the “apparent” and the
real geometrical cloud thickness, as well as the depth of
maximum backscatter, indicating the diffusiveness of clouds.
Whereas the real cloud thickness of high opaque clouds may
fill the whole troposphere, their “apparent” cloud thickness
(at which optical thickness reaches about 5) is on average
only 3 km. We also showed that the real geometrical thick-
ness of thin cirrus as identified by AIRS-LMD is identical
to the “apparent” cloud thickness with an average of about
2.5 km in the tropics and midlatitudes.

In general, the depth of the maximum backscatter signal
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 25%
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 cloud
than optically thicker clouds.

The difference between cloud top and “radiative” height
also increases with increasing “apparent” cloud thickness for
high opaque clouds and cirrus. However, relatively speaking,
the “radiative” cloud height seems to be close to the “appar-
ent middle” of the cloud (or sightly below), independent of
“apparent” geometrical cloud thickness. It also seems to be
slightly lower than the position of maximum backscatter. It
is interesting to note that even for high opaque clouds the “ra-
diative” cloud height depends on the “apparent” cloud thick-
ness and can be as low as 3 km beneath the cloud top.

When relating the distance between the tropopause and the
cloud top to the real cloud thickness, we observe in the trop-
ics that only the geometrically thickest opaque clouds and
(the probably surrounding anvil) cirrus penetrate the strato-
sphere. These vertically extending clouds correspond possi-
bly to larger organized, mesoscale convective systems, which
lead more often to penetrating convection than smaller, un-
organized convective systems as shown by Rossow and
Pearl (2007).

This 6-year global cloud climatology participates
in the GEWEX cloud assessment (http://climserv.ipsl.
polytechnique.fr/gewexca), and in this framework further
analyses of average cloud properties as well as their regional,
seasonal and interannual variations from all participating
climatologies are in progress (Stubenrauch et al., 2009). The
AIRS-LMD cloud climatology will be made available at
http://ara.lmd.polytechnique.fr.
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